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ABSTRACT 
We propose a physically based model that describes the density and size of voids 

in silicon introduced via high dose helium ion implantation and subsequent annealing. 

The model takes into account interactions between vacancies, interstitials, small vacancy 

clusters, and voids. Void evolution in silicon occurs mainly by a migration and 

coalescence process. Various factors such as implantation energy and dose, anneal 

temperature, atmospheric pressure, and impurity level in silicon can influence the 

migration and coalescence mechanism and thus play a role in the void evolution process. 

Values for model parameters are consistent with known values for point defect 

parameters and assumed diffusion limited reaction rates. A single “fitting parameter” 

represents the rate of bubble migration and coalescence and is therefore related to surface 

diffusion of adatoms. Results obtained from simulations based upon the model were 

compared to our experimental results and to previously reported experimental results 

obtained over a wide range of conditions.  

 Our own experiments involved the implantation of silicon samples and samples 

with a thin Si1-xGex (x = 0.05, 0.09) epilayer on silicon with 30 keV, 5×1016 cm-2 helium. 

Anneals were done in the range 960-1110°C for 15-30 minutes in nitrogen and dry 

oxygen. Void size distributions were measured from transmission electron microscopy 

images. Average void diameter and void density values and void size distribution did not 

show any significant differences between the samples annealed in nitrogen and dry 

oxygen. However, the presence of Si1-xGex epilayer on silicon resulted in increased 
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average void diameter and reduced average void density when compared with Si samples 

as well as more selective void size distribution. 

Data from the literature included experiments with helium ion implantation 

energies in the range 30 - 300 keV, doses of 1×1016 - 1×1017 cm-2, subsequent annealing 

temperatures in the range 700 - 1200°C, and annealing duration in the range 15 minutes - 

2 hours. Excellent agreement is found between the simulated results and those from 

reported experiments. The extracted migration and coalescence rate parameter shows an 

activation energy consistent with surface diffusivity of silicon. It shows a linear 

dependence on helium dose, and increases with decreased implantation energy, decreased 

ambient pressure, decreased substrate impurities, increased temperature ramp rate, or 

increased Ge fraction in cavity layer, all consistent with the proposed physical 

mechanism. Our mathematical model specifically ignores the long time saturation in void 

size, although we propose a simple explanation consistent with the physical picture. 

Similarly, we give physical reasons for a threshold implant dose resulting in the formation 

of small vacancy clusters during implant. But in modeling void growth we simply show 

that when such clusters exist voids will evolve according to our model. 

 In our experiments, the presence of a Si0.95Ge0.05 epilayer on silicon resulted in 

retarded B diffusion when compared with Si samples. This phenomenon is correlated to 

the role of the Si0.95Ge0.05 epilayer on silicon in the void evolution mechanism and both 

are attributed to Ge interdiffusing from the epilayer into the Si bulk. The B diffusion data 

also allows us to predict conditions for the SiGe epilayer to modify the injection of 

interstitials from surface during dry oxidizing anneal.   
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Chapter 1 

Introduction 
 

1.1 Background 
Silicon (Si) is the dominant material used in the semiconductor industry for the 

last many years. Though the first transistor was made with Germanium (Ge), and other 

materials offer higher carrier mobilities, higher energy band gap and higher carrier 

saturation velocities, Si has some advantageous properties compared to other materials. 

This has made Si to dominate the semiconductor industry. One obvious reason for Si to 

dominate is it being cheap and the raw material to produce Si wafers is abundantly 

available in nature. However, this is not the main reason that solely worked for Si to rule 

the world of semiconductor industry. Larger bandgap of Si compared to Ge reduces 

leakage current in Si devices compared to Ge devices. Si also has high thermal 

conductivity, which allows Si devices to operate at higher temperature. This facilitates to 

increase the packing density of Si based integrated circuits (IC) and may reduce the 

complexity in designing the cooling features for an IC system.  Si also allows thermal 

growth of two insulators: silicon dioxide (SiO2) and silicon nitride (Si3N4). These 

insulators are frequently used in isolation and passivation purposes in the device 

fabrication process. With the development of the device fabrication technologies, it is 
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possible to precisely control the growth and the etching of Si, SiO2 and Si3N4.  This 

results in very high uniformity in the device structure and results in high yield. 

Complementary metal oxide semiconductor (CMOS) is the dominant structure of the 

current Si based IC industry. CMOS structure provides properties like power dissipation 

only at the switching mode, low leakage current, and high frequency response. SiO2 is 

used as the dielectric material in CMOS structure. Low leakage current is achieved due to 

SiO2 offering excellent insulating properties against carrier transport. SiO2 can be 

thermally grown over Si, the interface between Si and SiO2 has low defect density and is 

stable.  

Though Si based devices are dominating the semiconductor industry, Si also has 

several limitations. Si having an indirect bandgap restricts its use in photonic applications. 

Low carrier mobility and low carrier saturation velocity also restrict using Si in high 

frequency applications. III-V compound semiconductors, such as, gallium arsenide 

(GaAs), indium phosphide (InP) have direct energy bandgaps and provide both high 

carrier mobilities and high carrier saturation velocities making these compound 

semiconductors as ideal candidates to use in devices for photonic and high frequency 

applications. However, III-V compound semiconductors are fragile, have interfaces with 

lots of defects, have lower thermal conductivity compared to Si and lacks in forming 

reliable thermally grown oxide, all which increase the cost of device fabrication to a great 

extent.  

In 1965, Intel co-founder Gordon Moore described his observation on the growth 

of the semiconductor industry by “the number of transistors that can be fit into a square 
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inch of silicon doubles every 12 months”, which is known as Moore’s law [1]. The pace 

of incorporating the number of transistors have however been decreased at present and 

the trend is to achieve this goal approximately in every 2 years [2]. The Semiconductor 

Industry Association has set the National Technology Roadmap for Semiconductors 

(NTRS), which works as the strategic plan for the semiconductor industry [3]. As the 

minimum feature size in device is decreasing, it has now been apparent that, Si itself has 

reached its limit in terms of being capable to meet the targets set in the NTRS. Thus, it is 

necessary to incorporate other materials in the standard CMOS processing steps to be able 

to continue meeting the requirements.   

In recent years, incorporating silicon germanium (SiGe) in the CMOS processing 

steps has shown potential to meet some of the requirements set by NTRS. SiGe can be 

easily incorporated in the mature Si processing steps. SiGe offers higher electron mobility 

compared to Si, thus facilitates in meeting the high frequency operating requirements set 

in the NTRS roadmap.  

1.1.1 Material Properties of Si1-xGex 

 Si1-xGex crystallizes in diamond crystal structure and is composed of completely 

miscible Si and Ge with x ranging from 0 to 1. The lattice constant of Ge is 4.2% bigger 

than Si. The lattice constant of Si1-xGex is always bigger than Si and depends on Ge 

fraction present in the structure. A very close approximation for Si1-xGex lattice constant 

is given by Vegard’s law [4], which is, 
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  SiGeGeSi axxaa
xx




1
1

 (1.1) 

 

where, 
xxGeSia

1
is the lattice constant of Si1-xGex, x is the fraction of Ge, Gea is the lattice 

constant of Ge, and Sia  is the lattice constant of Si. 

 Equation (1.1) shows that the lattice constant of Si1-xGex
 varies linearly between 

the lattice constant of Si and Ge. The approximated values of Si1-xGex lattice constant 

given by Vegard’s law is very close to its actual value, which is given by Equation (1.2) 

[5]. The difference between the approximate and the actual value is only 1.8×10-4%.  

      

5431.001992.00002733.0 2
1




xxa
xxGeSi  (nm) (1.2) 

 

  

 Due to the lattice difference between Si and Si1-xGex, when Si1-xGex is grown on 

Si substrate, lattice distortion is created in Si1-xGex epilayer. In this case, Si1-xGex epilayer 

remains under compressive strain as shown in Figure 1.1. On the other hand, if Si epilayer 

is grown on Si1-xGex substrate, Si epilayer is under tensile stain, which is shown in Figure 

1.2. If Si1-xGex epilayer is grown on Si1-yGey substrate, the amount of strain introduced in 

Si1-xGex is determined by the fractions of Ge present in the epilayer and in the substrate. 

The epilayer will be under compressive strain if x>y, and will be under tensile strain if 

x<y.          
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Figure 1.1. The top Si1-xGex layer is grown on Si substrate. Si1-xGex layer is under 
compressive strain [6]. 
 

 

 

 

Figure 1.2. The top Si layer is grown on Si1-xGex substrate. Si layer is under tensile 
strain [6]. 
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When the epilayer in plane lattice constant is matched to the substrate in plane 

lattice constant, the grown film is pseudomorphic in nature. There is a limit in the 

epilayer thickness up to which strain can be introduced in the epilayer. The strain in the 

epilayer cannot be accommodated once the thickness of the epilayer exceeds a certain 

value, which is known as “critical thickness”. The thickness of Si1-xGex epilayer up to 

which stable pseudomorphic film can be grown on Si is shown in Figure 1.3.  
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Figure 1.3. Critical thickness as a function of Ge fraction in Si1-xGex, where Si1-xGex 
layers are grown on bulk (100) Si [6]. 
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 Critical thickness depends on the Ge fraction in Si1-xGex, increase in Ge fraction 

decreases the critical thickness. Beyond the critical thickness, the epilayer relaxes by 

forming misfit dislocations across the epilayer/substrate interface. Experimentally, 

however, it is observed that the pseudomorphic growth of as-grown Si1-xGex epilayer is 

possible beyond the critical thickness as shown in Figure 1.3. In the metastable region, 

the as-grown film is pseudomorphic in nature, which relaxes during annealing by forming 

misfit dislocations.    

 Due to the potential of growing pseudomorphic Si1-xGex/Si heterostructures, it is 

possible to get benefits from the associated bandgap and strain engineering. Tensile strain 

generated in Si can increase electron mobility, a feature which is applied to increase the 

carrier mobility in MOS channel [7]. The bandgap of Si1-xGex is lower than that of Si. For 

each 10% Ge, a compressive strain further reduces the bandgap by approximately 75 meV 

[8]. The difference of bandgap between Si and Si1-xGex facilitates in confining carriers in 

the structures containing Si1-xGex/Si heterostructures. Strain also influences the 

equilibrium point defects in the structure. Equilibrium concentration of vacancies and 

interstitials respectively increases and decreases in the presence of compressive strain [9]. 

Tensile strain has an opposite affect [9]. A weaker Si-Ge bonding compared to Si-Si 

results in increase in the equilibrium point defect concentrations in Si1-xGex [10]. The 

presence of Si1-xGex thus may play an important role in the processes like dopant 

diffusion and point defect clustering.  
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1.2 Motivation Behind the Study 
 Point defects play an important role in semiconductor processing and in 

determining device characteristics. Point defects and their clusters can be controlled so 

that they can be beneficial to meet certain requirements. For example, voids, which are 

agglomerates of vacancies, show important technological applications. Voids are used for 

gettering transition metals, the process whereby metal impurities are chemisorbed to the 

internal dangling bonds of the voids [11]-[13]. Voids provide high binding energies to the 

metal impurities to work as efficient metal gettering sites. The binding energy depends on 

the size of the voids. For example, binding energy of gold atoms with cavities of 12 nm 

mean diameter has 0.13 eV higher binding energy than with cavities of 34 nm mean 

diameter, resulting higher gettering efficiency in smaller cavities compared to the larger 

ones [14]. Voids can also act as efficient interstitial sinks [15]-[16], and are thus capable 

of reducing transient enhanced diffusion of interstitial diffusers such as boron [16]. Other 

applications of voids may be in suppressing secondary defect formation [15], controlling 

minority carrier lifetime [13], and in the process of silicon-on-insulator fabrication using 

the wafer splitting technique [17]. Voids in Si can be formed by high dose implantation of 

helium (He+) and subsequent anneal. Helium (He), being an inert gas, does not react with 

the Si lattice or other impurities present in the Si wafer. It has a high permeability in Si 

and effuses out from Si relatively easily upon high temperature annealing. These 

properties make it an attractive candidate to use in the void formation technique. The low 

solubility of He in Si leads to the formation of He-vacancy clusters upon implantation, 

creating bubbles that coarsen during subsequent annealing. For annealing done above 
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700°C, He effuses out from the bubbles leaving behind voids which are stable after 

annealing even for 5 hours at 1250°C [18]. Since the first report of void formation in Si 

by He+ implantation by Griffioen et al. [19] in 1987, numerous studies have been 

published in literature reporting different aspects of void evolution process.  

 The incorporation of Si1-xGex in Si CMOS processing is one of the ways to meet 

the continuous device scaling requirements [3]. Si1-xGex also shows an interesting 

potential in photonic applications, for example in producing photodetectors, photodiodes 

and waveguides [20]-[21]. The quantification of the effects of Si1-xGex on the outcome of 

processes normally reserved for silicon substrates remains an important area of study. It is 

reported that the presence of Ge affects oxidation kinetics, dopant diffusion and 

metallization processes [22]-[30]. Further the interdiffusion process of Si and Ge across a 

Si1-xGex /Si heterojunction can appreciably change the width of the heterojunction [31]-

[41], which may also influence the device characteristics. While the role of Ge on 

different semiconductor processing steps has been reported, as yet there has been 

insufficient work on the impact of the presence of Ge on the void evolution process in Si. 

Considering this, one of the focuses of this thesis is to study the role of the presence of 

Si1-xGex epilayer on the void evolution process in Si. In semiconductor processing, 

different type of anneal ambients e.g., inert, oxidizing, nitriding are routinely used. 

However, the role of different anneal ambients on void evolution process is not available 

in literature. Thus, another focus of this thesis is to study the role of the anneal ambients 

on the void evolution process in Si both in the presence and without the presence of      

Si1-xGex epilayer on Si. Further, there is a lack of the availability of a physically based 
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mathematical model to describe void evolution under a wide range of experimental 

conditions. A reliable physically based mathematical model will allow a better insight 

into the actual processes occurring during void evolution. Developing a mathematical 

model to understand the physical mechanism involved in void evolution is the other focus 

of this study.  

 As the device dimension decreases, it is important to have precise control on 

dopant diffusion. Boron (B) is the most commonly used p-type dopant [2]. Since B has a 

very high diffusivity, controlling B diffusion width has always received lots of research 

attention. With Si1-xGex being incorporated in fabrication steps, it has become necessary 

to study the role of the presence of Si1-xGex on B diffusion process. Thus, in this study we 

have attempted to explore the role of the presence of Si1-xGex epilayer on B diffusion 

process in Si. This also gives us the opportunity to correlate the results of void evolution 

and B diffusion processes and explore the phenomena which may play a role in governing 

the void evolution and B diffusion processes due to the presence of Si1-xGex epilayer on 

Si.    

1.3 Process Simulator: FLOOPS-ISE 
FLorida Object Oriented Process Simulator (FLOOPS) was first developed in 

University of Florida and later was commercially developed by Integrated System 

Engineering (ISE). ISE later merged with Synopsys Inc. The commercially available 

version of FLOOPS is called as FLOOPS-ISE [9] and is now commercially available as a 

Synopsys process simulating tool.  We have extensively used this commercial version of 

the process simulator in this study. FLOOPS-ISE is capable of simulating all common 
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process steps, for example, ion implantation, diffusion, oxidation, etching, and deposition. 

We extensively used ion implantation, diffusion and oxidation process steps of the 

simulator in this study.  

 In FLOOPS-ISE, during simulating process steps, in the region of interest, a grid 

is defined, where the mathematical equations are solved. The finer is the grid, the greater 

is the accuracy of the solution. However, the finer grid also increases the computational 

time. FLOOPS-ISE has a parameter database that contains the default values of material 

and model parameters. The simulator allows accessing the database and allows users to 

alter the default values if necessary. While simulating diffusion process steps by applying 

the “diffuse” command, the FLOOPS-ISE default diffusion model is “Fermi”, which 

considers that the point defects are always in equilibrium. The mathematical model 

proposed in this thesis however considers solving point defect equations during the 

diffusion process. The “Pair” diffusion model in the simulator allows solving point defect 

equations and we set this model in our simulations.   

 While solving mathematical equations in FLOOPS-ISE, it is necessary to set 

initial values to all the diffusing parameters. It is also required to set a boundary condition 

for the diffusing parameters. By default, FLOOPS-ISE sets “Homneumann” boundary 

condition at left, right and bottom boundary of the structure. “Homneumann” boundary 

condition considers no flux transfer across the boundary. We have set “Natural” boundary 

condition for vacancies and interstitials to allow flux transfer across the top boundary. 

The simulator allows to incorporate user-defined partial differential equations by 

using the feature called Alagator Scripting Language. This facilitates to solve user-
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defined mathematical models along with taking the advantages of using the features 

defined in FLOOPS-ISE. Users can also use the syntax of the programming language Tcl 

to apply an algorithm if necessary.  

 1.4 Organization of the Thesis 
 The thesis is organized into seven chapters. In the foregoing section, we have 

described the motivation behind the study and have introduced the process simulator used 

to apply to the developed model.   

Chapter 2 provides a brief survey on point defects and dopant diffusion 

mechanisms. The chapter also briefly describes the ion implantation process and the point 

defect injection mechanisms in Si. The possible roles of these processes on the dopant 

diffusion mechanisms are also described.  

In Chapter 3 we provide a review on void formation and evolution process by He+ 

implantation in Si. We categorize the features of the void formation and evolution process 

into different sections and summarize the results available in literature.  

Chapter 4 describes the experimental details to study void evolution in our 

samples. We discuss the experimental results observed and give explanations on the role 

of the change of anneal ambients and the presence of Si1-xGex epilayer on void evolution 

in Si.  

Chapter 5 presents the mathematical model proposed in this study to describe the 

void evolution process in Si by He+ implantation and subsequent high temperature 

annealing. We discuss the physical justifications behind developing the model equations 

and describe the approaches taken to apply the model in the process simulator. The 
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chapter also discusses different parameters considered in the model and provides 

comparison between the simulated results with the experimental results reported in this 

study and in the previously reported studies. 

In Chapter 6 the role of the presence of Si0.95Ge0.05 epilayer on the B diffusion 

process in Si is reported. We describe the experimental details to study B diffusion 

process in presence of Si1-xGex. The experimental results are then correlated with the void 

evolution results in the samples with Si1-xGex epilayer present on top of Si.  

Finally, in Chapter 7 we give the concluding remarks on the study and provide 

possible future research directions.  
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Chapter 2 

Point Defects and Dopant Diffusion Mechanisms  
Since the beginning of the IC technology, study of dopant diffusion process has 

become an important area of research. While exploring the details of the dopant diffusion 

phenomena, it became evident that the interactions of dopants with the point defects 

dictate the dopant diffusion process. Many reports are available in literature describing 

point defect properties and dopant diffusion mechanisms. At present, ion implantation is 

the dominant technique used in industry to introduce dopants in semiconductor materials. 

Ion implantation process however introduces point defects in the lattice, which can 

influence the dopant diffusion process. Surface reactions, for example, oxidation of Si can 

inject interstitials and nitridation of Si can inject vacancies [2]. These processes thus can 

also influence the dopant diffusion process in Si. In this chapter a brief review on the 

point defects is provided. We also describe the influence of the point defects on the 

dopant diffusion process. While reviewing these processes, due to the extent of the 

studies reported, we shall limit ourselves only to the topics which are relevant to this 

study.   
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2.1 Point Defects 
Any entity that interrupts the periodic arrangement of lattice is known as a point 

defect. Point defects play an important role in semiconductor process and device physics. 

For example, dopant diffuses by interacting with the point defects. Thus, any change in 

point defect concentration may alter the dopant diffusion profile.  

 In general, point defects can be divided into two categories: native point defects 

and impurity related point defects. Imperfections in the host lattice atoms create native 

point defects. When an atom is missing from its lattice position, it creates a vacancy at the 

original lattice position. A vacancy is thus an empty lattice site. When a host atom is not 

in its lattice position and resides at some other position in the lattice, it is called a self-

interstitial. Two vacant lattices adjacent to each other form a di-vacancy and two 

interstitials bound with each form a di-interstitial.  

 Impurity related point defects are created in the presence of impurity atoms in the 

lattice. Dopants, which are in fact impurities, are intentionally introduced in Si. Group III 

elements, boron (B), gallium (Ga), indium (In) and group V elements arsenic (As), 

phosphorus (P), antimony (Sb) are introduced in Si to control the device properties. The 

usual positions for these dopants are in the substitutional sites in Si lattice. Dopants in 

substitutional sites are called substitutional defects. When dopants take up host lattice 

positions, displaced Si atoms become self-interstitial defects. When dopants take up any 

position in the lattice other than the substitutional positions, they are called interstitial 

impurities. Figure 2.1 shows a schematic representation of different types of point defects 

commonly seen.  
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 There is another type of defect available, which is known as interstitialcy. This 

consists of two silicon atoms arranged together in non-substitutional positions. The 

combination of atoms is located around a substitutional lattice site. Interstitialcy can also 

be defined as an entity where there is an additional atom sitting together with an atom at 

the substitutional site. In literature, difference between self-interstitial and self-

interstitialcy is usually ignored since both refer to an extra atom in Si lattice and are 

simply referred as interstitials. 

 

 

Figure 2.1. Different types of point defects. (1) self-interstitial, (2) vacancy,              
(3) di-vacancy, (4) interstitial impurity, (5) substitutional impurity, (6) substitutional 
impurity vacancy complex [42]. 
 

 Point defects can form large defect aggregates. Interstitials can form {311} 

defects, dislocation loops, whereas vacancies can form platelets, small vacancy clusters 

and voids. The formation and the dissociation of these defect aggregates can play a role in 

the dopant diffusion process.  
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2.2 Dopant Diffusion Mechanisms 
 Atoms diffuse in the crystal lattice by interacting with the point defects. One of 

the mechanisms by which atoms diffuse is called the vacancy exchange mechanism. In 

this process, the basic requirement is the presence of a vacancy adjacent to the atom 

sitting at a substitutional site. The substitutional atom diffuses by exchanging its position 

with the adjacent vacancy. Figure 2.2 shows a schematic representation of the process. 

The number of vacancies available adjacent to substitutional atoms plays a significant 

role in the atomic diffusion process. Usually the amount of diffusion increases with the 

increase in the number of available vacancies adjacent to the substitutional atomic sites. 

Now, if the atom keeps interchanging its position with the same vacancy back and forth, 

there will be effectively no diffusion occurring. After exchanging the position with an 

atom, vacancy must diffuse away some distance from the substitutional atom it has 

exchanged position with to prevent any back and forth exchange process happening. This 

vacancy can however come adjacent to the same substitutional atom later by following a 

different diffusion path and can again interchange its position with the atom.     

 

Figure 2.2. Vacancy exchange mechanism.  represents a host atom or a dopant 
atom that diffuses by the vacancy exchange mechanism [43].  
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 In another mechanism, an atom at interstitial site kicks out an atom sitting at the 

substitutional site and takes the substitutional position. The atom that is kicked out from 

the substitutional position now becomes an interstitial atom. This atom now diffuses 

through the interstitial sites until it knocks off another substitutional atom to take its 

position. This process is dependent on the availability of interstitials. The process is 

known as the “kick-out” mechanism. Figure 2.3 shows a schematic representation of the 

process.  

 

 

Figure 2.3. Kick-out mechanism.  represents an atom initially at substitutional site, 
which later becomes interstitial atom and diffuses through the lattice [43]. 
 

 In the interstitialcy diffusion mechanism, a silicon interstitialcy atom moves 

towards the adjacent lattice site where it can form a new interstitialcy defect. In this 

process silicon interstitialcy can form a dopant interstitialcy where the interstitialcy defect 

is formed with a silicon and a dopant atom. Dopant interstitialcy can diffuse in a similar 

way as shown in Figure 2.4. The “kick-out” mechanism and dopant interstitialcy diffusion 

mechanism are mathematically equivalent, and both are considered as “kick-out” 

reactions. 
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 Another mechanism commonly observed is known as a “recombination process”. 

In this process, an atom diffusing through the interstitial sites comes close to a vacancy 

and recombines with the vacancy. This process thus results in annihilation of an 

interstitial atom and a vacancy. Figure 2.5 schematically shows this process. 

 

 

Figure 2.4. Interstitialcy diffusion mechanism.  represents a dopant atom and  
represents a Si atom [44]. 

  

   

 

Figure 2.5. Recombination mechanism.  represents a host or a dopant atom. [43]. 
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 Dopants usually diffuse either by a vacancy exchange mechanism, or by an 

interstitial assisted mechanism, or by combination of both processes. For example, B and 

P diffuse by the interstitial assisted mechanism, Sb diffuses by the vacancy exchange 

mechanism [2]. Arsenic on the other hand diffuses by both interacting with vacancies and 

interstitials [2]. Interdiffusion of host lattice atoms, for example, Si and Ge interdiffusion 

across a Si1-xGex/Si heterojunction is also governed by the presence of point defects [40]-

[41].    

2.3 The Ion Implantation Process and Transient 

Enhanced Diffusion of Dopants 
Ion implantation is the most popular technique to introduce dopants into Si during 

the CMOS processing steps. At present, in a typical CMOS chip fabrication, many 

individual ion implantation steps are necessary. Dopants can be introduced by diffusion 

from the surface as well. However, much more precise control in the dopant profile can 

be achieved by the ion implantation process [45]. In the ion implantation process, dopants 

are accelerated to high energy (from a few keV to several MeV) to put the dopants at a 

desired depth inside the sample. The projected range of implantation depends on the ion 

implantation energy. The higher the implantation energy is, the deeper is the range. Since 

the individual ion trajectories can be different in shape, some ions can stop at a shallower 

depth than the others. However, due to the statistical nature of the process, most of the 

implanted ions reach the projected range. The implanted profile thus shows a distribution 

of implanted ions. The distribution is quantified by a term called “straggle”. The spread of 
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the ions depends on the implantation energy since higher implantation energy allows the 

ions to travel to deep inside the samples, which results in increased amount of random 

stopping events. When the accelerated dopants enter Si, the dopants start interacting with 

the Si lattice atoms, give the energy to the Si atoms by nuclear and electronic stopping 

processes and come to rest inside the lattice. In the nuclear stopping process, the 

incoming energetic dopant atoms can knock off Si host atoms from their lattice positions. 

Si atoms thus knocked off can acquire sufficient energy and can displace other Si atoms 

from their lattice positions. The damage production during ion implantation process is 

therefore a cascade process. The incident atom is referred as the primary atom, which can 

produce secondary atoms. These secondary atoms having sufficient energy can produce 

damage like the primary atom. The process continues until the energetic atoms loose all 

the energy and come to rest. This collision cascade process produces lots of vacancies and 

interstitials. To produce damage, the transferred energy however must be greater than the 

displacement threshold energy, the minimum energy that is required to knock off an atom 

from its lattice position. The minimum energy required to form Frenkel pairs in Si is 15-

20 eV [46]. Maximum amount of defects are usually formed near the projected range of 

the implantation, where the majority of energetic atoms come to rest by exchanging 

energy with the lattice atoms. In electronic stopping process, energy exchange occurs 

between the electrons of the atoms and the electrons in Si, and does not involve in any 

knock off of the host Si atom.  

Each collision cascade usually occurs in the time span of about 10-11 sec [47]. The 

exact value is however dependent on parameters such as, dose, dose rate, mass of the ion 
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implanted. The total number of ions implanted is referred as dose of the ion implantation 

process. During the implantation process, within and around the collision cascade, the 

temperature increases for a very short time (< ps) [48]. Local heating usually occurs due 

to energy transfer that is lower than the energy required to form Frenkel pairs. The 

increase in heat results in recombination between vacancies and interstitials, a process 

that is commonly referred as “dynamic annealing” [49]. The amount and the type of 

damage accumulated depend on the dynamic annealing process to a great extent. Due to 

the dynamic annealing process, estimates show that 90-99% of interstitials and vacancies 

recombine with each other, i.e, 1-10% of the interstitials and vacancies created during the 

cascade collisions remain in the lattice [50].  

During the ion implantation process, besides interstitial and vacancy formation, 

vacancy clusters, interstitial clusters, dopant defect clusters, amorphous pockets, etc. are 

formed. At room temperature, vacancies and interstitials are mobile [51]-[52]. However, 

due to having high value of migration energy, the defect clusters remain immobile at 

room temperature [53]. Also high binding energy prevents defect clusters from 

dissociating at room temperature [53]. Defect clusters are however capable of 

recombining with opposite type of point defects. As the ion implantation process 

progresses, the generated defects and defect clusters in the lattice can affect the 

trajectories of the oncoming dopants and thus can change the implanted dopant profile.  

The damage production process is statistical in nature. The shape of the damage 

cluster depends on many factors, for example, mass of the incident and target atoms, 

implantation dose, implantation energy, dose rate, and implantation temperature. With the 
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increase in dose, the overlap between the damage cascades becomes more significant. As 

the amount of damage increases, clustering of point defects dominates over the dynamic 

annealing process [54]. Eisen and Welch [55] reported the role of dose during 11B 

implantation in Si at room temperature. At a dose below 4×1015 cm-2, the point defects 

created during the implantation process are mobile and can recombine with each other. At 

a dose higher than 4×1015 cm-2, due to the presence of high defect densities, mobilities of 

vacancies and interstitials are reduced, and defect cluster formation is more favourable. 

Eisen and Welch [55] suggested that the defect clusters limit the motion of vacancies and 

interstitials by capturing those and thus vacancies and interstitials are not able to 

recombine with each other. Increase in dose rate decreases the time interval between the 

collision cascades. Thus less time is available for the dynamic annealing process. This 

leads to an increase in the amount of damage created. Implantation temperature also plays 

an important role in damage creation process. Increased implantation temperature 

increases the dynamic annealing process, thus reducing the amount of damage remaining 

in the lattice.  

Implantation done with light ions like B usually creates Frenkel pairs and small 

defect clusters. On the other hand, implantation done with heavy ions like In and Sb 

creates amorphous pockets and large defect clusters [48]. For heavy ions, a higher 

fraction of their energy is transferred to Si lattice by the nuclear collision process, 

resulting in greater amount of damage production. Defects created by light ion 

implantation are easier to remove upon annealing compared to those in heavy ion 

implantation. The temperature required to remove defects depends on the type of the 
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defects present. For example, interstitials and vacancies are mobile even below room 

temperature and can recombine with each other, or can diffuse to the surface, or can 

recombine with other complex type defects [56]. Di-vacancies anneal out at 250°C [57] 

and di-interstitials anneal out at 150°C [58]. Other complex type defects such as {311} 

defects, dislocation loops, vacancy clusters require much higher temperature to anneal 

out.  

The concentrations of point defects created during ion implantation process are 

very large compared to the equilibrium point defect concentrations. Also, the dopants 

introduced are in interstitial positions and are electrically inactive. To activate the dopants 

and to anneal out the point defects generated during the ion implantation process, high 

temperature annealing is required, which at the same time broadens the as-implanted 

dopant profile. This enhancement of the as-implanted dopant profile is known as transient 

enhanced diffusion (TED) [2]. Dopants can also form pairs with defects, which do not 

take part in the dopant activation process and thus reduce the number of electrically active 

dopants [59]. The enhancement in dopant diffusion persists until all the excess defects 

created during ion implantation process are annealed out. Typically when annealing is 

done, vacancies and vacancy related clusters decay first resulting in interstitial type 

defects to remain in the lattice [2]. {311} defects are the dominant type of interstitial 

clusters which are produced at the very initial stage of annealing. For example, {311} 

defects are reported to be visible even after annealing done at 600°C for 1 sec [2]. These 

interstitial clusters act as storage of interstitials, which start to emit interstitials during 

high temperature annealing. Since B diffuses by an interstitial assisted mechanism, these 
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dissolved interstitials can contribute to the B diffusion process [60]. Once all the 

interstitial clusters dissolve, B diffusivity reduces to its intrinsic value. Eaglesham et al. 

[60] reported that the amount of interstitials released from {311} defects during annealing 

is related to the flux of the interstitials that drives the TED process of B. TED is reported 

to be dependent on ion implantation energy as well [2]. For high energy implants, the 

surface does not appear to be a dominant sink for the damage produced. This typically 

causes increase in TED of dopants. The implant dose also plays a role in TED process. 

Increase in implant dose increases the lattice damage which then results in increase in 

TED of dopants.      

2.4 Point Defect Injection and Effect on Dopant 

Diffusion Process 
 Annealing Si in oxidizing and nitriding ambients can respectively inject 

interstitials and vacancies into the bulk and thus can affect the dopant diffusion process. 

Oxidation of Si is routinely carried out during CMOS processing steps. As there is no 

way to track point defects directly, indirect approaches are taken to track the point defects 

injected in Si. By looking at the dopant diffusion behaviour, injection of point defects in 

Si can be observed. For example, B diffuses only by interstitial assisted mechanism and 

Sb diffuses only by vacancy assisted mechanism. Thus during interstitial injection, 

enhanced B diffusion and suppressed Sb diffusion occurs. On the other hand, during 

vacancy injection, enhanced Sb diffusion and suppressed B diffusion occurs. During Si 

oxidation process, any increase in dopant diffusion is commonly known as oxidation 
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enhanced diffusion (OED) and any reduction in dopant diffusion is known as oxidation 

retarded diffusion (ORD). Suppressed diffusion of Sb during annealing Si in oxidizing 

ambient suggests that due to interstitial injection occurring during oxidation process, there 

is a corresponding suppression in vacancy concentration.     

 One of the earliest reports available in literature that mentions enhanced B and P 

diffusion during oxidation of Si dates back to 1966 [61].  Later, Masetti et al. [62] 

reported enhanced P diffusion in <111> CZ Si when annealed in the temperature range 

1000-1200°C in oxidizing ambient. Injection of interstitials during oxidation of Si was 

reported the reason behind enhanced diffusion of B and P. B diffusivity in <100> Si 

during dry O2 annealing at 850°C has been reported to increase by a factor of 100 [63]. 

The rate of oxidation and thus the amount of interstitials injected depends on the 

crystallographic index of the Si crystal surface. The rate of dry oxidation increases in the 

sequence of Si orientations of <111>, <110>, and <100> [64]. The enhancement of B 

diffusion in Si under dry oxidation also increases in the same sequence of Si orientations 

[64]. Francis and Dobson [65] however reported retarded diffusion of B and P in <111> 

oriented Si when oxidation was done above 1150°C. The authors also reported enhanced 

Sb diffusion for similar experimental conditions, suggesting injection of vacancies 

occurring in this case. Vacancy injection process during oxidation of <111> Si for 

annealing done above 1150°C has also been confirmed by Hill [64] and Tan and Ginsberg 

[66].  

 Hu [67] proposed that during oxidation of Si, a portion of Si is displaced from the 

regular lattice position and is not oxidized. This displaced Si diffuses towards the SiO2/Si 
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interface and is injected inside Si as interstitials. Dunham and Plummer [68] proposed 

that interstitials are created during the formation of SiO2 and are accumulated at the 

SiO2/Si interface. The amount of interstitials injected in Si is determined by the difference 

between the interstitial creation rate and the amount of interstitials diffused towards SiO2. 

Dobson [69] on the other hand described that the compressive stress generated in the 

grown SiO2 layer leads to the observed interstitial injection phenomenon. Dobson 

mentioned that interstitial injection occurs since it facilitates the volume expansion 

process which is required for SiO2 layer to grow.  

 Vacancy injection mechanism is observed during nitridation of Si. Enhanced 

diffusion of Sb [70]-[75] and suppressed diffusion of P and B [25], [44], [71], [76]-[77] 

during nitridation of Si suggests vacancy injection phenomenon taking place. During the 

nitridation of Si, the nitride layer is pinned to a 50Å thickness [78]. Continuation of 

annealing in nitriding ambient keeps vacancies injected in Si, though the nitride layer 

thickness is pinned. With nitride layer present if annealing is done in inert ambient, 

vacancy injection continues to occur. Vacancy injection however stops if the nitride layer 

is removed and annealing is done in inert ambient [79]. Frenkel defect generation at the 

Si/Si3N4 interface is a possible source of injected vacancies as reported by Ahn et al. [80]. 

However, a more plausible mechanism behind vacancy injection during nitridation of Si 

is the presence of the tensile strain in Si3N4 layer that tries to relax during annealing [81]. 

To assist the relaxation process, Si from the bulk diffuses towards the Si/Si3N4 interface 

and results in vacancy supersaturation in the Si bulk.          
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Chapter 3 

Factors Influencing Void Formation in Silicon by 

Helium Implantation 
Voids in Si have many important technological applications which we have 

mentioned in Section 1.2. Given the range of applications, there has been significant 

interest in the study of void formation in Si by He+ implantation in recent years. There are 

reports available that mention attempts to form voids in Si by implanting with other inert 

gases, neon (Ne+), argon (Ar+) and krypton (Kr+) [82]-[88]. However, the voids formed 

by implanting Ne+, Ar+ and Kr+ are found to be partially or fully filled with these gases, 

which puts limitations on using voids in their practical applications. On the other hand, 

He effuses out of the sample upon annealing, leaving behind empty voids. Several studies 

have been published that describe different aspects of void formation in Si by He+ 

implantation. Void size and density can be altered by changing the implant and anneal 

conditions. In this chapter, we present a summary of published work on void growth and 

evolution in Si by He+ implantation. We follow the same definitions used in the literature 

to define different void related entities. A vacancy cluster filled with He is referred to as a 

“bubble”. An empty vacancy cluster is defined as “void”. The term “cavity” represents 
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both “bubble” and “void”. Throughout the thesis, we extensively use the term “cavity”, 

where the appropriate meaning of the term is set in context of the relevant discussion.  

3.1 Void Formation Mechanism 
Voids in Si can be formed by high dose implantation of He+ and subsequent 

anneal. He is an inert gas and does not react with Si lattice or with any impurity present in 

the Si wafer. He has a high permeability in Si and effuses out from Si quite easily upon 

high temperature annealing. It neither reacts chemically with Si nor remains in the lattice 

after the semiconductor processing steps are finished. These properties of He make it an 

attractive candidate for use in void formation technique.  

The first report on void formation in Si by He+ implantation dates back to 1987 

[19]. Since then, numerous papers have been published reporting theoretical and 

experimental aspects of the growth and evolution of voids. The most common way of 

forming voids in Si is by implanting with high-energy He+ ions and performing 

subsequent high temperature (> 700C) annealing. The low solubility of He in Si leads to 

the formation of He-vacancy clusters, creating bubbles that coarsen during subsequent 

annealing. For annealing done above 700°C, He effuses out from the bubbles leaving 

behind voids.  

During He+ implantation, due to the cascade collision process, vacancies and 

interstitials are created at concentrations several orders of magnitude above their 

equilibrium concentrations. Molecular dynamics calculations show that He is strongly 

repelled by mono vacancies and the most stable position for He in the Si lattice is the 
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interstitial position far away from mono vacancies [89]-[90]. The repulsion energy 

between He and mono vacancy is reported to be 1.2 eV, which is slightly greater than the 

activation energy of 0.84 eV for He interstitials to diffuse [90]. This results in a 

separation between vacancies and He interstitials in the lattice, and He interstitials are 

pushed into the bulk due to the incoming flux of vacancies from the surface during He 

implantation process. During the implantation process, along with mono vacancies, 

divacancies and small vacancy clusters are also created. To minimize the free energy of 

the system, divacancies and the small vacancy clusters capture He [90]. This stabilizes the 

divacancies and small vacancy clusters against recombining with interstitials. These He 

filled structures can then evolve into more complex HemVn bubbles. Cerofolini et al. [91] 

reported that vacancy clusters tend to form tensile displacement field in the neighbouring 

region. This tensile field attracts He, thus forming a He atmosphere around vacancy 

clusters, which assists the process of vacancy clusters to be filled with He. Further, 

relatively weak He-He repulsive potential along with low solution enthalpy of ~ 1 eV 

leads to segregation of He inside cavities to a very high concentration [91]. The cavity 

layer can also contain {311} defects and dislocation loops [92]. For anneals at 

temperatures ≥ 800°C, {311} defects are only observed for very short time (less than a 

minute). {311} defects dissolve either forming dislocation loops [93]-[94] or releasing 

free interstitials that diffuse towards the surface or recombine with vacancies and voids in 

the bulk.  However, we must consider that during the dissolution of the {311} defects, 

cavities are still filled with He. He tends to stabilize the cavities, thus reducing any 

possibility of interstitials to recombine with cavities. As the high temperature annealing 
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progresses, bubbles coarsen to grow in size and at the same time He effuses out from Si 

leaving behind empty bubbles i.e., voids. In addition, the number of interstitials required 

to reduce the radius (r) of a cavity increases as a function of r2. Thus, large voids may 

coexist with {311} defects and dislocation loops. Any recombination of voids with 

interstitials dissolved from the interstitial type defects will not reduce the void radius 

significantly. Thus, stable void formation occurs. The dislocations in the void band can 

also arise from the stress introduced into the lattice by the voids [95]-[96].  

Experimental studies report a close correlation between the number of Si atoms in 

the step volume at the surface and the number of vacancies in the voids. Si atoms 

displaced during void formation accumulate at the steps in the surface [97]-[98]. 

3.2 Role of He+ Implantation Dose 
The dose of He+ implantation plays an important role in the void formation 

process [98]. The minimum dose of He+ implantation required to form bubbles increase 

with the increase in implantation energy as shown in Table 3.1. It is suggested that to 

form bubbles, the local He concentration at the projected range of implantation should be 

at least 3.5(±1)×1020 cm-3 [99]-[100]. Due to the increase in straggle with the increase in 

implantation energy, an increased He+ dose is required to achieve this He concentration at 

the projected range [99]-[100]. The minimum dose required to form bubbles is commonly 

called the “critical dose”. Implantation done below the critical dose does not form any 

voids during high temperature annealing. 

We can further refine this picture by considering three dose regimes. The values 

of the doses in the regimes are dependent on the He+ implantation energy. In the low dose 



Ph.D. Thesis – M. Hasanuzzaman; McMaster University – Electrical Engineering 

 32  

regime (<5×1015 cm-2 for implantation energy of 20 keV) no voids are produced in the 

sample either during as a result of the implant or after annealing. In the high dose regime 

(>1×1016 cm-2 for implantation energy of 20 keV) transmission electron microscopy 

(TEM) images show that bubbles are formed in as-implanted samples and high 

temperature annealing produces voids [101]. For doses in the medium dose regime 

(5×1015-1×1016 cm-2 for implantation energy of 20 keV), as-implanted samples do not 

show any voids in TEM images. However, voids are produced after high temperature 

annealing. Si being highly permeable to He, He escapes from Si when annealing is 

performed. Thus, it is believed that to produce voids after high temperature annealing, 

bubbles must be produced during the He+ implantation process. In medium dose He+ 

implantation cases, it is possible that the sizes of the as-implanted bubbles are smaller 

than the resolution of the electron microscope. Thus, the bubbles cannot be seen in the 

TEM images in the as-implanted sample. 

   

Table 3.1. Minimum He+ dose requirements to form bubbles in Si with varying He+ 
implantation energies [99]-[100], [102].  

Implantation Energy (keV) Minimum Dose (cm-2) 

20 

40 

300 

1000 

1600 

5×1015 

1×1016 

1×1016 

1.5×1016 

2×1016 
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As mentioned above, the presence of a critical dose below which no voids form 

has led researchers to suggest that voids are formed when the local He concentration is at 

least 3.5(±1)×1020 cm-3 during room temperature implantations. However, it was reported 

by Simpson and Mitchell [100] that increasing the anneal ramp rate can facilitate void 

formation for local He concentration as low as 1.5×1020 cm-3. In addition, Raineri et al. 

[97] have reported that after implanting Si with a low dose of He+, if a second 

implantation with Si is performed to a shallower depth, high temperature annealing can 

create voids. Vacancies created during the second stage Si implantation supply the 

vacancies necessary to form voids. Thus, the local He concentration may not be the 

limiting factor that determines the condition for void production in Si. Rather, the 

availability of vacancies limits the void production. We shall look at the factors that 

determine the condition of void formation in Section 3.2.1.     

In high dose implant cases, during high temperature annealing, void evolution 

progresses by migration and coalescence of the as-implanted bubbles [103]. He effuses 

out from the bubbles and forms voids. Both the as-implanted bubbles and the final voids 

are spherical in shape.  

In medium dose cases, the void evolution progresses following a different route. 

Annealing performed at high temperature (800°C) produces a planetary like arrangement 

of over pressurized gas-filled bubbles [104]-[107]. The planetary arrangement consists of 

a large central bubble surrounded by smaller bubbles. A strong strain field surrounds the 

planetary bubble arrangements. The basic bubble coarsening mechanism, which is 

applicable for the high dose case, is not sufficient to describe the bubble evolution in this 
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scenario. Thus, an alternative description has been proposed to describe the bubble 

evolution in the medium dose regime [106]-[107]. It is proposed that during implantation, 

stable HemVn clusters are formed. When annealing is done between 400-470°C, platelet 

bubbles are formed by coalescence of HemVn clusters. With the increase in platelet bubble 

size, the strain field around the platelet bubble increases, which prevents further capture 

of HemVn in the platelet. Instead, the HemVn clusters are captured in the strained region 

around the platelet. This forms a planetary like arrangement. For annealing done between 

470-700°C, the bubble at the center of the planetary arrangement becomes ellipsoidal in 

shape. For annealing done above 800°C, the bubbles of the planetary arrangement 

transform into spherically shaped bubbles. The shape transformation happens to facilitate 

relaxation of the high pressure of He inside the bubbles. It has been reported that, under 

high internal pressure in bubbles, formation of clusters of bubbles is more favourable as 

the total energy of cluster of bubbles is less than the energy of a single large bubble [108]. 

Increasing the substrate temperature to 350°C during He+ implantation in the medium 

dose regime changes the bubble characteristics and results in spherical bubbles with 

diameters of 3-5 nm surrounded by dislocation loops [109].   

3.2.1 Why Voids Grow Above “Critical Dose”? 

 Different experimental techniques have been used to investigate the reason behind 

cavity formation above the critical dose. Commonly used techniques are cross section 

transmission electron microscopy (XTEM), Rutherford backscattering in channelling 

conditions (C-RBS), thermal desorption spectrometry (TDS), elastic recoil detection 

(ERD), and positron annihilation spectroscopy (PAS). Attempts have been made in 
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literature to correlate the experimental results from different techniques to formulate a 

theory to describe the reason behind the cavity growth above the critical dose.   

While investigating the phenomenon that governs the void evolution process 

above critical dose, focus has been given to study the interaction of He with Si lattice. 

Attempts have been made to study the behaviour of He in Si during low dose and high 

dose He+ implantation conditions and subsequent high temperature annealing. ERD 

technique has been applied to detect He distribution in Si for low dose and high dose He+ 

implantation cases [110]-[111]. He is reported to be accumulated on bubble layer during 

high dose He+ implantation. For low dose He+ implantation, ERD measurements does not 

show He to be accumulated in any defined layer. This indicates that in high dose regime 

He effusion occurs from the vacancy clusters/cavities during the annealing process.  

Positron annihilation spectroscopy (PAS) is capable of detecting open volume 

defects like voids [112] and thus has been applied to get a better understanding of the 

void evolution mechanism. PAS is capable to detect mono vacancies to voids, making it a 

strong tool to quantify the average size of vacancy clusters. However, it must be noted 

that the open volume defects act as positron traps only if they are empty or partially filled 

with He [113]. When voids are filled with He, the PAS signal decreases and leads to 

smaller value for S parameters compared to the same in empty voids [113]. PAS studies 

done for samples with low dose and high dose He+ implantations and annealed at 250°C 

gives similar values of S parameters in the defects indicating the presence of divacancies 

and the formation of stable voids are initiated at higher temperature [114]. Annealing 

done at 450°C  and above temperatures show a difference between the cavity evolution 
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process for low dose and high dose He+ implantation cases. The S parameter values 

suggest that, for low dose case, vacancy clusters consisting of 4 vacancies are available, 

whereas for high dose case, vacancy cluster size progressively increases with the increase 

in temperature indicating clusters containing 3, 4, 6 vacancies. For annealing done above 

700°C, high dose He+ implantation case shows stable cavity formation, however, vacancy 

clusters for low dose implantation case starts to disappear. 

To further investigate the behaviour of He in Si, TDS technique has been used is 

few studies  [101], [115]-[116]. TDS is reported to be an efficient tool to study the 

interaction of He with the vacancy clusters. TDS shows distinct He effusion 

characteristics in Si for He implantation doses set below and above the critical dose.  

Based on the He effusion kinetics, for high dose and low dose implantation of He+, 

hypotheses are proposed on the type of vacancy clusters formed where He remains 

trapped. This also allows to theoretically describe why void evolution is suppressed 

below the critical dose of He+ implantation. Figure 3.1 shows TDS spectra reported by 

Corni et al. [115], where 20 keV He+ was implanted at room temperature in Si with 

different doses and annealed at a rate of 45°C min-1. From the figure we find that, for low 

dose He+ implantations (1.4×1015 and 5×1015 cm-2), He effusion occurs only at low 

temperatures in the range 250-400°C. This nature is attributed to He effusing from 

unstable HemVn clusters. High temperature annealing results in the vacancy clusters to 

recombine with interstitials and results in disappearance of the vacancy clusters [116].  

For high dose He+ implantations (2×1016 and  3.5×1016 cm-2), along   with  He   effusion  

occurring   at low  temperatures,  there  is  
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Figure 3.1. TDS spectrum of He for different He+ implantation doses [115]. 

 

another effusion peak occurring at high temperatures. He effusion at high temperatures 

occur from stable pressurized He filled bubbles. After He effuses out during high 

temperature annealing, these bubbles forms stable voids. For medium dose He+ 

implantation cases, similar to high dose implantation cases, He effusion peaks are 

observed both at low and high temperatures. Frabboni et al. [101] reported TDS of He 

effusion for medium dose implantation case where Si was implanted with 20 keV, 1×1016 

cm-2 He+. To obtain a better insight on He effusion characteristics and to correlate TDS 

measurements with the state of cavity evolution, Frabboni et al. also studied in situ TEM 

images using the same annealing ramp used for the TDS measurements. TDS spectrum 

shows low temperature effusion occurring for temperature less than 350°C with the 
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effusion peak centered at 260°C. Similar to high dose implantation case, He effusion at 

this temperature range occurs from unstable HemVn clusters. High temperature effusion of 

He starts from 450°C. He effusion in the range 450°C<T<570°C occurs from He filled 

platelets or bubbles that upon annealing at higher temperature forms planetary like 

arrangement of cavities. Annealing done above 570°C results He effusion from stable 

cavities that form planetary like arrangement.    

Brusa et al. [114] and Corni et al. [115] mentioned that the tendency of He to 

form clusters is the basic phenomenon that governs the bubble formation process. It was 

mentioned that in the region of high He concentration, He clustering mechanism is more 

efficient. However, to accommodate the He clusters, vacancies must be available in the 

lattice. With the increase in local He concentration (which can be achieved by increasing 

the dose), the size of the He cluster increases. To form stable bubbles, He clusters must 

attain a critical size. To accommodate these He, at least 4 vacancies are necessary. It was 

mentioned that once the critical He cluster size is reached, exothermic transformation of 

He atoms in solid solution into the gas phase inside the vacancy clusters creates energy to 

form Frenkel pairs in the neighbouring region.  Vacancies thus created can accommodate 

the remaining He available in the lattice. For low dose He+ implantation, on the other 

hand, it was mentioned that due to lower He concentration, He clustering process is less 

probable to occur resulting in smaller vacancy cluster size. Raineri et al. [97] and 

Simpson and Mitchell [100] showed doubt on the possibility of local He concentration to 

determine the condition of stable void creation. They showed that stable voids can be 

created even with local He concentration less than 3.5(±1)×1020 cm-3, the value which is 
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proposed in some reports. Rather, the availability of vacancies is the factor that plays the 

determining role in stable void formation process.  

Later, Pivac et al. [110] proposed that when small vacancy clusters have more 

than 4 vacancies, the volume inside the vacancy clusters is large enough to facilitate an 

exothermic phase transformation of He atoms in solution to He in gas phase inside the 

vacancy clusters. The transition of He into gas phase places He at a lower energy state, 

thus higher temperature is required to effuse He out of Si. This leads to formation of 

voids during high temperature annealing. The gas phase transition of He does not occur 

when the number of vacancies in small vacancy clusters is less than 4 and He remains at a 

higher energy state. This results in He effusion from the vacancy clusters at a lower 

temperature. Thus for low dose He+ implantation cases, high temperature annealing does 

not produce voids.  

Based on the above discussions, it is apparent that the small vacancy clusters must 

be composed of at least 4 vacancies to be capable to form voids upon annealing [115]. 

This criterion is not met during low dose He implantation situation. Corni et al. [115] 

suggested that at the initial stage of cavity formation, when the vacancy cluster sizes are 

small, the very high pressure of He inside the clusters leads to smaller values of He 

enthalpy of solution. Quantum effects arising due to confinement of He in a very small 

region along with repulsion force acting between closely packed He atoms and the 

interaction of He atoms with the inners surface of the clusters results in lower He 

enthalpy of solution in the smaller clusters. He gas pressure inside very small vacancy 

clusters can be very high, in the order of 109 Pa. Such a high pressure results in He 
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effusion at relatively lower temperature. Once He effuses out from small vacancy clusters 

at low temperature, the small vacancy clusters can recombine with interstitials. This 

inhibits the growth of large voids. For medium dose and high dose He implantation cases, 

the size of as-implanted vacancy cluster size increases. Thus the above mentioned effects 

are no longer present in the system and void evolution can proceed. In fact, He enthalpy 

of solution increases with the increase in vacancy cluster size, reaching maximum for 

large cavities.  

An obvious question thus may arise, what dictates the size of the small vacancy 

clusters? A possible explanation can be, during low dose He+ implantation, the point 

defects produced are capable to recombine due to their rapid motion and the reduced 

amount of available vacancies limits the size of the small vacancy clusters. At medium 

and high dose He+ implantations, the higher amount of produced damage may restrict the 

recombination between the point defects and are captured by nucleation centers to form 

bigger sized vacancy clusters.         

3.3 Which Process Dominates: Migration and 

Coalescence or Ostwald Ripening? 
While different aspects of the void evolution process in Si have been studied for 

more than two decades, there has been a constant debate on the mechanism driving void 

evolution. Two mechanisms have been proposed to explain void coarsening: Ostwald 

Ripening (OR) and Migration and Coalescence (M&C). In the Ostwald ripening process, 

vacancies are emitted from smaller cavities (A in Figure 3.2) and are captured by the 
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bigger ones (B in Figure 3.2). This results in the growth of larger cavities and at the same 

time the shrinkage of the smaller ones. Bulk diffusivity of vacancies is the characteristic 

parameter in this process.   

 

Figure 3.2. Ostwald ripening mechanism.  
 

In a migration and coalescence process as shown in Figure 3.3, cavities migrate in 

random directions and coalesce when they come in contact and form larger cavities. For 

sub-micron sized cavities, the migration process is generally a surface diffusion process, 

so surface diffusivity of adatoms is the characteristic parameter for this process and 

smaller cavities would be expected to migrate faster than larger ones [103], [117]. 

Observation of void evolution by in situ TEM images is considered to be a reliable 

method to determine whether OR or M&C mechanism dominates.   

 

Figure 3.3. Migration and coalescence mechanism.  
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There are few reports available attempting to identity whether OR or M&C 

process acts behind the void evolution process. In the first published work of void 

formation by He+ implantation in Si by Griffioen et al. [19], it was reported observing in 

situ TEM images that M&C process is the mechanism working behind void coarsening. 

In their following work, it was reported observing in situ TEM images that the presence 

of O inhibits the M&C process [118]. Raineri et al. [99] further supported that the M&C 

process to be dominant while explaining their experimental results for void evolution. 

Later Follstaedt et al. [11] in their study looked at the void size distribution and pointed 

out that since the void size distribution appears to be symmetric in shape, M&C process is 

the dominant mechanism. TEM images frequently shows elongated voids after high 

temperature annealing. It is believed that elongated voids are newly merged voids formed 

by coalescence process.  

Donnelly et al. [119] studied the void evolution in presence of O impurity, and 

noticed decrease in void diameter. It was reported that the presence of O impedes the 

diffusion of He and vacancies, thus reducing the diameter of the grown voids. For 

annealing done below 700°C, where cavities are still likely to be filled with He, migration 

of the cavities were not observed, and OR process has been identified as the cavity 

growth mechanism. For annealing done in higher temperatures as high as 850°C, the 

authors did not observe any motion of small cavities. Instead, for example, at 840°C, the 

authors reported to observe ‘jerky’ motion of large cavities. It was mentioned that the 

presence of nearby extended defects may be the reason behind this kind of behaviour. The 

cavities being threaded by dislocations can impede the motion as was later pointed out by 
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Vishnyakov et al. [120]. Raineri et al. [121] on the hand, argued for OR mechanism to be 

dominant for anneals at 800°C based on a theoretical analysis applied on experimental 

results reported by Roqueta et al. [92]. For higher temperatures Raineri et al. were not 

able to determine whether OR or M&C mechanism dominates. However, it must be noted 

that determination whether OR or M&C dominates was dependent just on separation of 

one data point. Thus the reliability of their argument is questionable. Further, it was 

reported by Raineri et al. [99] that during the void evolution process, the total void 

volume remains constant for annealing done at least up to 1000°C. During OR 

mechanism, vacancies emitted from voids can recombine at the wafer surface instead of 

being captured by other voids. Thus, the condition of constant void volume criteria may 

not be met if OR mechanism is dominant. 

  To get a better understanding on the role of OR and M&C mechanisms on the 

void evolution process, Evans [103] carried out numerical simulations to identify whether 

OR or M&C mechanism dominates during void evolution process for high dose He+ 

implantation. Evans reported that up to 1000°C, M&C mechanism is the dominant 

process. Above 1000°C, OR mechanism may play some role but only if for some reason 

M&C mechanism is suppressed. To simulate OR mechanism, Evans applied the equation 

described by Greenwood et al. [122], and for M&C mechanism, Evans applied the 

simplified form of equation described by Chandrasekhar [123]. Numerical simulations for 

OR mechanism resulted in much smaller average void diameter when compared with the 

experimental results for annealing done in the temperature range 800-1200°C. Average 

void diameter calculated from M&C mechanism however showed a good match with the 
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experimental results. Thus, based on the numerical results reported by Evans and 

experimental results discussed above, it is reasonable to accept that M&C process 

dominates when annealing is done in the temperature range 800-1200°C for high dose 

He+ implantation cases. 

3.4 keV versus MeV Implantation Energy  
Increase of ion straggle in MeV He+ implants when compared to keV He+ 

implants raises the minimum dose that is required to produce voids. For example, for 1.6 

MeV He+ implants in Si, the minimum He+ dose is reported to be 2×1016 cm-2 [102], 

whereas for 20 keV He+ implants, the minimum dose required is 5×1015 cm-2
 [99]. The 

increase of straggle in MeV implants also increases the cavity layer width. The cavity size 

distribution also shows different behaviours for keV and MeV He+ implants. For 

example, Godey et al. [102] reported that upon annealing at 800°C for 30 min, 1.6 MeV, 

5×1016 cm-2 He+ implant results in almost homogeneous size distribution of spherical 

cavities, whereas, 40 keV, 5×1016 cm-2 He+ implant results in spherical shaped cavities 

that increase in size with the increase in depth, the largest cavities are produced at the end 

of range of He+ implantation. During MeV He+ implantation, cavities are formed deep 

inside the sample so the surface has less influence on the cavity formation process. Due to 

the increase in the distance between the surface and the cavity layer, He effusion from the 

bubbles is suppressed. Godey et al. [102] calculated the He concentration in the samples 

by non Rutherford elastic backscattering (NREBS) process and reported that after 

annealing is carried at 800°C for 1000 sec, 90% He remains in the cavities for 

implantation done at 1.6 MeV. The authors reported that the previous works with 40 keV 
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implantation energy resulted 20% He remaining in the cavities for similar annealing 

condition.  

Cavity formation by MeV implant is always associated with the formation of 

dislocation loops [102], [124]-[126]. It was mentioned before that for 1.6 MeV 

implantation energy, a minimum He+ dose of 2×1016 cm-2 is required to form cavities. 

Thus, a dose of 5×1016 cm-2 can be considered as high dose, which forms homogeneous 

distribution of spherical cavities along with the presence of dislocations upon high 

temperature annealing [102],[126]. Annealing performed at 800°C for 1020 min, 

however, is capable to completely dissolve the dislocation loops [124]. 

A different cavity evolution route is seen for MeV He+ implantations done with 

the minimum dose required to form cavities. Oliviero et al. [82], [126] reported cavity 

formation during 1.6 MeV, 2×1016 cm-2 He+ implantation in Si. The average diameter of 

the as-implanted bubbles is reported to be close to 3 nm with a density of 2×1016 cm-3, 

with no extended defects observed [126]. Annealing performed at 800°C for 30 min 

results in formation of randomly distributed cavity clusters. The cavity clusters contain a 

central large cavity surrounded by smaller cavities, which is similar to the planetary 

arrangement of cavities found in medium dose regime of keV He+ implantation. The 

cavities in the clusters are spherical in shape. Dislocations are seen to emit from cavity 

clusters towards the bulk and the surface. It is believed that the high pressure of He inside 

the cavities is released by the loop punching process, which creates these dislocations.  

 The dose rate plays an important role in the cavity evolution process for the above 

mentioned case that forms clusters of cavities [126]. With a high dose rate           
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(1.3×1013 cm-2s-1), point defects have insufficient time to recombine with each other, thus 

facilitating the creation of a high concentration of stable bubbles in a continuous layer. At 

a very low dose rate (2.5×1012 cm-2s-1), not enough vacancies are available to produce a 

continuous layer of bubbles. At an intermediate dose rate (8.3×1012 cm-2s-1), a relatively 

small amount of vacancies is produced, which results in formation of highly pressurized 

HemVn complexes. These first evolve into platelets then forms planetary arrangement of 

bubbles. Though the role of the dose rate has been reported for high energy He+ implants, 

the same arguments can be extended to low energy He+ implants.    

3.5 Role of Implantation Temperature 
Both He and vacancies are important for the formation of the initial HemVn 

clusters during the He+ implantation process. He can effuse out from the lattice during the 

implantation process itself when the implantation temperature is increased. At the same 

time, increase in implantation temperature can increase the dynamic annealing process 

thus reducing the concentration of vacancies available to contribute towards the initial 

HemVn cluster formation. The decrease in He and vacancies in the lattice with the increase 

in implantation temperature thus increases the threshold implantation dose for void 

formation.   

For Si implanted with 50 keV, 5×1016 cm-2 He+ (high dose regime), a 

comprehensive study of the role of implantation temperature has been reported by David 

et al. [127]. Increase in implantation temperature from room temperature (RT) to 200°C 

decreases the density of as-implanted bubbles with average bubble diameters remaining 

constant. Increase in implantation temperature increases dynamic annealing, thus a lower 
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number of vacancies are available to form the initial HemVn clusters. This results in the 

decrease of the bubble density. At 300°C, He becomes mobile. At higher temperatures, 

HemVn clusters become mobile, which can interact with other clusters to form bigger 

clusters. This results in increased bubble diameters for implantation temperatures up to 

600°C when compared with the same for implantation temperatures from RT to 200°C. It 

was reported that for 50 keV, 5×1016 cm-2 He+ implanted at 800°C, only 0.01% He 

remains in the sample after the implantation is done [127]-[128]. No as-implanted 

bubbles were noticed and only extended interstitial type defects were formed [127]-[128]. 

Increasing the He+ implantation dose and energy (190 keV, 7.5×1016 cm-2), however, is 

capable to produce as-implanted bubbles when implantation temperature is 800°C [129]. 

Increase in dose increases the vacancy supply and the increase in implantation energy 

increases the amount of He retained in the cavity layer. Both these features result in as-

implanted bubble formation.  Multi-energy implantation of He+ also increases the supply 

of both vacancies and He, and can form as-implanted bubbles when implantation 

temperature is 800°C [129].  

The characteristics of cavities formed in medium dose regime also strongly 

depend on the implantation temperature. Silva et al. [130] reported the role of 

implantation temperature in the range -196°C to 27°C for medium dose (40 keV, 1×1016 

cm-2 ) He+ implantation after a post implantation annealing at 800°C for 10 min was done. 

At -196°C, vacancies and interstitials are immobile, thus dynamic annealing between 

vacancies and interstitials is not an effective process. There is large number of vacancies 

available in the lattice, which contributes to the cavity formation during the post 
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implantation annealing. Thus, the total cavity volume after post implantation annealing 

done for implantation carried out at -196°C is greater than implantations done at higher 

temperatures, where dynamic annealing process is effective. Post implantation annealing 

carried out in the samples where He+ implantation temperature was set in the range -140 

to 27°C, produced plate like bubbles. The total cavity volume shows similar values in the 

entire implantation temperature range. 

Though implantation done with medium dose He+ at room temperature does not 

produce any as-implanted bubbles, increase in implantation temperature in the range 100-

350°C is capable of doing that [131]-[132]. Increasing implantation temperature in the 

range 100-350°C increases the average diameter of as-implanted bubbles [131]-[132]. 

Due to the increase of dynamic annealing process with the increase in implantation 

temperature, the availability of vacancies to form HemVn clusters reduces. The formation 

of the as-implanted bubbles and the increase in the average bubble diameter with the 

increase in implantation temperature is thus a surprising finding. An alternative 

hypothesis for bubble formation is thus proposed to explain the nature of the as-implanted 

bubbles. With insufficient vacancy supply, the pressure of He inside the HemVn clusters 

increases. This may result in loop punching to relieve the pressure and at the same time 

bubble growth would occur. Extended defects of interstitials are thus always associated 

with the bubble layers. This process facilitates continuous increase in as-implanted bubble 

diameter with the increase in implantation temperature even with the decrease in the 

supply of vacancies to form the HemVn clusters. For implantations done up to 200°C, 

during post implantation annealing, He effuses out from the bubbles, extended defects of 



Ph.D. Thesis – M. Hasanuzzaman; McMaster University – Electrical Engineering 

 49  

interstitials dissociate and recombine with the voids, and this results in the annihilation of 

voids and extended defects of interstitials [132]. Post implantation annealing done for 

samples implanted at 350°C slightly decreases the size of the voids and a large network of 

dislocations are present in the void layer [132]. A fraction of interstitials recombine with 

the voids to decrease their size and the rest of the interstitial recombine at the surface of 

the sample. Earlier, Trinkaus [133] argued in support of bubble growth occurring by 

dislocation loop punching in metal during limited vacancy supply condition. Loop 

punching has also been reported to occur in Si during MeV implantation cases as we have 

discussed before. Due to suppressed He effusion for MeV implantation situation, the 

pressure inside the bubbles tends to build up, which is relieved by the loop punching 

process. Thus loop punching may occur if either of the two conditions are available: (i) 

limited availability of vacancies, which may result in increase in He pressure inside the 

bubbles or (ii) suppressed He effusion from the bubbles increasing the He pressure inside 

bubbles.  

Surprisingly, Raineri and Saggio [134] reported that for Si implanted with 80 keV, 

2×1016 cm-2 He+, void formation is inhibited, when substrate temperature is between 10 

and 90°C and above 150°C. This clearly contradicts the results reported in refs.  [130]-

[132]. Further studies are thus necessary to understand the role of implantation 

temperature on the void evolution process particularly in medium dose He+ implantation 

conditions.  
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3.6 Effect of Pressure 
 Enhanced hydrostatic pressure applied during annealing of He+ implanted Si 

shows a significant effect on the void evolution process [135]-[137].  Enhanced pressure 

reduces the rate of He effusion and results in partially filled bubbles after high 

temperature annealing is performed. He filled cavities may remain in highly pressurized 

state after annealing and can create strain in the surrounding lattice [135]. When 

compared with cavities formed during high temperature annealing at atmospheric 

pressures, Misiuk et al. [135] reported that bubbles with smaller diameters are formed if a 

similar annealing schedule is applied under higher pressure. The authors, however, did 

not explain the reason behind getting smaller cavity diameter. To our understanding, 

slower He effusion from the cavity layer reduces the rate of the migration and 

coalescence process causing smaller sized cavity formation.  

Interestingly, Bak-Misiuk et al. [137] later reported contradictory arguments and 

results. When comparing with cavities formed under atmospheric pressure, the authors 

reported formation of larger cavities after annealing carried out at high temperature under 

higher pressure and argued for the Ostwald ripening mechanism to be dominant. Due to 

the lower He effusion rate, He filled bubbles are in highly pressurized state. The increase 

in bubble diameter is then a favourable process to relieve the pressure. The authors 

mentioned that in presence of He, enhanced pressure decreases divacancy formation 

energy. The decrease in the rate of He out-diffusion thus promotes formation of a greater 

number of bubbles. Due to the contradictory findings, further studies are needed to study 

the role of enhanced pressure on the cavity evolution process.     
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3.7 Effect of Anneal Ramp Rate 
 Simpson and Mitchell [100] reported that for Si implanted with 1 MeV He+, ramp 

rate of rapid thermal annealing for annealing done for 5 min at 700°C in dry N2 can 

significantly affect the void evolution process and can facilitate formation of voids for 

doses lower than the critical dose. We can see from Table 3.1 that for He+ implantation 

done at 1 MeV, the minimum dose required to form voids is 1.5×1016 cm-2. However, 

Simpson and Mitchell reported that anneal ramp rate of 3°C/sec can lower the He+ dose to 

5×1015 cm-2 to form cavities. Scanning electron microscopy (SEM) images of sample 

cross sections show planetary like cavity formation. Increasing the anneal ramp rate to 

30°C/sec increases the size of the central bubble of the planetary arrangement. Increasing 

the anneal ramp rate to 100°C/sec results in stable bubble formation even for He+ 

implantation dose of 3.5×1015 cm-2. It was mentioned that increase in anneal ramp can 

lead to He retained in the samples after annealing at 700°C for He+ implantation dose as 

low as 3.5×1015 cm-2. The possibility of a decrease in the dynamic annealing process due 

to an increase in anneal ramp rate will supply additional vacancies to form cavities for 

He+ implantation at doses lower than the critical value. 

3.8 Cavity Formation by Hydrogen Implantation 
 Cavities can also be formed by H+ formation and subsequent annealing [91], 

[138]. While He being an inert gas does not react with the Si lattice, H2 on the other hand 

forms compounds with the Si lattice. Hydrogen, in its atomic and molecular states reacts 

with Si surface, impurities, point defects and point defect clusters. The cavity formation 
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process by H+ implantation is thus much complexed process when compared with cavity 

formation by He+ implantation. The main application area of cavity formation by H+ 

implantation reported in literature is in production of silicon on insulators. The principle 

of forming SOI is to form fractures inside Si by H+ implantation and subsequent 

annealing. The fracture formed inside the wafer leads to cleavage of the wafer. 

Implantation with H+ produces hydrogenated multi-vacancy structures in Si. During 

annealing performed in the temperature range 200-350°C, multi-vacancy structures emit 

hydrogen in form of H2 and at the same time the multi-vacancy structures transform to 

cavity structure [138]. These cavity structures capture the formed H2. During annealing 

done above 400°C, any mono-vacancies created during the process coalesce to form 

platelets with H terminated internal (111) and (100) surfaces. Molecular H2 are also 

accumulated inside these platelets [138]. Trapped H2 builds up internal pressure inside the 

cavities which leads to crack formation and generates cleavage during SOI formation. In 

an unconstrained wafer surface typically blisters are formed instead of forming wafer 

cleavage. The governing phenomenon that leads to wafer cleavage formation is that 

molecular hydrogen formed during the cavity evolution process remain inside the 

cavities, which build the internal pressure leading to exfoliation of the wafers. If the H+ 

implantation dose is lower than 2×1016 cm-2, the density of cavities are small to capture 

all the formed H2, thus H2 can escape from the sample. In this situation exfoliation of the 

wafers do not occur.  
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Chapter 4 

Void Formation in Si and Si1-xGex/Si by He+ 

Implantation 
This chapter describes the details of the experimental studies carried out to form 

voids in Si and in Si with a Si1-xGex epilayer (Si1-xGex/Si). We relied extensively on 

transmission electron microscope (TEM) images to study the void characteristics. We 

report the role of the Si1-xGex epilayer on the void formation process in Si. We also report 

the influence of the annealing ambients, N2 and dry O2, on the void evolution mechanism 

in Si and Si1-xGex/Si samples. Similar to the previous chapter, we refer to He-filled 

vacancy clusters as bubbles, whereas the term “voids” refers to empty vacancy clusters. 

We use the term “cavity” to refer either bubble or void.  

4.1 Experimental Details 
He+ implantations were performed into Czochralski grown {100} Si wafers, Si 

wafers having a 60 nm Si0.95Ge0.05 epilayer (Si0.95Ge0.05/Si) and Si wafer with a 20 nm 

Si0.91Ge0.09 epilayer (Si0.91Ge0.09/Si). The thickness of the Si1-xGex (x = 0.05, 0.09) 

epilayer is below the critical thickness beyond which the epilayer tends to relax and forms 

dislocations in the structure [6]. Thus the Si1-xGex layer remained under compressive 

strain even after performing high temperature annealing. He+ implantation energy was 30 
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keV and the implantation dose was 5×1016 cm-2. According to the Monte Carlo based ion 

implantation simulator Crystal TRIM [9], for this He+ implantation condition in Si, the 

He+ projected range is 300 nm. The peak of the vacancy profile is at the depth of 250 nm 

from the sample surface. The implantation energy was set to 30 keV to ensure that He+ 

projected range remains inside Si for the Si1-xGex/Si samples. These implantation 

conditions place the peak of the He+ implanted profile at a depth of approximately 240 

nm from Si0.95Ge0.05/Si interface. The implantations were done at room temperature. He+ 

implantation beam was fixed 7 off to the axis to minimize the channelling during the 

implantation process.  

After the implantations were done, samples were cleaved into small pieces of 

approximately 1x1 cm. Si and Si0.95Ge0.05/Si samples were furnace annealed (FA) in the 

temperature range 960-1110C for 30 min both in N2 and dry O2 ambients. One set of 

samples underwent anneals at 1050C for 15 min in a rapid thermal annealing  (RTA) 

chamber both in N2 and dry O2 ambients. To calibrate the actual anneal temperature, for 

anneals in oxidizing ambient we included a reference Si piece, and for anneals in inert 

ambient we annealed a small piece of Si in dry O2 immediately following each anneal. 

We then measured the oxide thickness by ellipsometry and used the Deal and Grove 

model [2] for dry oxidation kinetics of Si to determine the actual anneal temperature. 

For Si, annealing in dry O2 oxidizes the surface of the sample and injects 

interstitials. For SiGe oxidation, the behaviour is considerably more complicated. 

Depending on the anneal conditions the oxide formed may be a pure SiO2 [139]-[140], a 

mixed (SiGe)O2 [139]-[140], or a sequence of different layers [141]. In some cases a Ge-
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rich layer forms at the oxidizing interface [29],[140]-[142]. In others, no such layer is 

formed [143]-[145]. As to the behaviour of point defects, some studies have indicated that 

interstitial injection is suppressed [141]-[142], [146]-[147]. However there remains 

ambiguity in the data regarding whether such reduction occurs. For the studies that 

indicate such suppression, there is no agreement on the underlying mechanism, and there 

is no agreement on whether interstitial injection is suppressed from the oxidizing interface 

or deeper as the transition from SiGe to Si takes place. Annealing Si in nitrogen is 

considered to be annealing in inert ambient as Si does not react with nitrogen up to 

1150C [65]. However, above 1150C, it is reported that a silicon nitride layer is formed 

on top of {111} Si, and further that this nitridation process injects vacancies [65]. We 

performed energy dispersive x-ray (EDX) line scans on the surface of our Si0.95Ge0.05/Si 

samples after these were annealed in N2 at 1110C. EDX line scan results did not provide 

evidence for any nitride formation on the Si0.95Ge0.05 epilayer. While this rules out 

vacancy injection due to nitridation, it does not eliminate the possibility of other surface 

mechanisms due to the strain in the structure.  

 To study the behaviour of voids in the samples we prepared cross-sectional 

transmission electron microscope (XTEM) samples following the conventional method. 

XTEM images were taken using a Philips CM12 electron microscope operating at 120 kV 

or using a JEOL 2010 electron microscope operating at 200 kV. From the XTEM images, 

we calculated the average void diameter and the average void density for each sample.       
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4.2 Experimental Results and Discussions 
Previous studies available in the literature report that for high dose (> 1016 cm2) 

He+ implantation in Si, the as-implanted samples contain cavities of 2-5 nm in diameter. 

XTEM images taken on the as-implanted Si samples implanted with 30 keV, 5×1016 cm-2 

He+ in this study also show that cavities are already formed in the sample.    

 

 

 

Figure 4.1. XTEM image of as-implanted Si sample implanted with 30 keV, 5×1016  
cm-2  He+. Images taken with JEOL 2010 electron microscope operating at 200 kV. 

 

 

 

 



Ph.D. Thesis – M. Hasanuzzaman; McMaster University – Electrical Engineering 

 57  

 

From XTEM images, we observed void formation in all cases. Figures 4.2-4.5 

show typical TEM images taken by the Philips CM12 electron microscope for voids 

formed in Si and Si0.95Ge0.05/Si samples for anneals done in N2 and dry O2 ambients. We 

note the presence of threading dislocations in the area where voids are formed. No 

dislocations are present beyond this area. This confirms that the Si0.95Ge0.05 epilayer 

remains under compressive strain after the anneal. The dislocations originate and 

terminate on a void. Figure 4.6 shows a high-resolution XTEM image showing 

dislocations associated with voids. We observe dislocations associated with the void layer 

in all samples.  

 Roqueta et al. [92] in their study also reported the presence of dislocations and 

{311} defects in the void layer after high temperature annealing was done for Si 

implanted with 40 keV He+ with doses of 5×1016 cm-2 and 1×1017 cm-2. In our annealed 

samples, dislocations are only associated with large voids. One possible explanation of 

formation of dislocations in the void band can be the strain created in the lattice by the 

voids [95]-[96]. Since the dislocations are associated with large voids, any dissociation of 

interstitials from the dislocation will not make a noticeable reduction in the void diameter 

as the number of interstitials required to reduce the radius (r) of a void increases as a 

function of r2.  
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(a)  

 
 
(b)  

 
 
 
Figure 4.2. XTEM images for Si samples annealed in RTA at 1050°C for 15 min in 
(a) N2 and (b) dry O2. 
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(a) 

 
 
(b) 

 
 
 
Figure 4.3.  XTEM images for Si0.95Ge0.05/Si samples annealed in RTA at 1050°C for 
15 min in (a) N2 and (b) dry O2.   
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(a) 

 
 
(b) 

 
 

 
Figure 4.4. XTEM images for Si samples annealed in FA at 1080°C for 30 min in (a) 
N2 and (b) dry O2. 
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(a) 

 
 
(b) 

 
 
 
Figure 4.5. XTEM images for Si0.95Ge0.05/Si samples annealed in FA at 1080°C for 30 
min in (a) N2 and (b) dry O2. 
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Figure 4.6. XTEM image showing dislocation associated with a void. Image taken 
with JEOL 2010 electron microscope operating at 200 kV. 
 

We measured the average void diameter and average void densities for all our 

samples taking into account at least 650 voids in each case to ensure that our calculated 

values accurately reflect differences between different process conditions. The void 

density calculated from the TEM images is in fact an areal density (unit is cm-2). We 

measured TEM sample thicknesses at various locations in the samples by electron energy 

loss spectroscopy (EELS) using a JEOL 2010 electron microscope. We calculated the 

average sample thickness and divided the areal density by the average sample thickness to 

obtain an average volume density (unit is cm-3) of voids. Figure 4.7 shows the variation of 



Ph.D. Thesis – M. Hasanuzzaman; McMaster University – Electrical Engineering 

 63  

average void diameter and average void density as a function of annealing temperature 

for our samples. The solid lines in the figures are merely guides for the eye. Figure 4.7 

includes data from the measurements described thus far plus data points for void growth 

in an RTA anneal, for which we give a separate discussion later in this Section (see p. 68 

onwards). Void evolution is believed to be governed by a migration and coalescence 

process [103]. With the increase in the annealing temperature, the rate of the migration 

and coalescence process increases, thus increasing the average void diameter and 

decreasing the average void density as we have observed from our experimental results. 

For Si samples, similar trends have also been reported by other authors [11], [99].  

From our experimental results, the values of average void diameter and average 

void density for annealing done in N2 and dry O2 ambients are similar. Annealing Si in 

dry O2 injects interstitials from the Si surface towards the bulk, but this does not appear to 

make a difference to void evolution in our samples. We can understand this given the 

dynamics of the process. Conceptually we can consider two stages of growth. During the 

first stage, the number of free interstitials due to implant damage would overwhelm any 

contribution due to oxidation. The peak concentration of free interstitials in the as-

implanted sample is 1.1×1022 cm-3, which occurs inside the cavity layer. This 

concentration is very high compared to the equilibrium interstitial concentration (for 

example, at 1080°C equilibrium interstitial concentration is 6.06×1013 cm-3) [9].  The 

presence of He in the cavities stabilizes them against recombination with interstitials. At 

1080°C, we expect the free interstitial concentration to decrease very rapidly due to 

annealing,  which causes  interstitials  either  to diffuse to the surface and recombine or  to  
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Figure 4.7. Variation of average void diameter and average void density in Si and 
Si1-xGex/Si (x = 0.05, 0.09) samples as a function of annealing temperature. Solid 
lines through the data point act as guide to the eyes. 
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form extended defects in the bulk. Simulations using FLOOPS-ISE [9] predict that the 

free interstitial concentration drops to nearly its equilibrium value within 30 sec. 

 Thus, after a very short time, there do not remain free interstitials in sufficient 

concentrations to cause the voids to shrink. As already pointed out, during this initial brief 

period, cavities are still filled up with He. In the second stage of the anneal, because the 

initial implant damage has been annealed out, the only free interstitials in the sample 

would be those supplied by oxidation. A quantitative estimate can be obtained again from 

FLOOPS-ISE simulation, which predicts that dry oxidizing anneal done for 30 minutes at 

1080°C results in 5.13×1014 cm-3 interstitials reaching the cavity layer. This is 

approximately six orders of magnitudes lower than the number of vacancies in voids and 

hence is unlikely to have a significant impact on void size. The foregoing discussion 

applies to the Si samples. Annealing Si1-xGex in dry O2 suppresses the amount of 

interstitial injection when compared with interstitial injection during dry oxidation of Si 

[147]. Hence, the arguments given above in comparing anneals done in N2 and dry O2 

ambients for Si0.95Ge0.05/Si samples apply with even greater force. 

 While anneal ambient does not appear to have a significant effect, the comparison 

of Si and Si0.95Ge0.05/Si samples is more interesting. For Si0.95Ge0.05/Si samples, in all the 

cases, the average void diameter is greater and the average void density is lower than 

those in Si. This is particularly noteworthy since voids in both cases are being formed in 

Si. We applied the two sample t test to check the validity of the difference in the 

calculated average void diameter between Si and Si0.95Ge0.05/Si samples. The the process 

is described in Appendix A.  In Si0.95Ge0.05/Si samples, the Si0.95Ge0.05 epilayer remains 
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under compressive strain. Thus, Si very close to the Si0.95Ge0.05/Si interface remains under 

tensile strain. However, the tensile strain in Si is expected to remain confined very close 

to the Si0.95Ge0.05/Si interface since the elastic constants of Si1-xGex are lower than those 

in Si and the strain in the Si is expected to decay very rapidly as we move away from the 

interface. However, at the anneal temperatures considered in the experiments, significant 

amount of Ge interdiffusion can occur [40]-[41], [148]. The implantation damage created 

during He+ implantation may further aid the interdiffusion of Ge. For the experimental 

conditions considered here we applied the Si-Ge interdiffusion model reported in ref. 

[40]. For the He+ implantation dose and energy considered in our study we calculated the 

concentrations of vacancies and interstitials from Crystal TRIM simulation of FLOOPS-

ISE. We took into account the dynamic annealing process of the damage created during 

ion implantation process and considered that 5.5% vacancies and interstitials remain after 

the ion implantation process is completed. This was chosen as the mid point of the range 

(1-10%) suggested by Knights et al. [50].  We used these profiles as the initial vacancy 

and interstitial profiles in the Si-Ge interdiffusion model. Figure 4.8 shows the Ge 

interdiffusion profile predicted for annealing done at 1050° for 30 min.    

We notice that Ge in Si0.95Ge0.05/Si samples can interdiffuse inside Si and reach 

the cavity layer. Ge reaching the cavity layer at sufficient concentrations can affect the 

void evolution process. One possibility relates to the weaker Si-Ge bond compared to the 

Si-Si bond. A reduced average bond strength in the cavity layer may enhance the surface 

diffusion of adatoms along the internal void surface and can thus result in larger voids. 

Another possibility can be the presence of a stress gradient due to the presence of Ge 
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concentration gradient in the sample. As the Ge interdiffusion process proceeds, the 

interface  where the transition  between compressive and  tensile strain occurs also moves  
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Figure 4.8. Ge interdiffusion after annealing for 30 min at 1050°C taking into 
account the damage created during 30 keV, 5 ×1016 cm-2 He+ implantation. 

 

towards the bulk so that depending on the extent of interdiffusion the strain in the cavity 

layer may be either tensile or compressive.  A stress gradient either tensile or compressive 

in nature can exert force on cavities and thus can result in enhanced cavity migration 

[149]. A stress gradient can also create non uniform vacancy concentration [150], which 

can result in a vacancy flow in Si, which can aid cavity migration. In short, Ge 

interdiffusion is likely to increase the rate of cavity migration either because of the 

modified bond strength, or a stress gradient, or both, and may therefore result in increased 
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void diameter in the Si0.95Ge0.05/Si samples compared with the Si samples. Since void 

evolution occurs through a migration and coalescence process, any increase in void 

diameter will result in a decrease in void density, as we have observed in our 

Si0.95Ge0.05/Si samples. 

To test this hypothesis, we annealed Si0.95Ge0.05/Si and Si0.91Ge0.09/Si samples in 

RTA at 1060°C for 30 min in N2 and we calculated the average void diameter and the 

average void density values for the samples. The calculated values are shown in Figure 

4.7. The increase in Ge fraction in the Si1-xGex epilayer was expected to result in an 

increased amount of Ge reaching the cavity layer, which thus enhances the bubble 

migration and coalescence process and increases the average void diameter. The results 

shown in Figure 4.7 confirm this. However, these results also indicate that void sizes as a 

result of an RTA are larger than those produced by furnace annealing. This is not 

surprising since He effusion would occur more rapidly in an RTA leading to larger voids 

and lower void densities. In Chapter 5 we provide a discussion on why faster He can 

cause this type of void evolution pattern.  

Further study reveals another important difference between Si and Si0.95Ge0.05/Si 

samples. Figures 4.9 and 4.10 show the distribution of void sizes for Si and Si0.95Ge0.05/Si 

samples annealed at 1050C and 1080C. The shapes of the void size distributions of Si 

and Si0.95Ge0.05/Si samples are quite different. While in Si0.95Ge0.05/Si samples we find a 

distinct peak around the average void diameter in the void size distribution, in Si samples 

the void size distribution is almost uniform for quite a wide range of void sizes around the 

average void diameter. For all other temperatures, we observe similar type of void size 
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distribution for Si and Si0.95Ge0.05/Si samples as we have observed in Figures 4.9 and 

4.10. 
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Figure 4.9. Void size distribution for annealing done in RTA at 1050°C for 15 min. 
Si samples annealed in (a) N2 and (b) dry O2. Si0.95Ge0.05/Si samples annealed in (c) 
N2 and (d) dry O2.  
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Figure 4.10. Void size distribution for annealing done in FA at 1080°C for 30 min. 
Si samples annealed in (a) N2 and (b) dry O2. Si0.95Ge0.05/Si samples annealed in (c) 
N2 and (d) dry O2. 
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Table 4.1. Standard deviation (SD) in nm for void size distribution 

Temperature 

(°C) 

Anneal 

type 

Time 

(min) 

SD (Si 

annealed 

in N2) 

SD (Si 

annealed 

in dry 

O2) 

SD 

(Si0.95Ge0.05/Si 

annealed in 

N2) 

SD 

(Si0.95Ge0.05/Si 

annealed in 

dry O2) 

960 FA 30 6.58 6.19 - - 

1050 RTA 15 6.78 7.00 6.88 6.65 

1060 FA 30 7.42 7.13 6.81 6.51 

1080 FA 30 10.04 10.11 9.06 9.19 

1110 FA 30 10.80 10.83 11.80 11.86 

  

 Table 4.1 shows the calculated values of standard deviation of the void size 

distribution considering the actual size of all the voids measured from XTEM images. 

The standard deviation for samples annealed in N2 and dry O2 are quite similar, which we 

can expect from looking at the similar shapes of void size distributions for annealing done 

in N2 and dry O2. As the anneal temperature increases, larger sized voids are grown, and 

at the same time the width of the void size distribution increases, thus increasing the 

standard deviation. We do not attempt to compare the standard deviation values of Si and 

Si0.95Ge0.05/Si samples since the shape of the void size distribution in Si and Si0.95Ge0.05/Si 

samples are very different.  

 In conclusion, the presence of Si1-xGex epilayer on Si is capable of influencing the 

void evolution process in Si where voids are created by high dose He+ implantation and 

subsequent high temperature annealing. The presence of Si1-xGex epilayer increases the 

average void diameter and decreases the average void density when compared with the 

same in relaxed Si. We also find that the increase in Ge fraction in Si1-xGex epilayer can 
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increase the average void diameter and decrease the average void density. Due to the 

implantation damage created and the high temperature annealing, interdiffusion of Ge 

across Si1-xGex/Si likely reaches the cavity layer. The weaker Si-Ge bond compared to  

Si-Si bond and the stress gradient introduced in the lattice due to the presence of Ge may 

increase the rate of cavity migration process, which is believed to govern the void 

evolution mechanism. The presence of Ge also results in void size distributions that are 

more selective than is the case in the absence of Ge. We also demonstrate that interstitial 

injection during oxidation does not appreciably affect void growth. This is likely because 

interstitial injection from the surface does not become the dominant source of free 

interstitials in the sample until later process times, by which time voids have grown to a 

large size compared with the available interstitial flux.     
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Chapter 5 

A Mathematical Model for Void Evolution in 

Silicon 
In this chapter, a mathematical model for void evolution in Si is proposed. The 

mathematical model is developed considering the physical mechanisms associated with 

the void evolution process. A physical justification of the proposed model is given and 

the parameters used in the simulation to match the simulated and experimental results are 

described. The model contains one empirically determined parameter that describes the 

rate of migration and coalescence of voids and a physical justification for this parameter 

is proposed. All other model parameters reflect physical quantities well documented in 

literature. The model is capable of matching a wide range of experimental data. The 

model efficiently highlights the physical mechanisms working behind the void evolution 

process.  

5.1 Previous Attempts 
A comprehensive attempt to model point defect clustering during ion implantation 

and subsequent annealing is reported in literature [151]-[153]. One of the cases where the 

model was applied was point defect clustering in Si by He+ implantation. In the proposed 

model, the only mobile species are He, vacancy, self-interstitial and interstitially 
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dissolved impurities. Defect clusters are formed by any possible combination of the above 

species by the processes of trapping and dissolution. Any combination of defect clusters 

is considered to remain immobile. Each of the mobile species and the defect clusters are 

represented with an individual continuity equation. To avoid solving equations for all the 

species, a Monte Carlo approach is applied to minimize the computational complexity.  It 

was reported that the model is capable to simulate the critical dose required for void 

formation by He+ implantation process. Below the critical dose, voids are not formed, 

whereas above the critical dose voids are formed after high temperature annealing is 

carried out. The simulations were done up to 827°C in refs. [151]-[152]. It was argued 

that there exists a competition between the outer surface and the stable vacancy clusters to 

capture vacancies. For implantation dose below the critical dose, the surface acts as a 

dominant sink for the vacancies, thus no void formation occurs after high temperature 

annealing is performed. On the other hand, when the implantation dose is set above the 

critical dose, stable vacancy clusters capture any dissociated vacancy and the high 

temperature annealing process forms voids. It was further mentioned that for cavities to 

form, the diffusion length of vacancy in the damage layer must be much smaller than the 

distance to the surface. These arguments for justifying the critical dose for the formation 

of cavities are puzzling and do not agree with the explanations given in literature 

describing the reason behind cavity formation above the critical dose, which we have 

discussed in Chapter 3. Further, the cavities were considered to remain immobile in the 

model. This is a major drawback of the model, since Evans [103] has effectively 

demonstrated that (at least in the high dose implant regime) the migration and 
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coalescence mechanism is the dominant process for cavity evolution for annealing up to 

1000°C and Ostwald ripening (OR) process plays no role in the cavity evolution process.          

The success of a mathematical model certainly depends on its capability to 

describe the experimental results accurately. The simulation results reported in refs. 

[151]-[152] showed that for annealing done above 527°C, both cavity diameter and cavity 

density remains constant up to 827°C. 827°C was the highest temperature considered in 

the simulation. The general trend reported in the literature is that with increasing anneal 

temperature the cavity diameter increases and the cavity density decreases. The 

simulations results reported in refs. [151]-[152] clearly do not follow this trend. Further, 

there is no published report showing any comparison between experimental and 

simulation results when the proposed model is applied for void evolution by He+ 

implantation in Si. To date this had been the most complete model describing void 

evolution in silicon. The deficiencies summarized above clearly indicate the need for a 

more effective model. Our approach is to begin with a model that has been successfully 

used to model average size and density of interstitial clusters ({311} defects) [154] and 

then to adapt that to modeling void evolution by directly relating the mathematical model 

to the accepted description of the physical processes that govern void evolution. We 

emphasize a correspondence between mathematical formulation and physical description 

so that our model not only fits the data but yields insight into the void evolution process 

and its dependence on various experimental factors.  
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5.2 Cavity Migration and Coalescence Process 
 The cavity migration occurs by diffusion of atoms from the leading edge to the 

trailing edge of the cavity. There are mainly three possibilities by which the diffusion of 

atoms can occur and results the cavity migration process. These are: (1) surface diffusion, 

(2) volume diffusion and (3) vapour transport. Schematic representations of the processes 

are shown in Figure 5.1.   

 

Figure 5.1. Schematic representation of cavity migration by (1) surface diffusion, (2) 
volume diffusion, and (3) vapour transport [155].    
 

In a surface diffusion process the atoms diffuse around the interior surface of the 

cavities, in a volume diffusion process they diffuse through the crystal lattice, and in a 

vapour transport process they diffuse through the vapour phase inside the cavities. The 

review work by Nichols [117] showed that in the presence of a thermal gradient, if the 

volume diffusion process dominates, the cavity velocity (VC) is independent of the cavity 

radius (r). If the vapour transport process is dominant, VC is independent of r if the gas 
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pressure inside the cavity is constant. If the gas pressure inside the cavity is 
r
2 , where, 

  is the surface tension, VC becomes proportional to r. Thus the cavity velocity increases 

with the increase in cavity radius. If the surface diffusion process is dominant, VC 

becomes inversely proportional to r, thus smaller cavities move faster than larger cavities. 

For sub-micron sized cavities, it is commonly seen that the surface diffusion is the 

dominant mechanism. For bigger cavities, volume diffusion and vapour transport 

mechanisms start to play a role in the cavity migration process.      

 During the coalescence process, the volume of the cavities before and after the 

coalescence process is conserved. The total surface area thus decreases. Surface diffusion 

mechanism is the dominant process for this stage to occur. Nichols [117] has shown that 

this stage occurs for all cavities with a radius larger than 0.1 nm and thus occurs for all 

practical cases.  

5.3 Helium Effusion Kinetics 
He effusion from the cavities received considerable attention as well. He effusion 

from Si implanted with He+ is capable of giving information on the interaction of He with 

the vacancy clusters and the role of He in the void formation process. We have discussed 

the nature of He effusion profiles from Si based on the He+ implantation doses in Chapter 

3. Besides qualitative description of He effusion, there have also been attempts to 

quantitatively model the He effusion process.  

In the low dose regime, thermal desorption spectrometry (TDS) spectra can be 

described by first order kinetics, the intensity of the TDS spectra varies almost linearly 
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with the dose [91]. On the other hand, in high dose regime, TDS spectra do not vary 

linearly with the dose and cannot be described with the first order effusion kinetics [91]. 

In the first order gas release model, the rate of He release from cavities varies in 

proportion to the number of He atoms retained in the cavities. It has been reported that the 

first order gas release model is only capable of describing He retained in samples (from 

ERD measurements) for the initial short annealing time for isothermal anneal performed 

[156]. For TDS measurements, He effusion peak from high temperature is reported to be 

much broader than expected from the first order gas release kinetics. The possibility of 

describing the broader effusion peak at high temperature by considering emitting centers 

with varying activation energies has also been discarded [157]. Since He is an inert gas, it 

does not react with Si. Thus, the observed type of TDS at high temperature cannot be due 

to different bonding configuration of He with Si. Cerofolini et al. [157] also showed that 

the He effusion kinetics does not depend on the average He concentration in Si, rather 

depends on the local He concentration in the cavities.           

 In the modeling attempt of Fedorov [151], the He effusion model used is 

conceptually too simple. He desorption from Si was considered by first order effusion 

kinetics by considering constant activation energy for He effusion from the vacancy 

clusters. The activation energy for He effusion was considered as the binding energy of 

He with the vacancy cluster only, which is not the case in reality. To date, the most 

detailed study on He effusion mechanism from Si is reported by Cerofolini et al. [157]. In 

their study, it was considered that the activation energy for He effusion depends on the 

solution enthalpy and the migration energy of He in the lattice.       
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  A systematic description of He effusion kinetics is described by Cerofolini et al. 

[91], [157]. From these studies we repeat here the important steps of formulating the 

mathematical equations for He effusion from Si.  

 It is believed that the high concentration of He inside the cavities works behind 

the force for He effusion. He effused from a cavity can be retrapped inside another cavity. 

Multiple trapping and effusion of He from cavities can occur, which can result in 

formation of quasi-equilibrium concentration of He in the cavity region. For He effusion 

length greater than the average separation between the cavities, it can be expected that a 

uniform concentration of interstitial He, C  is achieved. This can certainly occur for a 

situation where He diffusion length is greater than the width of the cavity region. C  can 

be calculated from the chemical potential of He interstitials,   and  the chemical 

potential of He in cavities, O  by applying the condition, 

O   (5.1) 
 

  is expressed by [157], 
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where, 

H is the He solution enthalpy in interstitial sites 

Bk is the Boltzmann constant 

h is the Planck constant 



Ph.D. Thesis – M. Hasanuzzaman; McMaster University – Electrical Engineering 

 80  

T is the temperature in Kelvin 

  is the vibration frequency of He in an interstitial site 

SC  is the concentration of interstitial sites. 













l
vN

CC SiS 1 ; N  is number of 

cavities per unit area, v  is the mean cavity volume, and  l  is the thickness of the cavity 

region.  

 It is considered that all the implanted He is captured inside the cavities. Cerofolini 

et al. [157] mentioned that this results in typical He concentration of around 1023 cm-3 for 

high dose He+ implantation done. With such a high He concentration, He inside the 

cavities is treated as ultra dense gas. In this case, strong He-He repulsion due to van der 

Waals interaction is in effect, which plays a significant role in He effusion kinetics and 

He inside the cavities cannot be described by an ideal gas or van der Waals gas. In van 

der Waals model for moderately dense gas, the concept of covolume is introduced. 

Covolume limits the particles to access certain portion of the space. van der Waals model 

considers the value of covolume to remain constant. For hyper dense gas, covolume is 

treated as a dynamic quantity, which varies with the concentration of He inside the 

cavities, OC .  Covolume, b for hyper dense gas situation can be calculated using [157],  
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w and   are suitable parameters used to describe He-He Buckingham potential given by 

[157]. 
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  /rweru   (5.4) 
 

 Now, for hyper dense gas, the chemical potential of He in cavities, O  can be 

described by [157],  
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where, 

H  is the energy needed to take a He atom inside cavity from vacuum 

U is the repulsive energy due to the presence of neighbouring He atoms 

T  is the thermal de Broglie wavelength; 
Tmk

h

B
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  is the coordination number 

k is a parameter related to the packing factor 

 

 Now, as shown in refs. [91] and [157], considering low density limit where 

SCC / <<1, the outgas He flux can be calculated considering,  
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the diffusion coefficient of He in interstitial sites and can be expressed by [91], 
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where,  

0,D  is the prefactor of the Arrhenius expression for the diffusion coefficient of He in 

interstitial sites 

*
 is the activation energy for He diffusion through interstitial sites 

 

 If it is considered that He diffusion length is greater than x , which is the 

starting depth of cavity layer in Si, we get, 



x

CD
J  . The outgas He flux, J can then be 

calculated by applying the condition in Equation (5.1). The rate equation can then be 

determined applying the steady-state condition, 
  J

dt
CVd OO  , where VO is the total 

cavity volume per unit area. This results, 
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 (5.8) 
 

Cerofolini et al. [157] applied Equation (5.8) to describe the He effusion kinetics 

from Si. They verified their proposed model by comparing the simulation results with the 

experimental TDS profiles for isochronal annealing done considering an increase in 

temperature with constant temperature ramp rate.   
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5.4 Mathematical Model 
Our proposed model for void evolution describes the first two moments of the 

void distribution by describing the concentration of vacancies, which constitute the voids, 

Cvoid, and the density of voids, Dvoid. The former effectively describes the zeroth moment 

of the distribution by integrating the total number of vacancies captured by the voids. The 

latter describes the first moment of the distribution because, in combination with Cvoid it 

yields the average void diameter. We include additional equations to describe the 

concentration of vacancies in small vacancy clusters, CSV, the behaviour of free 

interstitials and vacancies, and the He effusion. The approach of Law and Jones [154] 

who successfully modeled interstitial cluster dynamics in silicon, specifically the {311} 

defect was followed in this work. This model is further refined in the commercial process 

simulator FLOOPS-ISE [9]. However, the model used there is not readily applicable for 

modeling void evolution process in Si by high dose He+ implantation and subsequent high 

temperature annealing. Thus necessary modifications were made to develop the model 

equations to describe the void evolution mechanism. 

As applied to vacancies, small vacancy clusters, and voids, the model assumptions 

are:  

 All the reaction rates are diffusion limited. The capture rates of the reactions 

vary in proportion to the size of the vacancy clusters and voids.  

 Smaller voids dissolve faster than larger voids. 

 Small vacancy clusters as well as voids may capture free vacancies, a process 

which contributes to void growth. 
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 It is sufficient to consider small vacancy clusters of a specific size. During the 

formation of vacancy clusters, certain arrangements of vacancies are more 

stable than others. Among the small vacancy clusters, clusters with 6, 10 or 14 

vacancies show the highest binding energy and thus are the most stable 

vacancy clusters [158]. The arrangements of vacancies in the cluster are such 

that the cluster is free from any dangling bonds. We consider small vacancy 

clusters to contain on average 10 vacancies in our model. 

 Bulk recombination between free vacancies and interstitials is taken into 

consideration. 

 Small vacancy clusters are initially filled with He; once He effuses out, small 

vacancy clusters are allowed to recombine with interstitials. 

 Initially grown voids are filled with He, once He effuses out, voids are 

allowed to recombine with interstitials as well.  

 

The model can be thus described by: 
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where,  

voidC  is the concentration of vacancies in voids 

voidD  is the density of voids 

SVC  is the concentration of vacancies in small vacancy clusters 

VC is the concentration of vacancies 

IC is the concentration of interstitials 

*
VC  is the equilibrium vacancy concentration 

*
IC  is the equilibrium interstitial concentration 

SVk , SIk , Vvoidk _ , Ivoidk _  are the diffusion limited reaction rates  

1k  is the fitting parameter 

 

The diffusion limited reaction rates are given by, 
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where, 

0r  is the radius of a vacancy  

VD  is the vacancy diffusivity 

ID  is the interstitial diffusivity 

rb is the capture radius of bulk recombination between mono vacancy and mono 

interstitial 

and,  

n  is the size of a void, 
void

void

D
Cn   

 

The bulk recombination reaction rate is given is, 

 IVbbulk DDrk  .4  (5.16) 
  

It can be assumed that the contribution of a single vacancy to the capture radius 

for bulk recombination is 
2
br . 

 In Equations (5.12) and (5.13), 
2

10 0
3/1 brr   represents the capture radius of the 

small vacancy clusters which is formed with 10 vacancies. 0
3/110 r  is the radius of the 

small vacancy clusters. To this term 
2
br  is added considering this to be the contribution of 

a single vacancy to the capture radius. Extending the similar argument to Equations (5.14) 

and (5.15), the term 
20

3/1 brrn   represents the capture radius of a void.  
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In Equation (5.9) it is considered that individual voids can capture vacancies and 

grow. Since it is considered that small vacancy clusters consist of 10 vacancies (an 

average justified by our arguments above), an addition of a vacancy to the small vacancy 

clusters results in formation of a void, thus increasing the number of vacancies in voids. 

This also increases the density of voids as taken into account in Equation (5.10). At the 

same time the formation of voids decrease the concentration of small vacancy clusters in 

Equation (5.11). In Equation (5.10), the term Dvoid /Cvoid , is inverse to the size of the 

voids and thus takes into account that smaller voids dissolve faster than larger voids. It is 

also considered that the larger the number of voids, the faster the voids dissolves. Further, 

in Equation (5.11) it is considered that the small vacancy clusters can grow by capturing 

vacancies. The term,  *
_ IIvoidIvoid CCDk   in Equation (5.9) represents the recombination 

of voids with interstitials. Similarly, the term,  *
IISVSI CCCk   in Equation (5.11) 

represents the recombination of small vacancy clusters with interstitials. These 

recombination terms with interstitials are considered in the model only when He 

concentration becomes less than 1% of the concentration of vacancies in voids and small 

vacancy clusters.  

 The role of He in the proposed model is to stabilize small vacancy clusters and 

voids by not allowing small vacancy clusters and voids to recombine with interstitials. 

During the simulations it is considered that all the implanted He is initially accumulated 

inside the small vacancy clusters. When voids are formed, voids are initially filled with 

He. He effusion during the annealing process is calculated by Equation (5.8). Though 

Cerofolini et al. [157] applied Equation (5.8) to match experimental TDS spectra with a 



Ph.D. Thesis – M. Hasanuzzaman; McMaster University – Electrical Engineering 

 88  

constant temperature ramp, since the equation is derived considering the detailed aspects 

of the properties of He inside the cavities, it can be expected that, the same equation is 

capable to describe He effusion during annealing done in isothermal condition.  

5.5 Simulation Approach, Results and Discussions 

5.5.1 Experimental Results 

We compared our simulation results with a wide range of experimental results for 

He+ implanted Si and limited our consideration to studies that quantified the evolution of 

the void distribution so as to allow quantitative comparison with our model predictions. 

Experimental results reported in refs. [11], [92], [99], [156] provide a wide range of 

implant and anneal conditions. We also compared the simulation results with our 

experimental results described in Chapter 4. 

Raineri et al. [99] implanted CZ Si wafers with He+ ions at 40 and 300 keV with 

doses of 1×1016, 5×1016 and 1×1017 cm-2 and formed voids by annealing in a low pressure 

(10-6 Torr) furnace at temperatures in the range 800-1200°C. The authors reported the 

void diameter and the void density as a function of anneal temperature for annealing done 

for 1 hour. Void diameter and void density as a function of anneal time at 800°C and 

1000°C were also reported for implantation done with dose of 5×1016 cm-2 at 40 keV. 

Roqueta et al. [92] and Kaschny et al. [156] implanted Si with 40 keV, 5×1016 cm-2 He+ 

ions and reported void diameter upon annealing the samples at 800°C. Kaschny et al. 

annealed the their CZ Si sample in Ar for 10 minutes in RTA, whereas Roqueta et al. 

annealed their FZ Si samples in N2 for 10 sec in RTA and 50 min in FA. Follstaedt et al. 



Ph.D. Thesis – M. Hasanuzzaman; McMaster University – Electrical Engineering 

 89  

[11] reported void diameter for FZ Si implanted with 30 keV, 1×1017 cm-2 He+ ions 

annealed in the range 700-1000°C for 30 min. They also did one experiment using a 

lower dose of 2×1016 cm-2 He+ implanted with an energy of 30 keV and annealed for 30 

min at 700°C. Their experimental result for this data point is anomalous in that they 

report a larger void diameter for these conditions than for the 1×1017 cm-2 dose with a 

700°C anneal. This is contradictory to all other available data which indicate that the 

decrease in dose leads to smaller void diameters. We have thus ignored this data point in 

our modeling. The same authors also did one experiment with a 10 hour anneal. At these 

long anneal times void growth is expected to saturate. This is an effect that we have not 

included in our model and hence we did not compare our model against the 10 hour 

experiment. The data we have considered are summarized in Table 5.1. 

5.5.2 Initial Conditions 

The implantation of He+ in Si produces interstitials and vacancies. The as-

implanted vacancy and interstitial profiles were extracted using the Monte Carlo based 

ion implantation simulator Crystal TRIM available in FLOOPS-ISE [9]. It is known that 

most of the interstitials and vacancies thus created recombine during the implant step - 

this is termed dynamic annealing. We assumed that only 5.5% of the damage remains 

after the implant step. This value was chosen as the midpoint of the range (1-10%) 

suggested by Knights et al. [50].  

For the interstitials, the case is relatively simple. The profile of interstitials 

calculated as above is considered as the initial profile of free interstitials, CI. For 

vacancies, the  situation  is  more complex as the vacancies could be free mono vacancies, 
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Table 5.1: Experimental data available from literature 

Author 

[ref] 

Substrate 

type 

Implant 

energy 

(keV) 

Implant 

dose 

(cm-2) 

Anneal 

temperature 

(°C) 

Anneal time  Anneal 

ambient and 

pressure 

Raineri et 

al. [99] – 

Isochronal 

data 

CZ Si 40, 300 1×1016, 

5×1016, 

1×1017 

800 , 1000,  

1200 

60 min Inert, 

10-6 Torr 

Raineri et 

al. [99] – 

Isothermal 

data 

CZ Si 40 5×1016 800 , 1000 15 - 120 

min 

Inert, 

10-6 Torr 

Follstaedt 

et al. [11] 

FZ Si 30 1×1017 

 

 

700, 800, 

900 , 1000 

30 min 

 

Inert, 

atmospheric 

pressure 

Roqueta et 

al. [92] 

FZ Si 40 5×1016 800 10 sec, 50 

min 

N2, 

atmospheric 

pressure 

Kaschny 

et al. 

[156] 

CZ Si 40  5×1016 800 10 min Ar, 

atmospheric 

pressure 
 

vacancies captured in small vacancy clusters, or vacancies in voids. Given the expected 

void evolution mechanisms described in Chapters 3, we do not expect any voids initially. 

Hence we initialized Cvoid and Dvoid to very low constants in the sample (we did not set 

them to zero simply to avoid numerical difficulties). As for small vacancy clusters, these 

are only expected to form when the damage cascade overlap is relatively high. This 
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happens above a certain implant dose, the threshold dose, which varies with implant 

energy, dose rate, and implant temperature. For cases where vacancy clusters are 

expected to form, we arbitrarily set 5% of the vacancy profile to be in clusters, with the 

remaining 95% of the vacancies as free mono vacancies. Where clusters were not 

expected, the entire vacancy profile was attributed to mono vacancies. Thus we determine 

the initial profiles of CV and CSV. This is a recognized limit in our model - we have made 

no attempt to quantitatively model the formation of small vacancy clusters during 

implant. Our model only addresses post implant void evolution. 

For the He concentration, we calculated the initial value of C  from as-implanted 

He profile from Crystal TRIM by considering that all the He is confined in the cavity 

layer. 

5.5.3 Model Parameters 

As mentioned previously, the constant k1 in Equation (5.10) was used as a “free” 

fitting parameter. We discuss the significance of this parameter separately. The other 

parameters in the model all have reasonably well known values from the literature, which 

we describe in this section. 

We used rb = 0.5 nm in our simulations following ref. [159] and used r0 = 0.1684 

nm taking the volume of a single vacancy as 2×10-23 cm3 [121]. For point defects in 

silicon the *
X XD C  product (X = I, V) is known with high precision. However, the partition 

of that product into a diffusivity ( XD ) and solubility ( *
XC ) is far from agreed, with 

reported values in the literature spanning several orders of magnitude. For ID  and *
IC , 
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we used the default values in FLOOPS-ISE. For VD  and *
VC , we maintained the *

VV CD  

product that is well specified in the literature. However, it is well known that modeling 

diffusional processes such as the one considered here is sensitive to the specific 

partitioning of this product. We found that optimal fits to our data obtained with DV set to 

0.7 of the default value in FLOOPS-ISE. Given the sensitivity of diffusional models to 

this value and the reported variation in the literature spanning several orders of 

magnitude, a factor of 0.7 is effectively negligible.  With these numbers we completely 

specify the reaction rates given by Equations (5.12)-(5.15).   

While applying the model for dry O2 anneal data for our experimental results we 

use the default interstitial injection flux from FLOOPS-ISE but used a higher surface 

recombination velocity than the default. We increased the default value of surface 

recombination velocity in FLOOPS-ISE by a constant factor. This is reasonable since this 

is the expected behaviour for interstitial injection under conditions of high implant 

damage as we have in our experiments [160].   

When applying the He effusion kinetics described by Equation (5.8), we used the 

parameter values considered in ref. [157]. The values used in the simulations are,  = 

2×1013 sec-1, 0,D = 5.25×10-3 cm2sec-1,  = 12, k = 1.122, H - H + *
 = 1.83 eV, 

w  = 3000 eV,   = 0.192 Å. We calculated the values of x  and l  from the He+ 

implantation profiles from Crystal TRIM. l  is considered to extend from the TRIM 

values for depth of the maximum vacancy concentration to the depth of the maximum He 

concentration. We calculated the values of N  and v  from the TEM images taken for 
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our experimental results described in Chapter 4. Our experiments have He+ implantation 

dose of 5×1016 cm-2.  Since we did not have access to the TEM images for the previously 

published results in the literature, we approximated the values of N  and v  for the 

previously published results in the literature for implantation doses of 5×1016 cm-2 and 

1×1017 cm-2  with the calculated values from our experimental studies for implantation 

dose of 5×1016 cm-2. For previously published results for He+ implantation dose of 1×1016 

cm-2, we used the values reported in refs. [91] and [157]. We implemented the He 

effusion kinetics given by Equation (5.8) and the model equations given by Equations 

(5.9)-(5.11) using the commercially available process simulator FLOOPS-ISE.   

Cvoid /Dvoid gives the average number of vacancies per void and thus represents the 

average size of the void. The volume of each vacancy is 2×10-23 cm3 [121], from which 

we calculated average void volume. Considering each void to be spherical in shape, we 

calculated the average diameter of each void. The void density, Dvoid, is directly obtained 

by solving Equation (5.10).  

5.5.4 Simulation Results 
Figures 5.2-5.7 show comparisons between our model and experimental results. In 

the first four figures both void diameter and void density were reported. In Figure 5.6 and 

Figure 5.7 we consider studies where only void diameter was reported. Figure 5.2 shows 

our own data, Figures 5.3-5.4 show Raineri’s isochronal anneals for 40 keV and 300 keV 

implants respectively, whereas Figure 5.5 shows their isothermal anneals [99]. Finally, 

Figure 5.6 shows the data reported by Follstaedt et al. [11], and Figure 5.7 shows the data 

reported by Roqueta et al. [92] and Kaschny et al. [156]. 



Ph.D. Thesis – M. Hasanuzzaman; McMaster University – Electrical Engineering 

 94  

(a) 

950 1000 1050 1100
0

10

20

30

40

50

 

 

V
oi

d 
di

am
et

er
 (n

m
)

Temperature (oC)

Si:                       N
2
;    Dry O

2

Si0.95Ge0.05/Si:      N2;   Dry O2

 
(b) 

950 1000 1050 1100
1014

1015

1016

1017

1018

 

 

V
oi

d 
de

ns
ity

 (c
m

-3
)

Temperature (oC)

Si:                       N
2
;   Dry O

2

Si
0.95

Ge
0.05

/Si:       N
2
;   Dry O

2

 
Figure 5.2. (a) void diameter and (b) void density as a function of anneal 
temperature for our experiments. Samples were implanted with 30 keV, 5×1016 cm-2 
He+. Symbols refer to experimental data, lines refer to simulation. 
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Figure 5.3. (a) void diameter and (b) void density as a function of anneal 
temperature. Si samples were implanted with different doses of He+ at 40 keV. 
Experimental data were reported by Raineri et al. [99]. Symbols refer to 
experimental data, lines refer to simulation. 
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Figure 5.4. (a) void diameter and (b) void density as a function of anneal 
temperature. Si samples were implanted with different doses of He+ at 300 keV. 
Experimental data were reported by Raineri et al. [99]. Symbols refer to 
experimental data, lines refer to simulation. 
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Figure 5.5. (a) void diameter and (b) void density as a function of anneal time. Si 
samples were implanted with 40 keV, 5×1016 cm-2 He+. Experimental data were 
reported by Raineri et al. [99]. Symbols refer to experimental data, lines refer to 
simulation. 
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Figure 5.6. Void diameter as a function of anneal temperature. Si samples were 
implanted with 30 keV, 1×1017 cm-2 He+. Experimental data were reported by 
Follstaedt et al. [11]. Symbols refer to experimental data, line refers to simulation.  
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Figure 5.7. Void diameter as a function of anneal time at 800°C. Si samples were 
implanted with 40 keV, 5×1016 cm-2 He+ ions. Experimental data were reported by 
Roqueta et al. [92] and Kaschny et al. [156].  Symbols refer to experimental data, 
line refers to simulation. 



Ph.D. Thesis – M. Hasanuzzaman; McMaster University – Electrical Engineering 

 99  

For the most part our simulations agree very well with the experimental data. One 

minor anomaly is observed in the experimental data of Raineri et al. [99] at 1000°C. In all 

cases at this temperature their reported void densities are larger than what would be 

predicted based on their reported void diameters. This is most clearly visible in Figure 5.3 

where for the conditions given at all anneal temperatures, the void diameters shown in 

Figure 5.3(a) grow from 800°C to 1000°C but the void densities shown in Figure 5.3(b) 

remain constant. Regardless of the growth dynamics of the voids we would expect growth 

in diameter to come at the expense of void density. Not surprisingly, our model does not 

match these anomalous results.  

We used k1 as a free parameter in our model. For each anneal temperature the 

reaction rates given by Equations (5.12)-(5.15) were calculated. In the simulations, the 

exact values of kSI, kvoid_V and kvoid_I were used. For each anneal temperature and 

implantation condition, the values of kSV and kbulk ; and the free parameter k1 were set to 

simultaneously obtain a good match between the simulated and experimental values of 

void diameter and void density. The values of kbulk and kSV used in the simulations are 

shown in Figure 5.8 (a) and (b). These values are very close to the actual values of the 

diffusion limited reaction rates [9] suggesting diffusing limited reaction rate to be the 

dominant process for these reactions.    

It is apparent that the free parameter k1 in our simulation is related to the physical 

mechanisms involved in the migration and coalescence process of cavities. The unit of k1 

is sec-1 and to our understanding it represents the rate of migration and coalescence 

process of  the cavities. We should note that given our simulation procedure, the value  of  
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Figure 5.8. Values of (a) kbulk and (b) kSV used in the simulations. Lines refer to the 
theoretical trend, symbols refer to the values used in the simulations. 
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k1 is an average value over the anneal time. The actual rate of migration and coalescence 

would increase initially as cavities are formed and then begin to decrease as the cavities 

grow. For the entire cavity to diffuse in a given direction there has to be a net transfer of 

adatoms along the inner surface of the cavity. The likelihood of such a net transfer 

decreases drastically once the cavity diameter is of the order of the mean free path of the 

adatoms. (This is likely the cause of saturation in cavity growth, but as noted earlier we 

have not included this in our model). Hence any conclusions we draw regarding k1 are 

only applicable for anneal durations on the order of a few hours, which is the regime that 

has been modeled in our studies and those that we have taken into account. 

Figure 5.9 shows the values of k1 used in the simulations to get a good match 

between simulated and experimental values. There are several features that we can notice. 

The spread of the values of k1 is quite large. However, for each implantation condition, k1 

follows an Arrhenius behaviour, suggesting k1 is related to a thermally activated process. 

It has been suggested in literature that for sub-micron cavities, migration and coalescence 

process is dominated by the surface diffusion mechanism [117]. Thus, we expect that the 

activation energy of k1 should represent the activation energy of surface diffusion process 

in Si. In the temperature range 700-1200°C, the reported activation energy for surface 

diffusion process varies in the range 1.2-2.68 eV [161]. The extracted activation energy of 

k1 for the values used in the simulations varies in the range 1.15-2.06 eV. The range of 

extracted energies thus fits in the range of activation energies reported in literature.  
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Figure 5.9. Variation of k1 as a function of inverse temperature. Symbols are the 
values used in the simulations, lines represent the Arrhenius fits.  

 

Once k1 is understood to be a rate parameter for the migration and coalescence 

process governed by the adatom surface diffusivity, and calculated as a time average over 

the anneal duration, the trends in Figure 5.9 can be interpreted in a consistent manner.  

The value of k1 increases linearly with the dose as shown in Figure 5.10. As the 

dose increases, there is more damage created in the lattice, and the amount of initial small 

vacancy clusters increases. The increase in the number of small vacancy clusters results in 
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faster coalescence of the small vacancy clusters, thus producing larger voids as observed 

by the experimental results reported by Raineri et al. [99]. Faster coalescence means 

increase in the rate of migration and coalescence process and thus we notice an increase 

in k1 with the dose. 
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Figure 5.10. Variation of k1 as a function of dose. Symbols are the values used in the 
simulations, lines represent the linear fits. 

 

The values of k1 also depend on implantation energy. Increase in implantation 

energy increases the straggle, which results in decrease in damage at the projected range 

of implantation. We can expect that this will result in decrease in the amount of small 

vacancy clusters produced during He+ implantation. The decrease in the amount of small 

vacancy clusters will result in increased time for the migration of the small vacancy 

clusters to coalesce and form larger voids. This results in a decrease in the rate of the 
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migration and coalescence process. Further, increase in implantation energy can result in 

suppressed effusion of He from cavities. It has been shown by Perryman and Goodhew 

[162] that the presence of He in cavities hinders the surface diffusion process, and thus 

lowers the rate of migration and coalescence mechanism. In presence of gas inside the 

cavities, during the surface diffusion process, an adatom at the surface may not be able to 

jump to a neighboring site as the site may have already been occupied by a gas atom. 

Mikhlin [163] has shown that for an adatom to diffuse, a certain volume around the 

adatom must be free of gas atoms. The slower He effusion thus reduces the rate of 

migration and coalescence mechanism. The average void diameter thus decreases with the 

increase in implantation energy and we notice decrease of the value of k1.  

The value of k1 is also dependent on pressure. Raineri et al. [99] annealed their 

samples in a low pressure (10-6 Torr) furnace. The low atmospheric pressure results in 

faster He effusion from the bubbles in Si during high temperature annealing. As discussed 

in the preceding paragraph, this increases the rate of migration and coalescence 

mechanism and results in higher average void diameter when compared with our own 

experiments where we used atmospheric pressure. We thus observe a higher value of k1 

for simulating their results compared with ours. 

Now looking at the values of k1 for our experimental results during annealing 

done in FA, we find that the values of k1 are higher for Si0.95Ge0.05/Si samples when 

compared with the values in Si samples. Our Si0.95Ge0.05/Si samples contained a 60 nm 

Si0.95Ge0.05 epilayer on Si. Si0.95Ge0.05 epilayer remained under compressive strain so that 

the Si was under tensile strain in the region close to the Si0.95Ge0.05 and Si interface. From 
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Crystal TRIM simulation, it is found that the maximum vacancy damage occurs at a depth 

of about 250 nm from the surface, i.e, is about 190 nm from the Si0.95Ge0.05/Si interface. 

Hence it is unlikely that the tensile strain in Si due to the presence of the epilayer will 

reach to this depth. As we have discussed in Chapter 4, due to high temperature annealing 

and the presence of considerable implantation damage, it is expected that Ge will diffuse 

into the Si (or more precisely the Si and Ge interdiffuse).  The resulting stress gradient 

and the weaker Si-Ge bond strength compared to Si-Si bond are expected to cause faster 

surface diffusion in the cavities and thus increase the rate of cavity migration.  Any such 

process will thus result in increase in average void diameter and we find an increase in k1 

for Si0.95Ge0.05/Si samples in our simulations. In our RTA experiments we find an even 

higher rate of migration and coalescence. The underlying reason is very similar to the 

effect of lower pressure. The higher temperature ramp rate for the RTA causes faster He 

effusion and an earlier onset of the migration and coalescence process. 

The last observation we make is the value of k1 for 30 keV, 1×1017 cm-2 He+ 

implantation condition for simulating the results of Follstaedt et al. [11]. The values of k1 

for this case are comparable with the values of k1 for 40 keV, 1×1017 cm-2 He+ 

implantation data of Raineri et al. [99] despite the anneals by Follstaedt et al. being 

conducted at atmospheric pressure. Follstaedt et al. used FZ Si samples, which are known 

to have lower concentrations of O and C impurities than CZ Si. Evans et al. [118] 

reported that the present of O can interact with cavities and can reduce the rate of 

migration and coalescence process. Thus lower O content may increase the rate of 

migration and coalescence process.   
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The above discussion demonstrates both the strength and the limitation of this 

model. The k1 parameter clearly reflects a physical quantity, the rate of migration and 

coalescence of cavities. Thus its behaviour may be estimated according to how process 

conditions are likely to affect the migration and coalescence process: it is increased by 

higher damage concentration (which can result from higher implant dose, higher implant 

dose rate, or lower implant energy), faster He effusion (due to lower pressure during 

anneal or a higher anneal ramp rate), and factors increasing surface diffusivity of 

adatoms, including lower impurities (as in FZ samples) or higher Ge concentration. The 

limitation is that this parameter captures the impact of all these factors in a way for which 

we have yet to account theoretically. Nonetheless, the experimental space that we have 

covered gives an empirical measure of k1 covering a very wide range of experimental 

conditions and useful for predictive simulation.      
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Chapter 6 

Boron Diffusion in Si and Si0.95Ge0.05 - capped Si 

and Correlation with Void Evolution 

We have seen in Chapter 4 and Chapter 5 that the presence of Si1-xGex epilayer on 

Si can influence the void evolution in Si when ion implantation has been done with 30 

keV, 5×1016 cm-2 He+. With the shrinkage in device size, it has become necessary to form 

shallower junctions to ensure proper device operations. This warrants to study the dopant 

diffusion behaviour more carefully with varying experimental conditions. Si1-xGex is now 

routinely incorporated in CMOS processing steps. Since the presence of Si1-xGex epilayer 

on Si influences void evolution process in Si, it will be thus interesting to study whether 

the presence of Si1-xGex epilayer on Si can influence the dopant diffusion process in Si 

during high temperature annealing. In this chapter, the role of the presence of Si0.95Ge0.05 

epilayer on B diffusion process in Si is reported. First, a review on B diffusion in Si1-xGex 

and in Si with Si1-xGex layers present in proximity is reported. Next, the experimental 

studies carried out in this study are reported and possible hypotheses to describe B 

diffusion patterns are discussed. The proposed hypotheses are then correlated with the 

void evolution mechanism in Si1-xGex/Si samples described in Chapter 4.   
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6.1 Background 
The incorporation of SiGe in conventional Si based CMOS processing steps is one 

of the pathways to meet the device shrinkage requirement and is used in fabrication of 

CMOS devices [3]. When SiGe is incorporated in device structures, strain is introduced 

due to the lattice mismatch between Si and SiGe. The amount of strain introduced is 

dependent on the Ge fraction in SiGe, the higher is the Ge fraction, the higher is the 

strain. With the continuous shrinkage in device dimensions, local strain can be large 

enough and can be present in the active area of the device structure. The conventional 

CMOS processing steps involve growth of oxide and nitride layers, which can introduce 

significant amount of strain in Si close to the interface. Further, shallow trench isolation 

or local oxidation to isolate the devices can also introduce strain in the device structure. 

Strain can play an important role in determining the device characteristics. For example, 

one method to enhance the carrier mobility in the MOSFET channel is to introduce tensile 

strain in the channel by growing the Si channel on relaxed SiGe [164]. The presence of 

Ge and the strain introduced can affect the processing related phenomena, for example, 

dopant diffusion. The study of dopant diffusion is thus an active and essential research 

direction. B is the most commonly used p-type dopant. B diffusion is enhanced by 

interstitial injection and retarded by vacancy injection process, the processes which 

indicate that B diffusion process occurs by I-assisted mechanism [44], [165]-[168]. B 

being a light dopant has a very high diffusivity and thus controlling the p-type layer width 

with B as a dopant has received much research attention. The study of B diffusion in 

presence of Ge and strain is no exception. The presence of Ge and strain can alter the 
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equilibrium concentrations of point defects in Si. The chemical effect due solely to Ge 

concentration is to increase equilibrium concentrations of both vacancies and interstitials 

due to weaker Si-Ge bonds [10]. By contrast, strain affects vacancies and interstitials in 

opposite ways. Tensile strain decreases the equilibrium concentration of vacancies and 

increases the equilibrium concentration of interstitials. Compressive strain has the 

opposite effect on equilibrium point defect concentrations [10], [169]. Strain can also 

influence the formation of extended defects [170]. Changes in equilibrium point defect 

concentrations can influence the behaviour of dopant diffusion in Si. Since the presence 

of Ge can alter the point defect concentration and can introduce strain in the sample, 

interdiffusion of Si and Ge during high temperature annealing may also influence the 

dopant diffusion process.  

There are several reports available in literature that study the role of the presence 

of Ge on B diffusion process in Si. It has been reported that in both strained and relaxed 

SiGe alloys, B diffusion decreases with the presence of up to 40% Ge in Si [171]-[180]. 

Studies are reported which attempt to investigate the reason behind retarded B diffusion 

in presence of Ge. The effects those have been suggested are Ge-B cluster formation, 

increase in migration barrier of B, bandgap narrowing, strain effect, and change in 

formation energies of point defects and dopant defect pairs. There is however no general 

agreement in literature on which mechanism works behind the retarded B diffusion in 

presence of Ge in Si.   

 Radic et al. [179] reported retarded B diffusion mechanism in Si in presence of 

low concentration of Ge (~3%). The authors argued for Ge-B cluster formation being 
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responsible for the retarded B diffusion and proposed a physically based model for B 

diffusion in presence of Ge.  Besides forming Ge-B cluster, it was considered that BI and 

GeBI clusters are formed.  However, the concentration of GeBI cluster was considered 

not to be significant when compared with the concentration of Ge-B cluster. The authors 

were successful to match experimental B SIMS profiles with their proposed physically 

based mathematical model by taking into account the Ge-B cluster formation. The study 

by Peterström and Svensson [180] also argued for the attraction between B and Ge atoms 

causing the retardation of B diffusion observed during Si implanted with approximately 

1015 cm-2 Ge ions. We performed ion implantation simulation using the process simulator 

FLOOPS-ISE for the Ge implantation condition reported in ref. [180]. The peak Ge 

concentration from the simulation is 1×1020 cm-3, representing 0.2% Ge in Si. The 

presence of this small fraction of Ge is thus capable to retard B diffusion. Kuo et al. [175] 

also supported the idea of Ge-B cluster formation. Since Ge and B introduce strain in Si 

lattice that compensates each other, the authors argued that Ge-B cluster formation is a 

favourable process to occur, which leads to retarded B diffusion.  

 However, there are studies which argue for other mechanisms leading to the 

retarded B diffusion in Si1-xGex. First principle calculation by Bang et al. [181] reported 

that the binding energy between Ge and B atoms is very small, thus Ge atoms cannot trap 

B atoms. Thus B retarded diffusion in presence of Ge cannot be due to Ge-B cluster 

formation. Rather, the authors argued that the presence of Ge results in increase in B 

migration barrier. B migration barrier increases with the increase in the number of Ge 

atoms. This leads to reduction in B diffusivity in Si1-xGex alloys. Similar results are 
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reported by Wang et al. [182] based on their ab initio calculations. Wang et al. [182] also 

suggested that interstitial migration barrier increases in presence of Ge, thus the number 

of interstitials available to contribute to B diffusion decreases. Also, interstitial Ge faces 

difficulties to kick out substitutional B to create interstitial B and thus retards B 

diffusivity.   

Due to the lattice mismatch between Si and Si1-xGex, it is possible to introduce 

either tensile or compressive strain in the structure. For examples, if Si is grown on top of 

a relaxed Si1-xGex substrate, Si will be under tensile strain. On the other hand, if Si1-xGex 

is grown on relaxed Si substrate, Si1-xGex will be under compressive strain. It is also 

possible to grow Si1-xGex on a relaxed Si1-yGey substrate, the type of strain introduced to 

Si1-xGex layer will depend on the Ge fractions x and y considered. There are few reported 

studies which focus on exploring the role of strain on B diffusion process. The theoretical 

study of Lin et al. [183] reported that the tensile strain in Si tends to reduce both the 

formation and the migration energies of B-Si complexes for all the charge states. This 

results in enhanced B diffusion under the presence of tensile strain in Si considering B 

diffuses entirely by interstitial assisted mechanism. Zangenberg et al. [24] observed 

enhanced B diffusion by a factor of ~2 in tensile strained Si compared to that of 

unstrained Si. Tensile strain in Si was introduced by growing Si on Si0.94Ge0.06 substrate 

by molecular beam epitaxy (MBE) process. The samples were annealed in an open 

furnace without any gas flow for 1 hour in the temperature range 800-900°C. To ensure 

no point defect injection occurs, the surfaces of the samples were capped by radio 

frequency sputtered SiO2 and Si2N3 layers. Further, B diffusion in compressive strained     
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Si1-xGex (x=0.12, 0.24) and in tensile strained Si1-xGex (x=0.12) was reported. It was 

reported that tensile strain and compressive strain respectively increases and decreases B 

diffusivity. Zangenberg et al. [24] also reported B diffusion in relaxed Si1-xGex (x=0.01, 

0.12, 0.24). Interestingly, the authors reported that B diffusion coefficient in relaxed     

Si1-xGex samples to be insensitive to Ge concentration. Zangenberg et al. however did not 

discard the Ge-B clustering model proposed by others and mentioned that the increase in 

the diffusion of interstitial diffusers with the increase in Ge content can counter the effect 

of Ge-B clustering process, thus making B diffusion to be insensitive to Ge content.       

There have also been experimental results indicating retarded B diffusion in 

tensile strained Si. In a study by Kuo et al. [174], samples were grown by chemical 

vapour deposition (CVD) process. Tensile strain in Si was introduced by growing Si on 

relaxed Si1-xGex (x=0.105 and 0.195) substrate. The strained Si layer was capped with a 

Si1-xGex layer having the same Ge fraction of the substrate. The strained Si layer was 

doped with in situ B during CVD growth. The samples were furnace annealed under 

purified Ar flow for 4 hours at 800°C. The resulting B diffusion in tensile strained Si was 

retarded when compared to unstrained Si. Zangenberg et al. [24] pointed out that the 

annealing was done without any protective capping layer over Si1-xGex, which might have 

resulted in point defect injection leading to retarded B diffusion. However, the anneal 

ambient used in Kuo et al. study was purified Ar. We do not expect that the Si1-xGex 

capping layer would react with purified Ar and the injection of point defects seems 

unlikely. There are a few studies reporting a correlation between hydrostatic pressure and 

biaxial stress on dopant diffusion mechanism [169], [184]-[185]. None of these reports 
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would explain the retarded B diffusion in tensile strained Si reported by Kuo et al. To our 

understanding, the annealing conditions both in Zangenberg et al. and Kuo et al. studies 

were such that no significant amount of interdiffusion of Si and Ge occurred across the 

Si1-xGex/Si interface and there were no interactions between Ge and B. Kuo et al. [174] 

also reported B diffusion in Si1-xGex (x = 0.10, 0.20). Si1-xGex layer in their structure was 

put under strain (either tensile or compressive). Kuo et al. reported that B diffusion 

depends only on Ge fraction and does not depend on strain present in Si1-xGex layer. Kim 

et al. [187] formed tensile strained Si over Si0.8Ge0.2. The tensile Si was exposed to the 

anneal ambient. B was introduced in Si by ion implantation. Spike RTA annealing at 

940°C resulted in retarded B diffusion in tensile strained Si when compared with the B 

diffusion in unstrained Si. The anneal ambient and the implantation energy and dose were 

however not reported.    

These contradictory results together with the industrial importance of B doping in 

SiGe technology make the study of B diffusion in the Si-SiGe system of considerable 

interest. What is known of B diffusion in Si irrespective of the gaps in the data cited 

above also makes this an attractive system to probe point defect properties and 

interactions. It may therefore prove useful to correlate our data and model for void 

evolution with measurements of B diffusion to gain further insight into the mechanisms 

governing the void behaviour in the different samples. In this chapter, we report B 

diffusion in Si and in Si samples with a thin Si0.95Ge0.05 epilayer on top of Si. B was 

introduced by ion implantation and annealing was done in N2 and dry O2. We attempt to 
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explain the results and attempt to make a correlation between the B diffusion data and the 

void evolution characteristics observed in similar samples in Chapter 4. 

6.2 Experimental Details and Discussions 
B+ implantations were done in {100} Si and in {100} Si capped with a 60 nm thin 

Si0.95Ge0.05 epilayer (Si0.95Ge0.05/Si). The implantation was done at room temperature for a 

dose of 1×1013 cm-2 at 60 keV. The beam was fixed at 7 off axis to minimize channelling 

during the implantation process. According to the Monte Carlo based ion implantation 

simulator SRIM [188], the B projected range is 204 nm with a straggle of 70 nm for the 

implantation conditions used. The implantation energy was selected so that the peak of 

the as-implanted B profile is formed inside Si for Si0.95Ge0.05/Si sample. The implantation 

dose was selected such that the material remains intrinsic at the anneal temperatures 

considered so that the diffusion is expected to be concentration independent. 

We then annealed the samples at 1090°C in a rapid thermal annealer (RTA) for 15 

min in N2 to anneal out implantation damage and activate the implanted B. We then 

conducted a second anneal step in a furnace annealer (FA) at 970°C for 1 hour in N2 or 

dry O2. N2 is considered to be an inert ambient as Si does not react with N2 for annealing 

done up to 1150°C [65]. B concentration profiles were extracted by secondary ion mass 

spectroscopy (SIMS). Figure 6.1 shows the final B diffusion profiles after depth and 

concentration calibrations were done.  

From Figure 6.1 we can observe that in Si samples, B diffusion is enhanced during 

annealing in dry O2 compared with annealing done in N2. This is nothing more than the 
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well established oxidation enhanced diffusion (OED) of B in Si resulting from interstitial 

injection during oxidation. When we compare the B diffusion profiles in Si0.95Ge0.05/Si 

samples with the B diffusion profiles in Si, we notice two distinct differences. First, 

regardless of ambient, B diffusion is retarded in the Si0.95Ge0.05/Si samples compared with 

the Si samples. Second, the enhancement in B diffusion during dry O2 annealing 

compared with N2 annealing in the Si0.95Ge0.05/Si sample is less than the corresponding 

enhancement for the Si sample.  
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Figure 6.1. B SIMS profiles in Si and Si0.95Ge0.05/Si samples annealed at 1090°C in 
RTA in N2 for 15 min followed by FA done at 970°C for 1 hour in N2 or dry O2.   
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We also implanted another set of Si0.95Ge0.05/Si and Si wafers with 60 keV, 1×1013 

cm-2 B+ and annealed in RTA at 1000°C for 15 min in N2 followed by annealing in RTA 

at 1050°C for 30 min in N2 or dry O2. Figure 6.2 shows B SIMS profiles in the samples 

after depth and concentration calibration. 
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Figure 6.2. B SIMS profiles in Si and Si0.95Ge0.05/Si samples annealed at 1000°C in 
RTA in N2 for 15 min followed by RTA done at 1050°C for 30 min in N2 or dry O2.   
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The diffusion behaviour in these samples is different from Figure 6.1. B diffusion 

profiles in Si0.95Ge0.05/Si and Si samples after annealing done at 1050°C for 30 min in N2 

are similar. We also notice similar B diffusion profiles in Si0.95Ge0.05/Si and Si samples 

after annealing done at 1050°C for 30 min in dry O2. B diffusion profiles in Si0.95Ge0.05/Si 

and Si samples after the initial annealing was done at 1000°C for 15 min in N2 were also 

extracted and we find that these two profiles are quite similar as well. 

There are thus three experimental observations for B diffusion: 

1. OED is observed for all cases. Given a particular sample structure and 

particular anneal conditions, annealing in dry O2 results in greater diffusion 

than annealing in N2. 

2. OED enhancement in Si0.95Ge0.05/Si sample is less compared to Si sample for 

dry O2 annealing done at 970°C for 1 hour. This annealing was a follow-up 

anneal step of the initial 1090°C RTA in N2 for 15 min. We observed similar 

OED in Si and Si0.95Ge0.05/Si samples for dry O2 annealing done at 1050°C for 

30 min. This stage was a follow-up of the initial annealing done at 1000°C in 

N2 for 15 min. 

3. Regardless of ambient, diffusion in the Si0.95Ge0.05/Si structure is retarded in 

comparison to diffusion in Si for the case of the 1090°C RTA but not for the 

case of the 1000°C RTA. 

The presence of Si1-xGex as an epilayer can modify diffusion behaviour either due 

to strain or due to the presence of Ge. The latter could either modify surface behaviour or 

bulk behaviour. 
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The first possibility is the introduction of strain. The Si1-xGex epilayer will be 

under compressive strain and the Si substrate close to interface will be under tensile 

strain. However, this cannot adequately explain any of the observed phenomena. Strain in 

the Si1-xGex system is given by: 

 xx
a
a

s
Si

Ge 042.01 







  (6.1) 

where the positive sign is for tensile strain and the negative sign is for compressive strain. 

Cowern et al. [189] modeled dopant diffusivity under strain using the relation: 

 

    kTsQDkTsQDD vviistrain /exp/exp ''   (6.2) 

 

where, strainD  is the dopant diffusivity in strained material, iD  and vD  respectively are 

the interstitial and  vacancy assisted dopant diffusivities in unstrained material, 0' iQ  

and 0' vQ  are the changes in activation energy of (respectively) interstitial and vacancy 

mediated diffusion due to the presence of strain, s, k is Boltzmann constant and T is the 

anneal temperature in Kelvin. Finally, the equilibrium interstitial concentration is 

expected to increase under tensile strain. Given this understanding of the role of strain we 

conclude that it cannot explain the observed phenomena for a number of reasons. First, 

studies of strain in Si under nitride and oxide thin films show that the strain decays very 

rapidly into the substrate so that it is unlikely to affect the B peak, which is 144 nm under 

the interface. Secondly, even if the strain were extended into the substrate to that depth 

(e.g. due to diffusion of Ge) the expected magnitude of these effects would not be 
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sufficient to explain the observed phenomena. In particular the magnitude of Q  would 

not be sufficient to produce opposing trends due to the change in anneal temperature from 

1000°C to 1090°C. Finally, the trend is actually the opposite of what is expected. The 

presence of OED in all cases indicates that for all our samples and anneal conditions, B is 

still primarily an interstitial diffuser. For interstitial diffusers 0' iQ  and s > 0 means that 

diffusion would be enhanced. For example, Kringhøj et al. [190] observed that diffusion 

of Sb, a vacancy diffuser in Si, is retarded under tensile strain. 

The second possibility is the effect of Ge on surface phenomena. Napolitani et al. 

[147] have suggested that interstitial injection during dry oxidation is suppressed under      

Si1-xGex. We observed reduced enhancement of B diffusion in presence of Si0.95Ge0.05 

epilayer when dry O2 annealing was done at 970°C and is consistent with the suppressed 

interstitial injection phenomena reported by Napolitani et al. [147]. However, this cannot 

explain any of the other observed trends and cannot explain why the suppression has no 

effect for the case of the 1050°C RTA. A different surface effect is nitridation. Silicon at 

high temperature can react with N2 to form a nitride film and inject vacancies. Assuming 

that this happens at an even lower temperature with Si1-xGex could explain the retarded 

diffusion in the Si0.95Ge0.05/Si structure under a nitriding anneal, but it is inconsistent with 

retarded diffusion in the Si0.95Ge0.05/Si structure under oxidizing anneal, which is what is 

observed after the 970°C FA. It is also not possible to explain the observed trends by 

combining the effect of vacancy injection under inert anneal with suppressed interstitial 

injection under oxidizing anneal because such an explanation would predict that oxidizing 

ambient diffusion in a Si0.95Ge0.05/Si sample should be enhanced to a certain degree 
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compared with an inert anneal in Si, which is contrary to what we observe. Finally, 

XTEM and EDX measurements of comparable samples used in our void studies showed 

no nitride film formed. We therefore dismiss the notion of low temperature vacancy 

injection under the N2 ambient.  

The remaining hypothesis is modification of bulk behaviour due to the presence of 

Ge. It is well documented that B diffusion is retarded in the presence of Ge. Our initial 

samples have the B peak 144 nm below the SiGe layer. So we must now take into account 

Si-Ge interdiffusion. 

 A mathematical model for Si-Ge interdiffusion is reported in ref. [40], which has 

been applied to wide range of experimentally reported Ge interdiffusion data. The model 

takes into account the vacancy exchange mechanism for Si-Ge interdiffusion to occur for 

anneal temperature below 1050°C. For anneal temperature above 1050°C, the model 

takes into account both vacancy exchange mechanism and interstitial assisted mechanism 

for Si-Ge interdiffusion to occur. We applied this model taking into account the 

experimental conditions considered in B diffusion experiments in this study. From 

FLOOPS-ISE simulations we calculated the as-implanted vacancy and interstitial profiles. 

While calculating the as-implanted vacancy and interstitial profiles, we took into account 

the dynamic annealing of as-implanted point defects and considered that 5.5% vacancies 

and interstitials remain in the sample after performing the ion implantation process. We 

used these profiles of vacancies and interstitials as the initial profiles for vacancies and 

interstitials in the Si-Ge interdiffusion model. The simulations were done for annealing at 

1000°C and 1090°C for 15 min. The simulation results are shown in Figure 6.3.  
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Figure 6.3. FLOOPS-ISE simulation of Ge interdiffusion after annealing for 15 min 
at 1000°C and 1090°C taking into account the damage created during 60 keV, 1×1013 
cm-2 B+ implantation. 
  

 From Figure 6.3 we find that Ge diffusion into Si is much higher for annealing 

done at 1090°C for 15 min when compared to Ge diffusion at 1000°C for 15 min. When 

annealing is done for 1090°C for 15 min, we notice that the tail of Ge interdiffusion 

profile reaches the as-implanted B layer which does not happen for annealing done at 

1000°C for 15 min. The possible interaction between Ge and B can be a good explanation 

for the retarded B diffusion in Si0.95Ge0.05/Si structure for the case of 1090°C RTA. Since 

Ge diffusion is much less for 1000°C RTA, we do not expect any interaction between Ge 

and B to occur and thus we observe similar B diffusion profiles in Si and Si0.95Ge0.05/Si 

structure.  
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 We can in fact correlate the B diffusion pattern with the void evolution 

experimental results discussed in Chapter 4. Our experiments to form voids in 

Si0.95Ge0.05/Si samples were conducted in the temperature range of 1050-1110°C. We 

have shown in Figure 4.8 in Chapter 4 that Ge can interdiffuse into void layer and we 

believe that the presence of Ge and the stress gradient resulted in increase in average void 

diameter and decrease in average void density in Si0.95Ge0.05/Si samples compared to the 

same in Si samples. For RTA annealing done at 1090°C we notice retardation in B 

diffusion occurs, which we believe is due to the Ge interdiffusion into B layer and the 

resulting interaction of between Ge and B. Thus, the ability of Ge to interdiffuse to void 

layer/B layer at the anneal temperatures considered resulted in the change in the 

experimental observations in Si0.95Ge0.05/Si samples both in void evolution and B 

diffusion studies.  

 Next, Figure 6.4 shows the simulated Ge interdiffusion profile for annealing done 

at 1000°C for 30 min. In the simulation we considered as-implanted vacancy and 

interstitial profiles calculated from FLOOPS-ISE simulations for He+ implantation 

conditions used in our void evolution study. We considered 5.5% vacancy and interstitials 

remain after the dynamic annealing process of the point defects. 

 If we look at Figure 4.7 (a) in Chapter 4 which shows a trend line on the variation 

of the average void diameter in Si0.95Ge0.05/Si samples, the extrapolation of the trend line 

to lower temperature suggests that we should not see any difference in the average void 

diameter and void density in Si and Si0.95Ge0.05/Si samples for anneal temperatures close 

to 1000°C. This behaviour is consistent with the hypothesis that it is the presence of Ge 
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that alters the void evolution process and from Figure 6.4 we find that Ge does not reach 

the cavity layer for annealing done at 1000°C for 30 min. We also did not notice any 

difference between B diffusion profiles between Si and Si0.95Ge0.05/Si samples in Figure 

6.2 when initial RTA was done at 1000°C for 15 min and we have argued that the absence 

of interaction between Ge and B resulted in getting similar B diffusion profiles in Si and 

Si0.95Ge0.05/Si sample. The above discussions thus further show that there is a clear 

correlation between the results obtained in void evolution and B diffusion studies in 

Si0.95Ge0.05/Si samples.  
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Figure 6.4. Ge interdiffusion after annealing for 30 min at 1000°C taking into 
account the damage created during 30 keV, 5×1016 cm-2 He+ implantation.  
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 We observed different B diffusion behaviour under oxidizing ambient in the two 

experiments. SiGe oxidation kinetics can lead to the differences we notice. LeGoues et al. 

[142] reported formation of Ge-rich layer during dry oxidizing annealing of Si0.85Ge0.15 at 

800 and 1000°C. The authors mentioned that the presence of Ge can relieve the stress 

created in the grown oxide layer, and thus can suppress injection of interstitials. 

Napolitano et al. [147] also proposed this as the mechanism responsible for the 

suppression of interstitial injection during the oxidation of SiGe. LeGoues’ results suggest 

the formation of a Ge-rich layer for our experimental conditions where the samples were 

annealed in dry O2 at 970°C for 1 hour, and hence a suppressed injection of interstitials in 

those samples. In contrast, Zhang et al. [191] characterized wet oxidation of Si0.5Ge0.5 at 

1000°C and found that annealing done up to 10 min results in mixed oxide formation and 

no Ge-rich layer. Longer anneals produce pure SiO2 and a Ge-rich layer. For our case, 

when dry O2 annealing is done at 1050°C for a duration of 30 min (lower time duration 

compared to samples annealed at 970°C) and considering the lower Ge fraction present in 

our Si1-xGex/Si samples compared with Zhang’s results, we would expect no Ge-rich layer 

and no suppression of interstitial injection. These results would then consistently explain 

the difference between our two sets of samples.     

 In conclusion, we observe that for the experimental conditions considered in this 

study, annealing temperature can play a role in determining the experimental behaviour of 

B diffusion and void evolution mechanism in Si0.95Ge0.05/Si samples. Annealing done at 

temperatures of 1050°C and above results in Ge from the Si0.95Ge0.05
 epilayer in 

Si0.95Ge0.05/Si samples to diffuse inside Si and reach void layer/B layer. The interaction of 
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Ge with void or with B results in the change in the experimental results observed in 

Si0.95Ge0.05/Si samples. Annealing done at 1000°C for 15 min is not sufficient for Ge to 

diffuse into B layer, thus we did not observe any difference between the B diffusion 

profiles in Si and Si0.95Ge0.05/Si samples. We expect void evolution for annealing done at 

1000°C or at lower temperatures to be unaffected due to the presence of the Si0.95Ge0.05 

epilayer in Si0.95Ge0.05/Si samples.  
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Chapter 7 

Conclusions 
 In this study a physically based mathematical model for void evolution during 

high dose helium ion implantation and subsequent annealing was proposed. The model 

correlates well with the underlying physical mechanisms that govern the void evolution 

process. The model was applied to the experimental results of void evolution observed in 

this study as well as to previously published experimental results of void diameter and 

void density available in literature. From our experimental results we noticed that the 

presence of Si1-xGex epilayer can affect the void evolution process in Si. Further, 

annealing samples in N2 or dry O2 does not show any affect on the calculated values of 

average void diameter and average void density. We also carried out B diffusion studies 

in Si with Si0.95Ge0.05 epilayer present and used these studies as a probe to justify the role 

of Si1-xGex epilayer on the void evolution process in Si. 

7.1 Contributions 
 We studied the role of the presence of Si1-xGex (x = 0.05, 0.09) epilayer on the 

void evolution process in Si. It was interesting to find that the Si1-xGex epilayer plays a 

role on the void evolution process, as we attempted to form voids inside Si. We noticed a 

systematic affect of the presence of the Si1-xGex epilayer. For all of our cases, in presence 
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of Si1-xGex epilayer, our experimental results show increase in average void diameter and 

decrease in average void density when compared to the same in Si samples without any 

Si1-xGex epilayer present. The diffusion of Ge from Si1-xGex epilayer towards the cavity 

layer in Si1-xGex/Si samples resulted in the change in the rate of migration and 

coalescence process of cavities and resulted in increase in average void diameter and 

decrease in average void density.   

 We studied the role of anneal ambient (N2 and dry O2) on the void evolution 

mechanism. As expected the change in anneal ambient did not show significant effect on 

the void evolution process.  

 To better understand the role of the Si1-xGex epilayer on the void evolution 

process, we designed the B diffusion experiments in Si0.95Ge0.05/Si samples. For annealing 

done above 1050°C we find that the presence of Si0.95Ge0.05 epilayer affects the B 

diffusion profiles. This finding is consistent with the role of Si1-xGex epilayer on void 

evolution mechanism and further strengthens the arguments presented on void evolution 

process in Si1-xGex/Si samples. The results of void evolution and B diffusion in             

Si1-xGex/Si samples are correlated in the way that in both cases Ge interdiffuses from    

Si1-xGex epilayer to Si and causes change in the behaviour of void evolution and B 

diffusion processes. B diffusion data also allows us to correlate the SiGe oxidation 

kinetics with the interstitials injected from surface during dry O2 anneals. 

 We proposed a mathematical model to describe average void diameter and 

average void density in Si and Si1-xGex/Si samples. We applied the model to our 

experimental results and to the experimental results available in literature. The simulated 
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results from the model are consistent with the experimental results for both isothermal 

and isochronal anneals. There is only one fitting parameter in the model and the fitting 

parameter represents the rate of migration and coalescence of cavities. The model 

facilitates understanding of the underlying physical mechanisms that govern the void 

evolution process through this fitting parameter. The activation energies of the fitting 

parameters from the simulated results are consistent with the activation energy of surface 

diffusivity of Si, the process which governs the migration and coalescence of cavities. 

The fitting parameter correlates well with the process conditions e.g., implantation energy 

and dose, anneal temperature, atmospheric pressure, anneal ramp rate, impurity level in 

silicon, the presence of Ge in the lattice, which affect the rate of migration and 

coalescence of cavities and thus affect the cavity evolution process. 

 The results obtained in this study were included in three journal papers. Two 

papers have been submitted for publication and the manuscript of the third paper is 

currently under preparation. 

7.2 Suggestions for Future Work 
 In this study we have shown that the presence of a Si1-xGex epilayer on Si 

influences the void evolution mechanism and can increase the average void diameter and 

decrease the average void density. While studying the role of the Si1-xGex epilayer we 

focused on Si1-xGex epilayer having 5% Ge. There was just one experiment done where 

the samples contained 5% and 9% Ge in the Si1-xGex epilayer. The samples were annealed 

in RTA at 1060°C for 30 min in N2. Samples with 9% Ge in Si1-xGex epilayer resulted in 

increase in void diameter and decrease in void density when compared with the values in 
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samples with 5% Ge in Si1-xGex epilayer. In future, experiments in varying anneal 

temperatures with varying Ge concentration in the Si1-xGex epilayer should be done to 

study how the variation in Ge fraction in Si1-xGex epilayer can affect the void evolution 

process.   

 In our experimental work, He+ implantation energy was set to 30 keV. Since we 

believe that Ge interdiffusion from Si1-xGex epilayer into Si plays a role in the void 

evolution process, it can be expected that any change in the He+ implantation energy will 

affect the void evolution process as well. Experiments can thus be carried out to study 

how the change in He+ implantation condition may affect the void evolution in Si1-xGex/Si 

samples. Another interesting study can be to attempt forming voids in Si1-xGex and study 

the void evolution process.  

He effusion kinetics from cavities can influence the cavity evolution process. He 

effusion in RTA can differ from that in FA. Roqueta et al. [92] reported that in RTA, He 

effusion is two times faster than in FA for the same He implantation dose. We also 

noticed from our experimental studies of void evolution that the average void diameter 

for annealing done in RTA can be higher than the average void diameter during annealing 

done in FA. The anneal ramp rate can particularly affect the void evolution process. In 

literature, we do not find any comprehensive study that compares the role of the type of 

furnace used in the void evolution mechanism. A comparative study can be done in 

future. The role of the change in the anneal ramp rate in RTA can influence the He 

effusion process and thus can be an attractive direction of experimental studies.   
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 Finally, the model presented in this work can be extended to any new 

experimental results of void formation. In this study we focused on developing a model 

that describes the void evolution process due to annealing done at high temperature. We 

did not focus on how small vacancy clusters are formed during the ion implantation 

process. In future, attempts can be taken to develop a mathematical model to predict the 

evolution of small vacancy clusters during the He+ implantation process and can be tied 

with the mathematical model for void evolution proposed in this study.      
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Appendix A 

Statistical Analysis of Numerical Data 

A.1 Statistical parameters 
 Frequency distribution is an efficient method in summarizing and interpreting 

numerical data. The shape of the frequency distribution gives an overall sense on the data 

set.  One particular property of frequency distribute of data set is the number of peaks in 

the distribution, which is known a “mode”. A “unimodal” distribution is referred as a 

symmetric distribution if one half of the distribution is symmetric to the other half. A 

unimodal distribution that is not symmetric is known as “skewed” distribution. A 

distribution is referred as “positively skewed” if the upper tail of the distribution is 

stretched out more than the lower tail of the distribution. The opposite happens for a 

“negatively skewed” distribution. A symmetric, bell shaped distribution is commonly 

referred as “normal distribution”. The variability of data set is described in terms of 

different parameters which we describe next.  

 Mean, 


X  refers to the arithmetic average of the data set, the sum of the values in 

the data set divided by the total number of data. Mean value of a data set can be 

considered as the most representative value for the entire data set.  

N

X
X

N

i
i




 1  (A.1) 

 where, Xi refers to individual values and N is the total number of data. 
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 Standard deviation, S is a measure of the variability in the data set. A large value 

of S indicates large variability in the data set.   

1

2

1









 







N
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N
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(A.2) 

  

 The combination of mean and standard deviation can give an idea on how values 

in a data set are distributed and the relative position of a particular value in a data set.  

 Another important parameter associated is the sampling distribution of the 

calculated mean value. If the data set is normally distributed, the distribution of the mean 

value calculated from samples will be normally distributed. Even if the distribution of 

data set is not normal, the mean value from sample set is normally distributed if the 

number of samples considered is at least 30 [192].  The standard error can be calculated 

using the following formula. 

Standard error (SE) = 
N
S  

(A.3) 

 

 Once standard error is calculated, the mean values can be considered to range 

from mean-SE to mean+SE. The larger is the sample size, the lower is the value of 

standard error, which means that the error involved in the calculated mean is smaller. The 

value of standard error is often multiplied with 1.96 to set a 95% confidence level. 
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A.2 Hypothesis Test for Comparing Mean Values of 

Two Data Sets 
 When the sample size is large (>30) or the data set follows normal distribution, 

two sample t test can be used to compare mean values of two different data sets. The two 

data sets considered must be independent of each other and are randomly selected. 

Following is the summary of the two sample t test to compare two data sets. 

Test statistic, 

2

2
2

1

2
1

021

N
S

N
S
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 (A.4) 

 

where, subscripts 1 and 2 refer to parameters corresponding to two samples, 

 210 H  hypothesized value. 1  and 2  are the actual mean values of the data sets 

considered.  

and, 
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where, 
1

2
1

1 N
SV   and 

2

2
2

2 N
SV   

The calculated value of df is truncated to the nearest integer. 

 Next P value is calculated from the area under t curve considering the value of df 

and hypothesis conclusion is taken comparing P value with the significance level set.  If 
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the calculated P value is less that the set significance level, the hypothesis considered is 

rejected and the alternate hypothesis is accepted. For the case where the calculated value 

of P is greater than the significance level, the considered hypothesis is accepted. 

A.2.1 Application to Experimental Results in Chapter 4 

 We applied two sample t test with unequal variances to check whether the 

difference in the mean values of void diameter those we observed between Si and 

Si0.95Ge0.05/Si samples are indeed validated by the hypothesis test.  Following are the 

results of the hypothesis test suggesting that the calculated average void diameter between 

Si and Si0.95Ge0.05/Si samples are different. 

 

 
Figure A.1. Two sample t test output for Si and Si0.95Ge0.05/Si samples RTA annealed 
at 1050°C for 15 min. 
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Figure A.2. Two sample t test output for Si and Si0.95Ge0.05/Si samples FA annealed 
at 1080°C for 30 min. 
 

 

Figure A.3. Two sample t test output for Si and Si0.95Ge0.05/Si samples FA annealed 
at 1110°C for 30 min. 
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Appendix B 

B.1 FLOOPS-ISE Simulation Code for Void Modeling 
 
### Void modeling simulation code for annealing done for 30 min at 1060C for 30 keV, 
#### 5e16 He+ implantation 
 
pdbSetSwitch    Silicon Dopant  DiffModel       Pair 
pdbSetSwitch    Gas_Silicon     Vac BoundaryCondition   Natural 
pdbSetSwitch    Gas_Silicon     Int BoundaryCondition   Natural 
pdbSet Gas_Silicon Vac Ksurf 1 
pdbSet Gas_Silicon Int Ksurf 1 
 
line    x       loc=0.0 tag=surf        spac=0.005 
line    x       loc=1.5 spac=0.005 
line    x       loc=2           spac=1 
line    x       loc=500 tag=back         
region  Silicon xlo=surf        xhi=back 
init 
 
solution        name=Dvoid      !negative       !damp   solve   add 
solution        name=Cvoid      !negative       !damp   solve   add 
solution        name=Isize      !negative       !damp   solve   add 
solution        name=diameter   !negative       !damp   solve   add 
solution        name=Csv        !negative       !damp   solve   add 
solution        name=covolume   !negative       !damp   solve   add 
solution        name=heconc     !negative       !damp   solve   add 
solution        name=x  !negative       !damp   solve   add 
 
profile name=heconc     inf=/home/mhzaman/void/he_5e16_30kev.txt 
profile name=Vac        inf=/home/mhzaman/void/vac_5e16_30kev.txt 
profile name=Int        inf=/home/mhzaman/void/int_5e16_30kev.txt 
profile name=Csv        inf=/home/mhzaman/void/sv_5e16_30kev.txt 
profile name=Cvoid      inf=/home/mhzaman/revised/initial_cvoid.txt 
profile name=Dvoid      inf=/home/mhzaman/revised/initial_dvoid.txt 
 
#### Parameters for He effusion  kinetics #### 
set     T       1060 
set     new_int 2e13 
set     l_int   1.62e-8 
set     Csi     5e22 
set     l_cavity        5e-6 
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set     v_cavity        3e-6 
set     h       4.135667e-15 
set     kB      8.617343e-5 
set     x_cavity        2.5e-5 
set     Cs      [expr double($Csi*(1-($v_cavity/$l_cavity)))] 
set     h1      6.62606896e-34 
set     kB1     1.3806504e-23 
set     m_he    6.645e-27 
set     lamda_T [expr double(100*$h1/sqrt(2*3.14*$m_he*$kB1*($T+273)))] 
set     A       [expr 
double(($new_int*$l_int*$l_int*$Cs*($lamda_T*$lamda_T*$lamda_T))\ 
/($v_cavity*$x_cavity))] 
set     B       [expr double(exp(-$h*$new_int/(2*$kB*($T+273)))/(1-\ 
exp(-$h*$new_int/($kB*($T+273)))))] 
set     kai     1.92e-9 
set     w       12 
set     k       1.122 
set     w1      3000 
set     e       [expr double(exp((-1.83/($kB*($T+273)))))] 
set     c       1.1327e-24 
 
#### Parameters for void modeling ##### 
pdbSet Silicon Vac Cstar 5.68424e11 
set     eqvoid  5.68424e11 
set     eqsv    5.68424e11 
set     ksv     3.900e-11 
set size 10 
set size1 11 
set Dvac 3.4642e-5 
set Dint 9.32849e-7 
set ksi 7.18365e-13 
set four_pi 12.566 
 
#### Fitting parameter of the void model #### 
set     k1      7.3e1 
 
###  Setting the equations for He effusion kinetics 
 
pdbSetString    Silicon covolume        Equation        "covolume-\ 
1/((1/$c)+(1/((2/3)*3.14*($k*(heconc^(-1/3))-$kai*2.4849)^3)))" 
pdbSetString    Silicon x       Equation        "x-heconc/(1-covolume*heconc)" 
pdbSetString    Silicon heconc  Equation\ 
        "ddt(heconc)+$A*$B^3*x*exp(x*covolume)*$e*exp(6*($w1*\ 
        exp(-$k*(heconc^(-1/3))/$kai))/($kB*($T+273)))" 
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set i_he 0 
set j_sv 0 
set k_void 0 
set he_val_test 0 
set he_time 0 
set terminate_loop 0 
set p 0 
set tsum 0 
set timeprev(0) 0 
set totaltime 0 
set prevtotaltime 0 
set l 0 
 
### Void modeling equations 
pdbSetString    Silicon Isize   Equation        "Isize-Dvoid/Cvoid" 
pdbSetString    Silicon Dvoid   Equation\ 
        "ddt(Dvoid)+$k1*Dvoid*Isize-$ksv*Csv*Vac" 
pdbSetString    Silicon diameter        Equation\ 
        "diameter-2*((((3/4)*(Cvoid/Dvoid)*2e-23)/3.14)^(1/3))" 
set time_step 1e-6 
set new_time_step 1e-6 
 
### Check equation conditions#### 
while {$p<=60} { 
incr p 
 
set loop_cond 0 
select  z=heconc 
set aslist [lindex [slice x=0] 0] 
while {$loop_cond==0} {  
        set c_he [lindex $aslist $i_he] 
        incr i_he 2 
        set d_he [lindex $aslist $i_he] 
        if {($c_he <= 0.25) && ($d_he >=0.25)} { 
        incr i_he 
        set e_he [lindex $aslist $i_he] 
        set loop_cond -1 
        } 
}  
set i_he 0 
set loop_cond 0 
 
select  z=Csv 
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set aslist1 [lindex [slice x=0] 0] 
while {$loop_cond==0} {  
        set c_sv [lindex $aslist1 $j_sv] 
        incr j_sv 2 
        set d_sv [lindex $aslist1 $j_sv] 
        if {($c_sv <= 0.25) && ($d_sv >=0.25)} { 
        incr j_sv 
        set e_sv [lindex $aslist1 $j_sv] 
        set loop_cond -1 
        } 
}  
set j_sv 0 
set loop_cond 0 
 
select  z=Cvoid 
set aslist2 [lindex [slice x=0] 0] 
while {$loop_cond==0} {  
        set c_void [lindex $aslist2 $k_void] 
        incr k_void 2 
        set d_void [lindex $aslist2 $k_void] 
        if {($c_void <= 0.25) && ($d_void >=0.25)} { 
        incr k_void 
        set e_void [lindex $aslist2 $k_void] 
        set loop_cond -1 
        } 
}  
set k_void 0 
set loop_cond 0 
 
if {$e_he<=0.01*$e_void && $e_he<=0.01*$e_sv} { 
pdbSetString    Silicon Cvoid   Equation        "ddt(Cvoid)-\ 
$Dvac*($four_pi)*(((1/Isize)^(1/3)*(1.684e-8))+0.25e-7)*Dvoid*(Vac-EqVac)-\ 
$size1*$ksv*Csv*Vac+$Dint*($four_pi)*(((1/Isize)^(1/3)*(1.684e-8))+0.25e-\ 
7)*Dvoid*(Int-EqInt)" 
pdbSetString    Silicon Csv     Equation        "ddt(Csv)-$ksv*Csv*(Vac-\ 
$eqsv)+$size*$ksv*Csv*Vac+$ksi*Csv*(Int-EqInt)" 
 
        pdbSetString    Silicon Int     EquationProc    IntDefectBulk 
        proc    IntDefectBulk   {mat    sol}    {        
        set     pdbMat  [pdbName        $mat] 
        set Dint 9.32849e-7 
        set four_pi 12.566 
        set ksi 7.18365e-13 
        set kbulk 1.7000e-11 
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        pdbSetString    $pdbMat $sol    Equation "ddt($sol)-\ 
$Dint*EqInt*grad($sol/EqInt)+$kbulk*($sol*Vac-\ 
EqInt*EqVac)+$Dint*($four_pi)*(((1/Isize)^(1/3)*(1.684e-8))+0.25e-7)*Dvoid*($sol-\ 
EqInt)+$ksi*Csv*($sol-EqInt)" 
        } 
} elseif {$e_he<=0.01*$e_void && $e_he>0.01*$e_sv} { 
pdbSetString    Silicon Cvoid   Equation        "ddt(Cvoid)-\ 
$Dvac*($four_pi)*(((1/Isize)^(1/3)*(1.684e-8))+0.25e-7)*Dvoid*(Vac-EqVac)-\ 
$size1*$ksv*Csv*Vac+$Dint*($four_pi)*(((1/Isize)^(1/3)*(1.684e-8))+\ 
0.25e-7)*Dvoid*(Int-EqInt)" 
pdbSetString    Silicon Csv     Equation        "ddt(Csv)-$ksv*Csv*(Vac-\ 
$eqsv)+$size*$ksv*Csv*Vac" 
 
        pdbSetString    Silicon Int     EquationProc    IntDefectBulk 
        proc    IntDefectBulk   {mat    sol}    {        
        set     pdbMat  [pdbName        $mat] 
        set Dint 9.32849e-7 
        set four_pi 12.566 
        set ksi 7.18365e-13 
        set kbulk 1.7000e-11 
        pdbSetString    $pdbMat $sol    Equation "ddt($sol)-\ 
$Dint*EqInt*grad($sol/EqInt)+$kbulk*($sol*Vac-\ 
EqInt*EqVac)+$Dint*($four_pi)*(((1/Isize)^(1/3)*(1.684e-8))+0.25e-7)*Dvoid*($sol-\ 
EqInt)" 
        } 
} elseif {$e_he>0.01*$e_void && $e_he<=0.01*$e_sv} { 
pdbSetString    Silicon Cvoid   Equation        "ddt(Cvoid)-\ 
$Dvac*($four_pi)*(((1/Isize)^(1/3)*(1.684e-8))+0.25e-7)*Dvoid*(Vac-EqVac)-\ 
$size1*$ksv*Csv*Vac" 
pdbSetString    Silicon Csv     Equation        "ddt(Csv)-$ksv*Csv*(Vac-\ 
$eqsv)+$size*$ksv*Csv*Vac+$ksi*Csv*(Int-EqInt)" 
 
        pdbSetString    Silicon Int     EquationProc    IntDefectBulk 
        proc    IntDefectBulk   {mat    sol}    {        
        set     pdbMat  [pdbName        $mat] 
        set Dint 9.32849e-7 
        set four_pi 12.566 
        set ksi 7.18365e-13 
        set kbulk 1.7000e-11 
        pdbSetString    $pdbMat $sol    Equation "ddt($sol)-\ 
$Dint*EqInt*grad($sol/EqInt)+$kbulk*($sol*Vac-EqInt*EqVac)+$ksi*Csv\ 
*($sol-EqInt)" 
        } 
} else { 
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        pdbSetString    Silicon Cvoid   Equation        "ddt(Cvoid)-\ 
$Dvac*($four_pi)*(((1/Isize)^(1/3)*(1.684e-8))+0.25e-7)*Dvoid*(Vac-EqVac)-\ 
$size1*$ksv*Csv*Vac" 
        pdbSetString    Silicon Csv     Equation        "ddt(Csv)-$ksv*Csv*(Vac-\ 
$eqsv)+$size*$ksv*Csv*Vac" 
 
        pdbSetString    Silicon Int     EquationProc    IntDefectBulk 
        proc    IntDefectBulk   {mat    sol}    {        
        set     pdbMat  [pdbName        $mat] 
        set Dint 9.32849e-7 
        set four_pi 12.566 
        set ksi 7.18365e-13 
        set kbulk 1.7000e-11 
        pdbSetString    $pdbMat $sol    Equation "ddt($sol)-\ 
$Dint*EqInt*grad($sol/EqInt)+$kbulk*($sol*Vac-EqInt*EqVac)" 
} 
} 
        pdbSetString    Silicon Vac     EquationProc    VacDefectBulk 
        proc    VacDefectBulk   {mat    sol}    {        
        set     pdbMat  [pdbName        $mat] 
        set Dvac 3.4642e-5 
        set four_pi 12.566 
        set     ksv     3.000e-11        
        set kbulk 1.7000e-11 
        pdbSetString    $pdbMat $sol    Equation "ddt($sol)-\ 
$Dvac*EqVac*grad($sol/EqVac)+$kbulk*($sol*Int-\ 
EqVac*EqInt)+$Dvac*($four_pi)*(((1/Isize)^(1/3)*(1.684e-8))+0.25e-7)*Dvoid*($sol-\ 
EqVac)+$ksv*Csv*$sol+$ksv*Csv*($sol-EqVac)" 
} 
 
diffuse time=$time_step<s>      temp=1060<C>    movie = { 
set tstep [expr $time-$timeprev($l)]  
set tsumstep [expr $tstep+$tsum] 
set tsum $tsumstep 
set totaltime [expr $prevtotaltime+$tsumstep] 
 
if {($he_val_test == 0) && ($e_he <= 0.01*$e_void)} { 
                set he_time $totaltime 
                incr he_val_test 
                } 
incr l 
set timeprev($l) $time 
}  
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if {$he_val_test>0 || $terminate_loop==1} { 
set p 100 
set remain_time [expr {1800-$totaltime}] 
} 
 
if {$p<=60} { 
set new_time_step [expr 2*$time_step] 
set step_check [expr 1800-$totaltime] 
 
if {$step_check>=$new_time_step} { 
set time_step $new_time_step 
} else { 
set time_step $step_check 
set last_time_step $step_check 
set terminate_loop 1 
} 
} 
set l 0 
set timeprev($l) 0 
 
set prevtotaltime $totaltime 
set tsum 0 
} 
 
set other_loop 1 
while {$other_loop<=1 && $terminate_loop==0} { 
incr other_loop 
 
pdbSetString    Silicon Cvoid   Equation        "ddt(Cvoid)-\ 
$Dvac*($four_pi)*(((1/Isize)^(1/3)*(1.684e-8))+0.25e-7)*Dvoid*(Vac-$eqvoid)-\ 
$size1*$ksv*Csv*Vac+$Dint*($four_pi)*(((1/Isize)^(1/3)*(1.684e-8))+\ 
0.25e-7)*Dvoid*(Int-EqInt)" 
pdbSetString    Silicon Csv     Equation        "ddt(Csv)-$ksv*Csv*(Vac-\ 
$eqsv)+$size*$ksv*Csv*Vac" 
 
        pdbSetString    Silicon Int     EquationProc    IntDefectBulk 
        proc    IntDefectBulk   {mat    sol}    {        
        set     pdbMat  [pdbName        $mat] 
        set Dint 9.32849e-7 
        set four_pi 12.566 
        set ksi 7.18365e-13 
        set kbulk 1.7000e-11 
        pdbSetString    $pdbMat $sol    Equation "ddt($sol)-\ 
$Dint*EqInt*grad($sol/EqInt)+$kbulk*($sol*Vac-\ 
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EqInt*EqVac)+$Dint*($four_pi)*(((1/Isize)^(1/3)*(1.684e-8))+0.25e-7)*Dvoid*($sol-\ 
EqInt)" 
        } 
 
        pdbSetString    Silicon Vac     EquationProc    VacDefectBulk 
        proc    VacDefectBulk   {mat    sol}    {        
        set     pdbMat  [pdbName        $mat] 
        set Dvac 3.4642e-5 
        set four_pi 12.566 
        set     eqvoid  5.68424e11 
        set     ksv     3.000e-11        
        set kbulk 1.7000e-11 
        pdbSetString    $pdbMat $sol    Equation "ddt($sol)-\ 
$Dvac*EqVac*grad($sol/EqVac)+$kbulk*($sol*Int-\ 
EqVac*EqInt)+$Dvac*($four_pi)*(((1/Isize)^(1/3)*(1.684e-8))+0.25e-7)*Dvoid*($sol-\ 
EqVac)+$ksv*Csv*$sol+$ksv*Csv*($sol-EqVac)" 
} 
 
diffuse time=$remain_time<s>    temp=1060<C>    movie = { 
set tstep [expr $time-$timeprev($l)]  
set tsumstep [expr $tstep+$tsum] 
set tsum $tsumstep 
set totaltime [expr $prevtotaltime+$tsumstep] 
incr l 
set timeprev($l) $time 
} 
 
set l 0 
set timeprev($l) 0 
set prevtotaltime $totaltime 
set tsum 0 
} 
sel     z=log10(diameter) 
plot.1d label=diameter  !cle    color=green     symb=+  max=2 
 
sel     z=log10(Dvoid) 
plot.1d label=Dvoid     !cle    color=black     symb=+  max=2 


