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The 2005 International Technology Roadmap for Semiconductors predicts 

ultrashallow junctions (USJs) less than 7 nm deep with unprecedented dopant activation 

levels will be required for silicon transistors to be manufactured in 2010.  To meet these 

requirements, it is necessary to have a better understanding of the dopant transient 

enhanced diffusion (TED) and clustering behaviors that undermine the achievement of 

these manufacturing specifications.  Arsenic (As) is a commonly used n-type dopant in 

USJ formation and fluorine (F) is an impurity commonly co-implanted with dopants to 

reduce dopant diffusion and clustering during USJ formation.  In this dissertation, density 

functional theory within the generalized gradient approximation is used to understand the 

behavior of As and F in crystalline silicon during USJ formation.   

In the first part of this dissertation, the influence of silicon interstitials on As 

behavior during thermal annealing that follows dopant implantation is investigated.   As a 

result of dopant implantation, a net excess of silicon interstitial defects exist in the 
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silicon.  First, it is shown that silicon interstitials can easily annihilate existing As-

vacancy complexes in silicon with negligible recombination energy barriers.  Second, 

experimentally observed As TED mediated by interstitials is explained by the formation 

of a highly mobile As-silicon interstitial pair that can exist in positive, neutral, and 

negative charge states.  Finally, it is shown that large As-silicon interstitial complexes 

may form when excess interstitials are present and provide a kinetic route to As 

clustering that leads to As deactivation.  In the second part of this dissertation, the 

interaction of F impurities with silicon interstitials and B dopants is investigated.  First, 

the formation and diffusion of a highly mobile fluorine-silicon interstitial pair which has 

been suggested by experiment is detailed.  Second, an immobile B-Sii-F structure is 

identified in which B has a deactivated configuration.  This structure may play a role in 

deactivating and immobilizing B when implanted B and F profiles coincide.  

This research provides fundamental insight into the behavior of As dopants and F 

impurities during USJ formation.  As the future of silicon-based devices relies on the 

ability to perform precise doping, these findings should be of great importance to device 

manufacturers. 
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Chapter 1:  Introduction 

1.1 BACKGROUND AND MOTIVATION 

The unprecedented growth of the semiconductor industry since the 1960’s has 

depended on the continued scaling of integrated circuits.  In 1965, Gordon Moore 

famously predicted that the number of transistors that can be fabricated on a microchip 

will double every 18 months [1].  His prediction has held up remarkably well over the 

last forty years and this scaling trend has resulted not only in an increase in transistor 

density per chip, but also benefits to chip speed and power dissipation [2].    

The scaling of dimensions of metal-oxide-semiconductor field effect transistors 

(MOSFETS) presents a host of technical challenges.  An illustration of a typical 

MOSFET is shown in Figure 1.1.  The lithography process used to pattern MOSFET 

features in the chip fabrication process has been of interest to researchers for decades and 

remains a focus today.  However, as MOSFET critical dimensions scale below 100-nm, 

other problems have emerged which can severely degrade MOSFET performance.  A 

major problem that occurs due to scaling is electrostatic interactions between the source 

and the drain that can cause the electric field lines in these regions to merge in modern 

short-channel MOSFETs.  These electrostatic interactions can result in leakage across the 

channel which leads to a loss of gate control in the MOSFET [2].  In order to reduce this 

effect, highly-doped ultrashallow junctions (USJs) are fabricated adjacent to the source 

and drain as shown in Figure 1.1.  These regions sometimes called source/drain 

extensions act to confine the electric field lines near the gate within the channel and 

prevent the merging of the source and drain depletion regions.  In addition to the depth 

requirement for these USJs, high dopant activation in these regions is vitally important in 



order to maintain low sheet resistance for current flow in order to maximize the 

performance of the MOSFET [3].   

 
Figure 1.1: Schematic Diagram of MOSFET. 

By the year 2012, it is predicted by the 2005 International Technology Roadmap 

for Semiconductors (ITRS) that shallow junctions less than 5 nm in depth will be 

necessary to produce the next generation of silicon transistors [4].  Figure 1.2 displays the 

tightening requirements for junction depth and sheet resistance for (n-type) USJs 

according to the ITRS.  To create an USJ, dopants are implanted into silicon, which 

damages the silicon and creates a large number of defects.  Following dopant 

implantation, the silicon is thermally annealed in order to re-crystallize the silicon and 

electrically activate the dopants.  However, it is difficult to obtain shallow junction 

depths and high dopant activation as the interaction of silicon defects and dopants during 

annealing results in enhanced dopant diffusion as well as dopant deactivation.  In order 

for sub-10 nm junctions with high dopant activation to be realized, a detailed atomic-

level understanding of dopant-defect interactions during USJ formation is necessary.   
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Figure 1.2: Requirements for NMOS junction depth and sheet resistance of source-drain 
extensions as a function of year according to the 2005 ITRS. 

1.2 OBJECTIVES 

In this research, density functional theory is utilized within the generalized 

gradient approximation to understand the behavior of arsenic dopants and fluorine 

impurities in crystalline silicon during USJ formation.  Arsenic is a commonly used n-

type dopant in USJ formation and fluorine is a common impurity co-implanted with 

dopants to improve USJ properties.  The objectives of this reseach are i) to present a 

detailed atomic-level understanding of how silicon interstitials influence the diffusion and 

clustering behavior of arsenic during USJ formation, and ii) to describe the interactions of 

fluorine impurities with silicon interstitials and boron dopants during USJ formation. 

In the first part of this dissertation, the influence of silicon interstitials on arsenic 

(As) dopant behavior during the thermal annealing step that follows dopant implantation 
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is investigated.  Dopant deactivation and dopant transient enhanced diffusion both present 

obstacles for meeting USJ requirements in the coming years.  Electrical deactivation of 

As is believed to be due to the formation of As-vacancy complexes [5, 6], while As 

transient enhanced diffusion (TED) is thought to be mediated by both vacancy and 

interstitial defects in crystalline silicon [7].  Although vacancies are thought to play a 

large role in diffusion and clustering processes, it is silicon interstitials that exist in 

excess at the onset of annealing following dopant implantation [8].  Density functional 

theory is used to explore a series of open questions as to how these silicon interstitials 

will impact As behavior during annealing.  First, it is likely that As-vacancy complexes 

may exist in the surface region of the silicon prior to post-implantation thermal annealing.  

As an initial inquiry, the kinetic barriers to the annihilation of As-vacancy complexes by 

mobile silicon interstitials are examined.  Second, while interstitial mediated As TED has 

been established by several experimental reports [7, 9-11], no theoretical reports exist to 

explain this behavior.  This is addressed by investigating the atomic-level mechanisms by 

which interstitials mediate As TED.  Lastly, the existence of interstitial mediated As TED 

presents the potential for interstitial mediated arsenic agglomeration, although no such 

mechanism of agglomeration has been investigated.  In this work, the potential pathways 

by which interstitials can mediate arsenic agglomeration are explored.  A more thorough 

understanding of how silicon interstitials interact with As will be essential to meeting 

USJ requirements. 

In the second part of this dissertation, the interaction of fluorine impurities with 

silicon interstitials and boron dopants is investigated.  In modern USJ fabrication, 

fluorine (F) is commonly used as a co-implant to improve the properties of ultrashallow 

junctions.  While it is most popularly used to improve the properties of boron (B) doped 

junctions [12], there have also been reports of it being used to improve the properties of 
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n-type doped junctions [13].  Recent publications propose that F improves junction 

properties by effectively reducing the interstitial flux that comes into contact with the 

dopant during thermal annealing [12, 14, 15].  While experimentalists have made much 

progress in understanding the behavior of F in silicon, a detailed understanding of how F 

interacts with the silicon interstitial and B dopant is lacking.  F has been suggested to be 

able to bind to a silicon interstitial and form a mobile pair [16].  This work seeks to 

provide detailed understanding of this phenomenon.  In addition, F is thought to have a 

deleterious deactivating effect when it directly interacts with B [12].  These 

experimentally suggested interactions are investigated at the atomic level to explain their 

source.  These first-principles investigations of F behavior in silicon are intended to 

provide essential information for optimizing its use as a co-implant.     

1.3 ORGANIZATION OF THIS DISSERTATION  

In this section, the content of this dissertation is outlined.  Chapter 1 establishes 

the pressing need for understanding atomic level behavior of dopants and impurities in 

silicon.  In Chapter 2, a detailed description is provided of the current understanding of 

dopant and impurity behavior during USJ formation.  In Chapter 3, the computational 

methods used to study atomic level behavior in silicon are described.  The intent of these 

two chapters is to provide a sufficient background so that the work in the following 

chapters may be fully appreciated. 

In Chapter 4, density functional theory calculations are used to examine the 

interaction of interstitials with various As-vacancy complexes.  These calculations 

determine that there is little kinetic barrier to interstitial recombination with the vacancies 

of AsmV (m=1-4) and AsmV2 (m=2,3).  In addition, the energy gain from the interstitial-

vacancy recombination turns out to be significant, implying that As would remain more 

favorably as Asm (or AsmIn) complexes, rather than as AsmVn in the presence of a large 
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amount of excess interstitials.  This suggests the importance interstitials may play in As 

transient enhanced diffusion and agglomeration. 

In Chapter 5, density functional theory calculations are used to examine the 

pairing of silicon interstitials (Sii) with As dopants to form mobile arsenic-interstitial (As-

Sii) pairs.  The structure, stability, and diffusion of As-Sii pairs in the negative, neutral, 

and positive charge states are determined.  These findings suggest that under intrinsic 

conditions the diffusion of neutral As-Sii pairs will prevail, while under n-type extrinsic 

conditions the neutral and negatively charged pairs will both contribute to arsenic 

diffusion.  These results clearly support that interstitials can contribute significantly to As 

transient enhanced diffusion, particularly in regions where interstitials exist in excess.   

In Chapter 6, density functional theory calculations are used to illustrate the 

structure of a diarsenic (As2I) complex in silicon as well as mechanisms for its 

reorientation, diffusion, and dissociation.  While the magnitude of its migration barrier 

will limit its role in As transient enhanced diffusion, it is expected that the As2I complex 

may serve as an important intermediate during an interstitial-mediated arsenic 

agglomeration process. 

In Chapter 7, a viable route for the interstitial-mediated formation of deactivating 

arsenic-vacancy clusters is proposed.  Based on density functional theory calculations, 

the atomic structures and binding energies of newly identified neutral As-interstitial 

complexes (AsmIn, m ≤ 6 and n ≤ 3) are presented and their energetics are compared to 

those of As-vacancy complexes (AsmVn, m ≤ 6 and n ≤ 2).  Based on these results, it is 

discussed the how interstitials can mediate arsenic agglomeration via the formation of 

As-interstitial complexes which can subsequently emit interstitials to form As-vacancy 

complexes. 
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In Chapter 8, density functional calculations are used to examine the stability, 

diffusion, and dissociation of the fluorine-silicon interstitial (F-Sii) pair.  A stable F-Sii 

pair in the singly positive charge state is identified and is found to undergo diffusion with 

a small migration barrier.  These results, which are consistent with experiments, suggest 

that Si interstitials will play an important role in F redistribution.   

In Chapter 9, a potential source of interaction between F impurities with B 

dopants is identified.  Experimental reports have suggested an interaction of F with B that 

immobilizes and deactivates B during USJ formation.  Using density functional theory 

calculations, a stable B-Sii-F structure is identified in which B possesses a three-fold 

coordinated structure, implying that B is electrically deactivated in the structure.  This 

theoretical finding is consistent with reports that indicate that F plays a role in 

deactivating B and suppressing its enhanced diffusion when they coexist at high 

concentration during junction formation in silicon.  

In Chapter 10, the contributions of this research toward understanding the 

behavior of arsenic dopants and fluorine impurities during USJ formation in silicon are 

summarized.  In addition, recommendations are given for future research directions for 

gaining a better understanding of dopant/impurity behavior in silicon. 
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Chapter 2:  Defect-Dopant Dynamics in Silicon 

2.1 DOPANT IMPLANTATION AND SILICON RECRYSTALLIZATION 

In order to create an ultrashallow junction (USJ) in the silicon subsrate, dopants 

must be implanted into the silicon which will amorphize the silicon and lead to both 

vacancy and interstitial defects in the amorphized silicon.  It is these silicon defects that 

play a crucial role in dopant diffusion and clustering that limit junction depth and dopant 

activation levels.  The concentration profiles of the implanted dopant, interstitials, and 

vacancy defects that result from dopant implantation depend on the size of the implanted 

dopant, the implanted dose, as well as the dopant implantation energy.  In general, the 

silicon becomes amorphized to just beyond the projected range of the implanted dopant 

with vacancies being created near the silicon surface and interstitials pushed just beyond 

the amorphous-crystalline (a-c) silicon  interface.  While dopant implantion yields many 

Frenkel pairs, it is commonly assumed that when the silicon is annealed there will be an 

interstitial excess equal to the number of dopants implanted since each implanted dopant 

will displace a silicon atom when it finally occupies a lattice site [8].  This assumption is 

referred to as the “+1 model”.  Upon annealing the silicon to repair substrate, interstitial-

vacancy recombination and vacancy escape to the surface within the first 0.01 seconds of 

annealing quickly reduces the defect population and leaves interstitials beyond the 

projected range of the dopant where they can form extended defects such as {311} rod-

like defects and dislocation loops [17].  A schematic of the doped region at the onset of 

annealing is shown in Figure 2.1 [18, 19], and an illustration of the time and depth 

dependence of the interstitial density upon annealing is shown in Figure 2.2 [18].  The 

flat concentration of interstitials at 0.01 sec is more than 10,000 time greater than the 

equilibrium concentration of interstitials.  As annealing continues, the end-of-range 



(EOR) extended defects will begin to dissolve and release interstitials whose interaction 

with dopants results in dopant diffusion and clustering that pose great difficulties in 

meeting USJ fabrication requirements. 

 

Figure 2.1: Schematic of junction at onset of annealing [18]. 

 

Figure 2.2: Simulation of the time and depth dependence of the interstitial concentration 
resulting from 40 keV, 1014 cm-2 B implant and 750 °C anneal [18].   
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2.2 DOPANT TRANSIENT ENHANCED DIFFUSION 

Current USJ depth requirements allow for little movement of the dopant profile 

once it has been implanted into the silicon substrate.  During the initial stages of 

annealing of dopant-implanted silicon, dopants often exhibit rapid diffusion, which is 

commonly referred to as transient enhanced diffusion (TED).  This TED will result in the 

rapid elongation of the implanted dopant profile. Figure 2.3 shows how As TED can 

result in the movement of an arsenic profile during the initial stages of annealing [11].   

 

 

Figure 2.3: As dopant profiles taken by SIMS for As implanted at 35 keV with dose 5 x 
10-5 cm-2 and annealed at 750 °C for times up to 240 minutes [11].   

By now, it is well accepted that dopant TED is due to the formation and migration 

of dopant-defect pairs.  Dopant-defect pairs can diffuse much faster than dopants in 

lattice sites can by concerted exchange with neighboring lattice silicon atoms [7].  The 

type of defect-dopant pair which mediates dopant TED depends on the identity of the 

dopant.  It has long been known experimentally that boron (B) TED as well as 

phosphorus (P) TED are exclusively mediated by silicon interstitials, while antimony 

(Sb) TED is exclusively mediated by vacancies [7].  Arsenic (As) TED is a more 

 10
interesting case.  Experimental reports have long suggested that As TED can be mediated 
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cies can mediate dopant 

TED, f

by either vacancies or interstitials [7].  A recent study which injects vacancies and 

interstitials into As doped silicon estimates that 60 % of As TED is mediated by 

vacancies while 40% is mediated by interstitials if the As dopants are exposed to equal 

concentrations of vacancies and interstitials during junction formation [9].  However, 

more recent reports of As TED suggest that during actual junction processing interstitials 

will play a more dominant role in mediating As TED [9-11, 20]. 

While experiments have shown that interstitials and vacan

irst-principles density functional theory (DFT) calculations have recently allowed 

for a more detailed understanding of the structure, stability, and diffusion of dopant-

defect pairs.  It is well-known that as the dopant concentration and temperature effect the 

Fermi level of the silicon, the structure and stability of dopant-defect pairs will change.  

The charging of the dopant-defect pairs with the change in Fermi level can lead to 

changes in the structure and stability of the pairs and consequently its diffusion 

characteristics.  The B-silicon interstitial (B-Sii) pairs responsible for B TED have been 

well-studied over the past several years.  Several studies agree that when the silicon 

Fermi level is below midgap, the B-Sii pair is most stable in the positive charge state, 

with a binding energy of 1.0 eV with respect to its most stable dissociation products (Bs- 

and tetrahedral Sii
+2) [21-23].  However, it is believed that the lowest energy pathway for 

B-Sii diffusion occurs when the positively charged pair is elevated in energy to the 

neutral state, where it can diffuse following the pathway shown in Figure 2.4 [23]. 

 



 

Figure 2.4: The diffusion pathway for the neutral B-Sii pair [23].  .   

DFT has also been used to study the diffusion of n-type dopants including As, Sb, 

and P.  By far, most studies have focused on As TED.  While it has been recognized 

experimentally that As TED can be mediated by interstitials and vacancies [7], DFT 

studies have focused on understanding vacancy mediated As TED [24-26].  These studies 

propose a ring mechanism for As-vacancy pair diffusion, which is illustrated in Figure 

2.5.   

 

Figure 2.5 Vacancy mediated As diffusion via ring mechanism [24].  Energetics are 
given in eV are recomputed using DFT within the generalized gradient approximation.  
The As atom and vacancy are depicted with a black circle and gray circle, respectively.   
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The focus on vacancy mediated TED can be attributed to i) earlier empirical 

models that focused on vacancy mediated diffusion [27], ii) early DFT studies which 

computed strong binding between As and a vacancy [28], and iii) the simplicity of the 

diffusion mechanism involving the dopant and vacancy exchanging lattice site positions.  

In contrast, no DFT study to date has explored the mechanism of interstitial mediated As 

TED in spite of gathering experimental evidence that suggests a large role for interstitials 

in As TED [9-11, 20].  In contrast to As TED, which can be mediated by either 

interstitials or vacancies, Sb TED is exclusively vacancy-mediated while P TED is 

exclusively interstitial-mediated.  While no DFT studies to date examine vacancy-

mediated Sb diffusion, one can easily expect that the strong binding between Sb and a 

vacancy results in TED mediated by a similar mechanism to that shown in Figure 2.5 

[24].  To explain interstitial mediated P TED, a recent DFT study has proposed a 

mechanism in which the P dopant diffuses from a neutral dumbbell-like P-Sii structure to 

another through a state in which P occupies a hexagonal site [29]. 

2.3 DOPANT DEACTIVATION 

In order to maximize the current through the channel of the MOSFET as its 

dimensions scale, the electrical resistance in the channel needs to be minimized by 

maximizing the carrier concentration present.  This requirement implies that the active 

dopant concentration in the channel needs to be as high as possible.  Dopants can be 

electrically deactivated when they form clusters with silicon defects.  Since the mid-

1990’s, several experimental and theoretical studies have sought to identify deactivating 

dopant-defect complexes as well as the pathways by which they form. 

Efforts have been underway since 1997 to model the B-interstitial clusters that 

lead to boron deactivation.  Using non-lattice kinetic Monte Carlo simulation, a research 



group led by Lourdes Pelaz has successfully modeled boron-interstitial clustering under a 

variety of implantation and annealing conditions [30-34].  In these studies, the energetics 

of BnIm are determined by empirically fitting experimental data.  These studies conclude 

that BnIm clusters can form by two different paths, depending on whether a high or low 

interstitial concentration exists.  An illustration of these two different clustering pathways 

is shown in Figure 2.6 [34].  DFT has also been used to study the stability of various BnIm 

to add a theoretical basis to models which have been proposed.  The earliest work 

indicated that the B3I- cluster was remarkably stable [35], while more recent work has 

identified a very stable B4I2 configuration that may play a major role in BnIm clustering 

and dissolution [36, 37]. 

 

Figure 2.6 An illustration of the BnIm clustering pathways.  The high interstitial 
pathway is shown with a solid line and the low interstitial pathway is shown with a 
dashed line [34]. 

Far less effort has been put forth into modeling n-type dopant deactivation.  Of all 

the n-type dopants, the deactivation of As has been studied the most.  An early DFT study 

ascribed As deactivation to the formation of As4V complex [5].  In the mid-1990’s, 

Rousseau and co-workers used a clever experiment to demonstrate that interstitial 
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ejection from an As layer can decrease the As electrical activity [6].  The experiment 

consisted of a B marker layer placed below a laser annealed box-like As layer.  Upon 

annealing, the As layer ejected interstitials which resulted in As deactivation as well as a 

broadening of the B layer due to interstitial-mediated TED.  This study together with 

subsequent studies strongly suggest As will deactivate by ejecting interstitials to form 

dopant-vacancy complexes [38-40].  Additional experiment evidence for the role of As-

vacancy complexes in deactivation has come from the identification of these complexes 

by positron annihilation spectroscopy in electrically deactivated As layers [41-44].  In 

order to explain the apparent stability and electrical inactivity of As-vacancy complexes, 

several DFT studies have been performed [24-26, 45-47].  A recent study used kinetic 

Monte Carlo simulation using available DFT data [47] and empirical parameter 

estimation to model As-doped junction formation [48].  Their simplified model displayed 

in Figure 2.7 considers all As-interstitial complexes to be unstable.    

 

 

Figure 2.7 An illustration of the AsnVm clustering model [48]. 

Though most studies on n-type dopant deactivation have focused on 

understanding As deactivation, some experimental results exist for P and Sb deactivation.  

Similar to the case of As deactivation, P and Sb are both thought to deactivate by ejecting 

interstitials and forming P-vacancy complexes [39, 40] and Sb-vacancy complexes, 

respectively [39, 40, 49-51].   
 15
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So far, n-type junction formation has been discussed assuming the dopant is 

introduced via implantation, which creates great numbers of defects that can mediate 

dopant TED and deactivation.  However, it is possible to grow highly doped defect-free 

layers by laser annealing [39].  Interstitial ejection from these highly-doped layers to 

form dopant-vacancy complexes can be avoided as long as the doped layer is kept below 

a threshold temperature (500 °C - 700 °C) [39].  However, even the carrier concentration 

of defect-free n-type dopant layers tends to saturates at around 5 x 1020 cm-3 [52].  DFT 

studies combined with z-contrast imaging studies indicate that the formation of dimer 

dopant defects is responsible for the carrier saturation in Sb doped layers [52-54].  Recent 

DFT studies have shown that these type of dimers exist for As [55] as well as all n-type 

dopants [56].      

2.4 IMPURITY CO-IMPLANTATION 

As USJ requirements have become more demanding, it has become common to 

use impurities such as carbon (C) and fluorine (F) to reduce dopant diffusion and 

clustering.  C has been shown experimentally to efficiently trap silicon interstitials [57]; 

however, the C trapping layer needs to be placed sufficiently below the B profile in order 

to avoid deactivating interactions with B [58].  F has also been used to improve junction 

properties, particularly for B-doped junctions.  Experimental and DFT reports strongly 

indicate that F implanted into silicon can bind strongly with vacancies created by dopant 

implantation to create a trapping layer that can reduce the interstitial concentration that 

fluxes toward the surface during annealing [12, 14, 15].  This reduction in the interstitial 

concentration allows for substantial reductions in B TED and B deactivation.  Similar to 

the case of the C impurity, a F profile overlap with the B profile needs to be avoided due 

to suspected B-F deactivating interactions [12].   
 



Chapter 3:  Theoretical Methods  

3.1    DENSITY FUNCTIONAL THEORY 

Density functional theory (DFT) is the ab initio method used to compute the 

energetics of atomic structures.  Theoretical breakthroughs in the 1960s that contributed 

to the development of DFT have made the computation of electronic properties of large 

atomic structures possible.  The first major leap occurred with the Hohenberg-Kohn 

theorem [59] which states that the ground-state electronic energy E of an atomic structure 

can be expressed as a functional (a function of a function) of the electron density  )(rρ of 

a structure. Hohenberg and Kohn expressed the electronic energy  as E

  IIext
3

int E  )()(Vd   )]([E  )](T[   )]([E +++= ∫ rrrrrr ρρρρ  

where )](T[ rρ is the kinetic energy of the interacting electron system, )]([Eint rρ  is the 

potential energy of the interacting electron system,  )()(Vd ext
3∫ rrr ρ is the interaction 

energy of the electron system with the potential of the atomic nuclei, and EII is the 

interaction energy of the atomic nuclei at fixed position [60].  To determine the ground 

state energy of the atomic structure, we must minimize  )]([E rρ with respect to )(rρ .  

While theoretically enlightening, a major obstacle to using the Hohenberg-Kohn for 

electronic property calculation lies in that there is no analytical expression 

for )](T[ rρ or )]([E int rρ  of the interacting electron system.  In a real electron system, 

electrons do not move independently from one another. Their motion is correlated, and 

this correlated motion results in a lowering of the energy with respect to an uncorrelated 

electron system.  The energy difference between the correlated and uncorrelated situation 

is called the correlation energy [61].   In addition to correlation between electrons, each 

electron carries a spin and must follow Pauli's Exclusion Principle.  This means that the 
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wave function describing the electronic system must be anti-symmetric upon exchange of 

any two electrons. This exchange requirement results in an additional contribution to the 

total energy over the non-interacting electron system.  This energy contribution is known 

as the exchange energy [61].     

In 1965, Kohn and Sham proposed a practical approach to solving this problem by 

replacing the many-body problem with an independent-particle problem which is easier 

to solve [62].  This approach assumes that )(rρ for the interacting system is equal that of 

some chosen non-interacting system.  In the non-interacting system, the effects of the 

many-body interactions not accounted for by the independent particle approximation are 

included in a term called the exchange-correlation energy )]([E xc rρ .  Here, we define 

)]([E xc rρ as  

[ ] [ ])]([E  )]([T -)]([E  )](T[   )]([E Hartreesintxc rrrrr ρρρρρ ++=  

where )]([Ts rρ  is the kinetic energy for independent electrons which can be computed 

by ( ) rrii d)( 21 2∫ ∇− ψψ  where ∑= i ii rrr )()()( *ψψρ and )]([EHartree rρ is the self-

interaction energy of )(rρ treated as a classical Coulomb interaction which is given by 

( ) ,, rr-rrr d)()( 21 ∫ ρρ [60]. Thus, )]([E xc rρ represents the difference of the kinetic 

and internal energies of the actual many-body system with that of the replacement 

independent-particle system.  Substituting for )]([E  )](T[ int rr ρρ + in the original energy 

equation yields  

IIext
3

xcHartrees E )()(Vd   )]([E  )]([E  )]([T   )]([E ++++= ∫ rrrrrrr ρρρρρ  . 

With the use of the approximated )(E xc ρ term, it becomes possible to determine 

the )(rρ that minimizes )]([E rρ .   There are two general forms used for )(E xc ρ :  the 

local density approximation (LDA), which is given by rrr d)()]([xc∫ ρρε  and its more 

 18



 19

]
accurate successor, the generalized gradient approximation (GGA), which is given by 

 [63].  These functions are both calibrated against data obtained 

from quantum Monte Carlo calculations [63]. 

[ rrr d)(),(xc∫ ∇ρρε

To determine the ground state )(rρ , )]([E rρ  is minimized by the variational 

equation 
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subject to orthonormalization constraints on { })(riψ  [60].  In this equation, the chain rule 

is used to relate )(riψ to )(rρ .  This minimization yields the following Kohn-Sham 

equations 
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The Kohn-Sham equations must be solved self-consistently since  

[60].  The solutions to these equations

∑= i ii rrr )()()( *ψψρ

{ })(riψ are termed the Kohn-Sham orbitals and 

their associated eigenvalues are { }iε .  In the energy minimization scheme described, the 

atomic nuclei in the system have a fixed position.  Once the optimal { })(riψ are known, 

the force on the atomic nuclei can be computed.  This force can be used to appropriately 

adjust the nuclei positions and once again determine an optimal set of { )(ri }ψ .  Thus, 

this process will continue iteratively until the system is in static equilibrium.  The optimal 

{ )(ri }ψ of the computed ground state structure can then be used to determine the total 

energy and other electronic properties of the system.   

To understand how to solve the Kohn-Sham equations for { })(riψ , a couple of 

aspects of its implementation need to be explained in greater detail.  First, a basis set 



needs to be chosen to construct the )(riψ .  The plane-wave basis set is most commonly 

chosen and the basis set size can be controlled by a parameter called the cut-off energy 

[63].  Second, in most cases only valence electrons are chemically important for the 

determination of the electronic properties of an atomic structure.  For this reason, 

pseudopotentials are used for  so that only valence electrons need to be considered 

in solving the Kohn-Sham equations [63].  To avoid the need to use high cut-off energies 

to describe highly oscillatory portions of

)(Vext r

)(riψ near the atomic core, the pseudopotential 

is constructed to reproduce )(riψ exactly outside the atomic core region while generating 

a smooth )(riψ  near the core region.  The use of the pseudopotential results in a great 

reduction of computational expense.    

3.2   NUDGED ELASTIC BAND METHOD 

A common problem encountered when investigating the diffusion of dopant-

defect complexes in silicon is the determination of the transition state for atomic 

diffusion, binding, or dissociation events.  The computational time required to observe a 

transition state using ab initio methods is impractical.  For this reason, several alternative 

techniques have been developed to identify the transition states, among which the nudged 

elastic band method (NEBM) has emerged as a favored method [64].  The NEBM is used 

to map a minimum energy path of configurations between an initial and final 

configuration.  This minimum energy path may involve multiple saddle points and 

multiple energy minima.  Through the use of harmonic transition state theory, the rate 

constant of the transition event can be approximated once the highest saddle point along 

the minimum energy path is known [65]. 

 In NEBM, a string of images between the initial configuration, R0, and the final 

configuration, RN, are created and connected together with springs so as to form a 
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discrete path between R0 and RN.  The set of images on the path can be represented by 

[R0, R1, R2, …, RN] where R0 and RN are fixed.  The initial guess for the set of images on 

the path can be found using a linear interpolation between R0 and RN.  Subsequently, an 

optimization algorithm is used to relax the images toward a minimum energy path.  To 

determine which images comprise the minimum energy path, NEBM uses the objective 

function 

( ) ( ) ( )2
1

N

1

1N

1
1 2

kE , , ,  ,S −
=

−

=

−+=… ∑∑ ii
i

i
i

N21 RRRRRRR  

and minimizes it with respect to images R1, R2, …, RN  [64].  The objective function can 

be thought of representing an elastic band held between two fixed points which has N-1 

beads and N springs with spring constant k.   

At each step in the optimization toward the minimum energy path, each image Ri 

is going to be adjusted, or nudged, according to the total computed force on that image Fi.  

At each iteration, it is necessary to compute the tangent on the elastic band at each image 

Ri in order to decompose the spring force and true force at each image into 

components parallel and perpendicular to the band [64].  The total force acting on image 

R

S
iF T

iF

i is given by ⊥−= T
i

S
ii FFF || where ||

S
iF is the parallel spring force component and 

⊥
T
iF is the perpendicular true force component.  By computing  in this way, the 

spacing of the images along elastic band is controlled only by the spring force on each 

image while the convergence of the elastic band to the minimum energy path is 

controlled only the true force on each image [64].  Inclusion of the perpendicular spring 

force component in  would result in “corner cutting” where images would be pulled 

below the minimum energy path and saddle points would be missed.  Alternatively, the 

inclusion of the parallel component of the true force in  would cause a “sliding down” 

iF

iF

iF
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problem where images would bunch together away from saddle points.  A recent 

improvement to NEBM called climbing NEBM results in improved convergence to the 

true saddle point by allowing the highest energy images to be exposed to the total true 

force on the image [65]. 

3.3   ELECTRON LOCALIZATION FUNCTION 

It is often necessary to analyze the electronic structure of various atomic 

configurations.  The electron localization function (ELF) is a convenient tool for 

performing this analysis.  The ELF was first proposed by Becke and Edgecombe as a tool 

to identify localized electronic groups in atomic systems [66].  It is useful for identifying 

bonds, electron lone pairs, as well as differentiating between core and atomic electron 

shells of an atom.  The ELF is defined as ( ) 121 −
+ σχ  where σχ is a dimensionless 

localization index in which , the degree of localization, is normalized by , the 

degree of localization present in a uniform-density electron gas.   is a function of the 

kinetic energy density, electron density, and gradient of the electron density while  is 

solely a function of the electron density.  The definition of the ELF as is chosen 

so that its value lies between 0 and 1 inclusive, with ELF = 1 corresponding to perfect 

localization and ELF = ½ corresponds to the degree of localization present in a uniform-

density electron gas.  Perfect localization corresponds to the case where two electrons of 

opposite spin are perfectly paired together.   

σD 0
σD

σD
0
σD

( 121 −
+ σχ )

 The utility of the ELF is best illustrated with a couple of examples.  In the original 

paper by Becke and Edgecombe, the ELF contour map for the quarter-plane of N2 

molecule is shown [66].  This contour map is displayed in Figure 3.1.  The origin of the 

map marks the midpoint of N2 triple bond.  The contours along the bond-axis represent 

the (triple) bond between the atoms.  As the y-axis is traced from the bond midpoint to 
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the N atom, a dashed contour representing ELF = 0.5 marks the dividing line between the 

inner and outer atomic shell of the N atom.  As the y-axis is traced to 2.47 Ǻ, the contours 

of the electron lone pair on the N atom become apparent.  

 

Figure 3.1: An ELF contour map for the quarter-plane of N2 with dimension given in Ǻ 
[66].  The origin marks the N2 bond midpoint.  The dashed contour lines correspond to 
ELF = 0.5 and the solid contour lines correspond to increments of 1.0± .   

 Rather than presenting the information in two dimensions using a contour map, an 

alternative approach is to choose a specific ELF value and represent it in three 

dimensions using an isosurface.  This is the approach we use in this research.  An 

example of an ELF isosurface for the As2I structure is shown in Figure 3.2.  The 

isosurface with a value of 0.75 clearly shows a high degree of localization on each As 

atom.  This strongly indicates that a lone pair of electrons is present on each As atom.     
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Figure 3.2: The As2I structure and corresponding ELF analysis.  The grey surface 
represents the ELF isosurface with a value of 0.75.   Bond distances are given in Ǻ.  As is 
depicted with green (dark) atoms and Si is shown with yellow (light) atoms. 

3.4    WANNIER FUNCTIONS 

While the ELF can often provide much insight into the electronic structure of a 

group of atoms, it only reveals where there is a high likelihood of spin-pairing of 

electrons and does not give the shape of the orbitals where the electrons are expected to 

exist.  Another function that has been developed to help visualize the electronic structure 

in solids is maximally localized Wannier functions [66].  These computed Wannier 

functions provide an efficient representation of the shape of the molecular orbitals 

allowing for the identification of chemical bonds and electron lone pairs.  Maximally 

localized Wannier functions are determined by a transformation applied to the optimal set 

of { )(ri }ψ  computed from electronic structure minimization [66].  In Figure 3.3, the 

Wannier functions associated with a negatively charged As interstitial in a silicon lattice 

is shown.  The As atom possess six valence electrons with four of the electrons residing 

as lone pairs in blue orbitals and two electrons shared by covalent bonds shown with 

white orbitals. 
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Figure 3.3: Wannier functions associated with the negatively charged As interstitial in 
silicon lattice.  As is depicted with green (dark) atoms and Si is shown with yellow (light) 
atoms. 
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Chapter 4:  Interaction between Interstitials and Arsenic-Vacancy 
Complexes in Crystalline Silicon 

4.1 INTRODUCTION 

At concentrations greater than 3×1020 atoms/cm3, arsenic (As) impurities have 

been observed to deactivate at temperatures as low as 400 ºC [24].  Theoretical studies 

have suggested that AsV, As2V, As3V, As4V, As2V2, and As3V2 [5, 24, 47] all may play a 

role in As deactivation.  This deactivation model has been supported by results from 

positron annihilation and Hall effect experiments [41, 43, 44].  In addition to electrical 

deactivation, at such high dopant concentrations As is likely to undergo TED at high 

temperatures greater than 750 ºC [10, 11, 27, 68].  Theoretical studies [24, 26, 27] have 

suggested that AsV and As2V may be primarily responsible for the TED.    

While the mobility and electrical activity of arsenic-vacancy complexes are 

relatively well understood, recent experimental studies have also suggested a possible 

role of interstitials in TED [10, 11].  In fact, high energy As ion implantation may create 

excess interstitials in the substrate.  However, little is known about the interaction 

between interstitials and arsenic-vacancy complexes.   

In this chapter, the interaction of interstitials with AsV, As2V, As3V, As4V, 

As2V2, and As3V2 complexes based on first principles calculations is presented.  This 

study focuses on the interstitial-vacancy recombination process in the presence of As 

atoms.  An improved understanding of these events will contribute to developing a better 

physical model for ultrashallow junction formation in Si.         

4.2 COMPUTATIONAL DETAILS 

All atomic and electronic structures and total energies are calculated using the 

plane-wave-basis pseudopotential method within the generalized gradient approximation 



 27

[69] to density functional theory, as implemented in the Vienna Ab-initio Simulation 

Package (VASP) [70].  Vanderbilt-type ultrasoft pseudopotentials [71] are used with a 

plane-wave expansion with a cutoff energy of 12 Ry (163.27 eV).  The defect systems 

considered here are modeled using a 216-atom supercell with a fixed lattice constant of 

5.457 Å.  All atoms are fully relaxed using the conjugate gradient method until residual 

forces on constituent atoms become smaller than 5×10-2 eV/ Å.  A 2×2×2 mesh of k 

points in the scheme of Monkhorst-Pack is used for the Brillouin zone sampling [72].      

Diffusion barriers and pathways are calculated using the nudged elastic band 

method (NEBM) [65, 73].  The bonding mechanisms of defect-dopant complexes are 

investigated based on the analysis of electron localization functions (ELFs) [66].  An ELF 

can take on values between zero and one where an ELF equal to one corresponds to 

perfect electron pair localization and an ELF equal to one-half corresponds to a 

homogeneous electron gas-like pair probability. 

4.3 ENERGY GAIN FOR INTERSTITIAL RECOMBINATION WITH AS-VACANCY 
COMPLEXES 

First, the total energy variation when arsenic-vacancy complexes (AsnVm) react 

with an interstitial to form smaller clusters (AsnVm-1) is examined.  In Table 4.1, the 

energy gain (∆E) for all I-V recombination events as well as the energy barrier (Em) for 

recombination is presented.  Here, the energy gain (∆E) is defined by  

∆E =E(Si216-n-mAsnVm) + E(Si216I) - E(Si216-n-(m-1)AsnVm-1) - E(Si216) 

where E(Si216-n-mAsnVm), E(Si216I), E(Si216-n-(m-1)AsnVm-1), and E(Si216), are the total 

energies of the 216-atom Si supercells containing an AsnVm cluster, an interstitial, an 

AsnVm-1 cluster, and no defect, respectively.  Here, only the split <110> Si interstitial is 



considered, which is energetically the most stable among various configurations in the 

neutral state.     

 

Table 4.1. Energy gain (∆E) and annihilation energy barriers (Em) in eV for the 
reactions of AsnVm and I to form AsnVm-1.  The indicated initial positions of As atoms are 
labeled in Figure 4.1.   

The energy gain for all recombination events is quite large.  For the AsnV clusters, 

the energy gain by I-V combination rapidly decreases as the number of As atoms 

increase; however, the energy gain is still quite significant even for the As4V complex.  

This suggests that in the presence of a large amount of excess interstitials, AsnVm 

complexes would exist more favorably as Asn (or As-interstitial complexes), rather than 

as AsnVm.   

4.3 ANALYSIS OF INTERSTITIAL RECOMBINATION WITH VACANCIES    

Next the pathways and barriers of the I-V combination reactions are calculated 

using the NEBM method in order to better understand the kinetics of the reactions.  For 

the sake of reference, I-V recombination, which has been studied by several research 

groups, is first revisited.  Two recombination mechanisms have been proposed based on 
 28
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tight-binding calculation results: (1) a (110)-split interstitial may react with a vacancy 

through a rather stable intermediate bond defect [74] and (2) a tetrahedral interstitial may 

react with a vacancy with no barrier [75].  Bond-defects are found to be far more stable 

than a separate interstitial and mono-vacancy (or di-vacancy) pair, with an energy gain of 

4.77 eV and 3.28 eV for the I-V [Figure 4.1(b)] and I-V2 [Figure 4.1(f)] cases, 

respectively.  This significant energy reduction is not surprising because the nearest-

neighbor atoms of the mono-vacancy [atoms 1, 2, 3, 4 in Figure 4.1(a)] and the di-

vacancy [atoms 4, 5, 6 in Figure 4.1(e)] are paired, albeit not fully bonded.  Thus, it can 

be expected that an interstitial prefers to remain at the (110)-split site in the vicinity of 

vacancies, rather than in a hexagonal or tetrahedral site.  For this reason, only the bond-

defect mechanism in which a (110)-split interstitial approaches a mono- or di-vacancy is 

considered.   

Figure 4.1 depicts the minimum-energy pathway for the reaction of an interstitial 

with a mono-vacancy [(a)-(d)] and a di-vacancy [(e)-(h)].  The steps of I-V recombination 

include:  (a) an isolated vacancy, (b) bond-defect formation as an interstitial I (indicated 

as a black ball) approaches a vacancy along the [110] direction, (c) a transition state in 

which bond 4-5 is broken as atom 5 moves towards I and bond 6-I is nearly broken as 

atom 6 starts to interact with atom 4, and (d) completion of I-V recombination to recover 

the silicon lattice.  Our density functional theory calculation predicts the recombination 

barrier to be 0.29 eV, which is significantly smaller than 1.1 eV as obtained by Tang and 

co-workers using tight-binding molecular dynamics calculations [74].   

The reaction of I with V2 involves:  (e) V2 defect, (f) bond-defect formation as I 

approaches V2, (g) transition state in which bond 8-I is stretched as atom 8 moves toward 

atom 6, and (h) completion of I-V2 reaction to leave a mono-vacancy.  The I-V2 

combination barrier is predicted to be 0.14 eV, about 0.15 eV lower than the I-V  



 

Figure 4.1.   This figure shows the steps of IV recombination:  (a) the V defect, (b) the 
initial bond defect, (c) the transition state, and (d) the recovered silicon lattice.  For V2 
annihilation, the following steps are shown: (e) the V2 defect, (f) the initial bond defect, 
(g) the transition state, and (h) and the recovered V defect.  For clarity, the atoms in that 
are strongly involved in each mechanism are numbered.  The silicon interstitial in each 
case is colored black.       
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recombination barrier.  This lower barrier can be understood by the flexibility of atom 6 

in the di-vacancy bond defect [(f)], which allows easy formation of bond 6-8 and easy 

breaking of bond 6-7.  On the other hand, for the I-V recombination, atom 4 bonds to 

atom 1 such that bond 4-5 has to be broken, requiring a higher barrier.        

4.4  ANALYSIS OF INTERSTITIAL RECOMBINATION WITH ARSENIC-VACANCY 
COMPLEXES    

Based on the bond-defect mechanisms described earlier, the I-V combination of 

AsnVm complexes with an interstitial is examined.  For each complex, a (110)-split 

interstitial was first placed next to an AsnVm complex in order to form a bond defect.  The 

energy barrier (Em) to I-V combination is then calculated for the AsnVm complexes.  The 

resulting energy barriers are summarized in Table 4.1.  When a mono-vacancy is 

surrounded by As atoms [AsnV (n ≤ 4)], the barrier decreases significantly below 0.1 eV. 

For AsV and As2V, I-V recombination even appears to be barrier-free.  However, 

depending on the position of As atoms, the I-V combination for As2V2 and As3V2 

complexes requires somewhat larger barriers than for V2.  Overall, the low I-V 

combination barriers of ≤ 0.2 eV suggest that the AsnV and AsnV2 complexes can be 

converted to vacancy-free As clusters, even at room temperatures, if a sufficient number 

of single interstitials are available.  Note that interstitials are highly mobile at room 

temperature.           

As displayed in Figure 4.2, the analysis of electron localization functions (ELFs) 

shows clearly the mechanisms of bond formation and bond breaking during the course of 

vacancy annihilation by I-V reaction.  Here, only the cases of V [(a)-(c)], AsV [(d)-(f)], 

V2 [(g)-(i)], and As2V2 [(j)-(l)] are reported.   As shown in Figure 4.2, the I-V 

recombination involves breaking bond 4-5 [(a) and (b)], whereas during the I-AsV 

annihilation the weak As-Si bond 1-4 is broken rather than the strong Si-Si bond 4-5 



broken [(d) and (e)].  This is the main reason for the barrier free vacancy annihilation of 

AsV.  The V2 and As2V2 complexes show a similar behavior in bonding mechanism 

during the I-V combination reactions.  However, it could be expect that an excess 

electron from As (indicated as 5) may contribute to holding the Si atom 6 more tightly, 

thereby increasing the I-V annihilation barrier to some extent, relative to the I-V2 case.  

The ELF analysis also clearly shows that the As-As interaction of As2V [(l)] is repulsive 

because of lone electron pairs, whereas the corresponding Si-Si interaction of V [(i)] is 

attractive and forms a weak bond by dangling bonds.   

 

Figure 4.2.   Isosurface maps of electron localization functions (ELFs) for the initial bond 
defect, the transition state, and the final state for the V annihilation [(a)-(c)], AsV 
annihilation [(d)-(f)], V2 annihilation [(g)-(i)], and As2V2 [(j)-(l)], respectively.  The ELF 
isosurfaces are set to 0.65.  As atoms are circled.  
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4.6 IMPLICATIONS OF EASE OF INTERSTITIAL RECOMBINATION WITH AS-
VACANCY COMPLEXES 

Now the implications of the ease of complex annihilation on As TED and 

electrical deactivation during junction formation are discussed.  As mentioned earlier, it 

has been thought that the As TED and deactivation may be mainly attributed to the 

migration of AsV and As2V complexes and the formation of AsnV (n=3,4) and AsnV2 

(n=2,3) complexes, respectively.  However, if excess interstitials are available, the 

vacancy in AsnVm complexes can readily be annihilated by I-V reaction.  Note that 

dopant implantation creates excess interstitials in the substrate.  Furthermore, during 

implantation most vacancies are generated near the surface while interstitials are located 

more deeply.  Therefore, highly mobile vacancies may disappear rather quickly by 

surface annihilation during implantation and thermal annealing, in turn increasing the 

relative density of interstitials. If this scenario is true, interstitials may play an important 

role in As TED and clustering at the early stage of postimplantation thermal annealing 

(when the density of interstitials is still high).  In fact, recent experimental observations 

have suggested the importance of interstitials in As TED [10, 11], as in B and P doping.   

With a decrease in the density of excess interstitials by surface annihilation during 

thermal annealing, As-interstitial clusters would start to release interstitials and become 

interstitial free.  The As4 cluster could readily release a lattice Si atom to form the As4V 

cluster at elevated temperatures, due to the relatively small energy difference between 

As4 and As4V + I.  At annealing temperatures greater than 1200 K, the formation of As3V 

from As3 also appears to be highly probable within annealing time (t) of approximately 1-

2 seconds [as estimated using the Arrhenius form, t-1 = voexp(-3.03/kbT), with a prefactor 

of vo = 1013 sec-1].  Our rough estimation (based on the energetics of Asn and AsnVm 

clusters) suggests that the As3V and As4V complexes would be mainly responsible for the 
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deactivation of As impurities (if As clustering is mediated by interstitials).  This is 

consistent with many previous theoretical studies predicting the importance of As3V and 

As4V complexes in As deactivation.  

The interaction of As impurities, vacancies, and interstitials is apparently very 

complex.  Uncovering their fundamental behavior is a formidable task, but necessary in 

order to develop a comprehensive model for ultrashallow As junction formation in Si.  

The findings presented here shed some light on these complex defect-dopant interactions 

and may allow for a better understanding of As TED and electrical deactivation.  

4.7 SUMMARY  

In summary, the interactions of interstitials with arsenic-vacancy complexes were 

presented.  The results obtained by density functional calculations show i) a significant 

energy gain of > 1.3 eV from the vacancy annihilation of AsnV (n=1-4) and AsnV2 

(n=2,3) complexes by interstitial-vacancy reaction and ii) small barriers of ≤ 0.21 eV for 

the interstitial-vacancy reactions.  The strong interaction between interstitials and AsnVm 

complexes suggests the importance of interstitials in describing the behavior of As 

impurities.  These findings highlight some of the deficiencies in the current model for the 

As TED and deactivation based on arsenic-vacancy complexes.   
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Chapter 5:  Structure, Stability, and Diffusion of Arsenic-Silicon 
Interstitial Pairs 

5.2 INTRODUCTION 

At high concentrations (> 3×1020 atoms/cm3) and high temperatures (≥ 750 ºC), 

arsenic (As) has been found to exhibit significant TED during post-implantation thermal 

treatment [9-11, 68, 76].  Previous theoretical studies have proposed that Si vacancy (V) 

mediated diffusion in the form of mobile AsV and As2V complexes may be primarily 

responsible for the As TED [24-27].  However, recent experimental observations have 

suggested that Si interstitials (Sii) may also promote As TED [9-11], warranting further 

study of the TED mechanism.  Moreover, in a recent theoretical study, it was shown that 

mono- and di-vacancy arsenic complexes (AsmV, AsnV2) can easily be annihilated in the 

presence of interstitials with an annihilation barrier of ≤ 0.21 eV [77].   

In this chapter, the structure and diffusion of As-Sii pairs, based on first principles 

calculations, are presented. The lowest energy structure and binding energies of As-Sii 

pairs are identified, as well as the pathways and barriers for As-Sii pair diffusion in the 

negative, neutral, and positive charge states.  Based on computed activation energies, the 

dominant mobile As-Sii pair under intrinsic and extrinsic conditions is predicted.  In 

addition, the relative role of vacancies and interstitials in As TED is discussed.   

5.3 COMPUTATIONAL DETAILS 

All atomic and electronic structures and total energies are calculated using the 

plane-wave basis pseudopotential method within the generalized gradient approximation 

(GGA) [69] to density functional theory (DFT), as implemented in the Vienna Ab-Initio 

Simulation Package (VASP) [70].  Vanderbilt-type ultrasoft pseudopotentials [71] are 

used along with a plane-wave cutoff energy of 12 Ry (163.27 eV).  The defect systems 
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computed here are modeled using a 216-atom supercell with a fixed lattice constant of 

5.457 Å.  All atoms were fully relaxed using the conjugate gradient method until residual 

forces on constituent atoms become smaller than 5×10-2 eV/ Å.  A 2×2×2 mesh of k 

points in the scheme of Monkhorst-Pack was used for the Brillouin zone sampling [72].  

Diffusion barriers and pathways were calculated using the nudged elastic band method 

(NEBM) [65], which reliably finds the minimum energy pathway between two energy 

minima [77, 78].  

5.4 STRUCTURE AND STABILITY OF ARSENIC-SILICON INTERSTITIAL PAIRS 

From a search using various initial configurations, the lowest energy As-Sii 

structures in the positive (As-Sii
+), neutral (As-Sii

0), and negative (As-Sii
-) charge states 

are identified.  In the As-Sii
+ pair, the lowest energy structure as shown in Fig. 5.2(a) is 

comprised of As and Sii atoms that are aligned in the [110] direction while sharing a 

lattice site.  In the As-Sii
0 and As-Sii

- pairs, the As atom bridges two approximate lattice 

Si atoms as depicted in Fig. 5.3(a) and Fig. 5.4(a), respectively.  

 The relative stability of these neutral and charged As-Sii pairs are assessed by 

computing defect ionization levels (µi).  At a given Fermi level (εF), the relative 

formation energy of a charged defect in charge state q = ± 1 to a neutral defect is given 

by Ef
q – Ef

0 = q(εF - µi), where εF is given relative to the valence band maximum (EV).  

Thus, the defect levels can be approximated by ED
q + q (Ev

q + µi) = ED
0, where ED

q and 

ED
0 are the total energies of the defects in q and neutral charge states, and Ev

q is the 

position of the valence band maximum in supercell ED
q.  In calculating a charged defect, 

a homogeneous background charge is included to maintain the overall charge neutrality 

in the periodic supercell.  To account for the Coulomb energy between the charged defect 

and the background charge, a monopole correction is made to the total energy of the 

charged system [79].  Assuming a point-like +1 charge defect in the 216-atom supercell, 



the monopole correction is estimated to be approximately 0.11 eV.  This correction may 

overestimate the required adjustment if the charge in the supercell is not fully localized 

on the defect [80].   

 

Figure 5.1:  (a) Formation energies (Ef) of the As-Sii
+, As-Sii

0, As-Sii
- as a function of 

Fermi level.  Crystalline silicon and the neutral substitutional As atom are the reference 
states.  (b)  Binding energies (Eb) of the As-Sii

+, As-Sii
0, As-Sii

- with respect to neutral 
substitutional As and neutral split-(110) Sii as a function of Fermi level.      

In Fig. 5.1(a), the formation energies of As-Sii pairs are shown as a function of 

Fermil level.  The formation energy of As-Sii
0 is given by E[AsSi216] – E[AsSi215] – 

E[Si216]/216, where E[AsSi216], E[AsSi215], and E[Si216] are the total energies of As-Sii
0, 

substitutional As0, and crystalline Si.  The positions of the As-Sii
0 donor and acceptor 

levels are determined to be EV + 0.11 eV and Ev + 0.49 eV, respectively, for the 

computed Si bandgap of 0.63 eV.  According to the defect levels, the As-Sii
+ pair is 

energetically most favorable up to 0.11 eV, after which the As-Sii
0 pair is favored up to 

0.49 eV, where the As-Sii
- pair becomes the most stable.  The formation energy of As-Sii0 

is determined to be 3.10 eV, with the formation energy of As-Sii
+ and As-Sii

- pairs given 

as 3.31 eV and 3.27 eV, respectively, in intrinsic regions.   
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The binding energies of As-Sii pairs as a function of Fermi level are shown in Fig. 

5.1(b).  Here, the As-Sii binding energy is determined by: Eb(As-Sii
q) = Ef(As0) + Ef(Sii

0) 

– Ef(As-Sii
q), where the Si interstitial formation energy, Ef(Sii

0), is calculated to be 3.69 

eV and Ef(As0) is defined as zero energy.  Note there is room for improvement in these 

values as the binding energies are based on formation energies determined using the 

computed Si bandgap of 0.63 eV.  Under intrinsic conditions, the binding energies of As-

Sii
+, As-Sii

0 and As-Sii
- are determined to be 0.38 eV, 0.59 eV, and 0.42 eV, respectively, 

relative to the dissociation products of substitutional As0 and (110)-split Sii
0.  If charged 

dissociation products are considered, the binding energies in Fig. 5.1(b) will decrease.   

5.4 DIFFUSION OF ARSENIC-SILICON INTERSTITIAL PAIRS 

Next, the diffusion pathways for As-Sii pairs were investigated.  The results are 

for the As-Sii
+, As-Sii

0 and As-Sii
- pairs are shown in Figs. 5.2, 5.3, and 5.4.  For the As-

Sii
+ pair diffusion pathway in Fig. 5.2, the high energy saddle point in Fig. 5.2(b) in 

which As occupies a hexagonal site is only 0.10 eV above structure Fig. 5.2(a).  From the 

hexagonal state, the As atom has the potential to migrate in six different directions.   

For the As-Sii
0 pair, the initial step involves As migration from one bridged site 

[Fig. 5.3(a)] to another [Fig. 5.3(c)] by breaking an As-Si bond and forming a new As-Si 

bond.  The transition state [Fig. 5.3(b)] for this step was found to be 0.19 eV above the 

ground state.  The next two steps, Fig. 5.3(c) to Fig. 5.3(d) and Fig. 5.3(d) to Fig. 5.3(e) 

involve As reorientation within the same bridged site by overcoming negligible energy 

barriers.  In contrast, the competing pathway involving As migration through a hexagonal 

site was found to cost 0.46 eV, making it unfavorable.  The As-Sii
- pair diffusion pathway 

shown in Fig. 5.4 is identical to that for the As-Sii
0 pair except for that the saddle point 

[Fig. 5.4(b)] is 0.34 eV above its respective ground state [Fig. 5.4(a)].  The only 

noticeable difference between the ground state of the As-Sii
0 and As-Sii

- pairs is that the 



As-Sii
0 pair [see Fig. 5.3(d)] appears to align closer to the [110] direction when compared 

to the As-Si bond alignment in the As-Sii- pair [see Fig. 5.4(d)]. 

 

 

Figure 5.2: Diffusion pathway for the As-Sii
+ [(a)-(c)].  The corresponding diffusion 

barrier for the As-Sii
+ pair is shown.  The green (dark-colored) and yellow (light-colored) 

balls represent As and Si atoms, respectively.   

 

Figure 5.3: Diffusion pathway for the As-Sii
0 [(a)-(e)].  The corresponding diffusion 

barriers for the As-Sii
0 pair are shown.  The green (dark-colored) and yellow (light-

colored) balls represent As and Si atoms, respectively.   
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Figure 5.4: Diffusion pathway for the As-Sii
- [(a)-(e)].  The corresponding diffusion 

barriers for the As-Sii
- pair are shown.  The green (dark-colored) and yellow (light-

colored) balls represent As and Si atoms, respectively.   

The dopant activation energy equal to the sum of the formation energy and 

diffusion barrier of a mobile species is an experimentally measurable quantity.  The 

computed formation energies and diffusion barriers yield the overall activation energies 

of 3.41 (= 3.31 + 0.10) eV, 3.29 (= 3.10 + 0.19) eV, and 3.61 (= 3.27 + 0.34) eV for As-

Sii
+, As-Sii

0, and As-Sii
- pairs, respectively, under intrinsic conditions (where the Fermi 

level is positioned at mid gap).  Under intrinsic conditions, the As-Sii
0 pair will likely be 

the prevailing diffusion component as it has the lowest activation energy.  In highly n-

type doped regions, the formation energy of the As-Sii
- pair will decrease [see Fig. 

5.1(a)], making its formation energy near that of the As-Sii
0 pair. As the Fermi level 

approaches the conduction band edge in heavily doped regions, the As-Sii
- pair will have 

an approximate activation energy of 3.3 (= 2.95 + 0.34) eV based on the computed band 

gap.  The comparable diffusion activation energies of the As-Sii
0 and As-Sii

- pairs 

indicate that both may contribute to interstitial-mediated As diffusion under n-type 

extrinsic conditions.   
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The computed activation energies presented are comparable to activation energies 

obtained from both recent computations of arsenic-vacancy complex diffusion [24, 26] 

and experimental observations of overall defect-mediated As diffusion [68].  For 

instance, based on DFT calculations, Ramamoorthy and Pantelidies predicted activation 

energies of 3.9 eV and 2.7 eV for AsV and As2V complexes, respectively [24].  

Subsequently, Xie and Chen estimated As-V activation energies of 2.51-3.59 eV, 

depending on As concentration [26].  Experimental work by Larsen et al. [68] places the 

activation energy for As diffusion between 2.65 eV and 3.89 eV.   

In addition to diffusion activation energies, the relative density of interstitials and 

vacancies will also determine the relative contribution of As-Sii and As-Siv to As TED.  

A recent theoretical study [77] has shown that in the presence of silicon interstitials, 

arsenic-vacancy complexes are easily annihilated by interstitial-vacancy recombination.  

Therefore, it would be expected that the relative contribution of vacancy- and interstitial-

mediated diffusion will depend on which native defect is present in excess.  Since As 

implantation usually produces an excess of interstitials, interstitials can be expected to 

play a vital role in As TED (except at the early stages of annealing in which vacancies 

can also exist in excess near the surface).  This is consistent with recent experimental 

observations [9-11] that suggest As TED is interstitial-mediated.  The results presented 

here provide more support that interstitials will also be a determining factor in 

understanding the kinetic behavior of implanted As species during post-implantation 

thermal annealing.    

5.5 SUMMARY 

In summary, pseudopotential total energy calculations with a plane-wave basis 

were performed to determine the structure, stability, and diffusion of As-Sii pairs.  Under 

intrinsic conditions, binding energies of 0.38 eV, 0.59 eV, and 0.42 eV were estimated 
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for As-Sii
+, As-Sii

0, and As-Sii
-, respectively, relative to the dissociation products of 

substitutional As0 and (110)-split Sii
0.  Our results suggest that As-Sii

0 pairs will 

contribute to As TED under intrinsic conditions while As-Sii
0 and As-Sii

- pairs will both 

contribute to As TED under heavily doped extrinsic conditions.  The overall diffusion 

activation energy of the As-Sii
0 pair is computed to be approximately 3.3 eV at midgap, 

consistent with 2.7-3.9 eV as determined by experiments.  Furthermore, since As-

vacancy complexes can be easily annihilated by interstitial-vacancy recombination, it can 

be expected that interstitials will play an important role in As TED when Si interstitials 

exist in excess.  The mechanistic understanding presented in this work will greatly 

contribute to developing an improved physical model for formation of highly As doped 

ultrashallow junctions required for future generations of Si-based electronic devices.         
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Chapter 6:  Structure and Dynamics of the Diarsenic Complex in 
Crystalline Silicon 

6.1 INTRODUCTION 

At high concentrations (> 1020 atoms/cm3), implanted arsenic atoms may undergo 

electrical deactivation [7] and transient enhanced diffusion (TED) [7, 68, 76] during post-

implantation thermal treatment.  Earlier experimental investigations and theoretical 

models have suggested that As TED is primarily mediated by vacancies [24-27] while 

arsenic deactivation is attributed to large arsenic-vacancy complexes [6, 7, 41-47].  

However, recent experimental observations [9-11] have suggested that interstitials may 

also play a role in mediating As TED.  In addition, recent theoretical studies have 

predicted the ease of arsenic-vacancy complex annihilation by vacancy-interstitial 

recombination in the presence of excess interstitials [77] as well as probable low-energy 

paths for interstitial-mediated As diffusion [81].  Furthermore, recent experimental 

investigations [82] have revealed that As doping retards the formation of {311} defects, 

implying that As reacts with interstitials to form stable As-interstitial complexes.  This 

experimental study estimates the dominate As-interstitial complex to be a diarsenic 

interstitial complex (Ass-Ass-Sii, corresponding to a diarsenic substitutional-interstitial 

pair, Ass-Asi).  The stable Ass-Asi complex, if it exists, can serve as an important 

precursor to the formation of larger As-interstitial clusters.  Despite its importance, 

however little is known about the structure and dynamics of the diarsenic complex.     

In this chapter, the first ab initio study of the atomic structure, energetics, 

bonding, and dynamics of the Ass-Asi pair are presented.  Using density functional theory 

calculations, the lowest energy structure of the Ass-Asi complex is determined, along with 

the pathways and barriers of its reorientation, diffusion, and dissociation. 
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6.2 COMPUTATIONAL DETAILS 

All atomic and electronic structures and total energies are calculated using the 

plane-wave basis pseudopotential method within the generalized gradient approximation 

(GGA) [69] to density functional theory (DFT), as implemented in the Vienna Ab-initio 

Simulation Package (VASP) [70].  Vanderbilt-type ultrasoft pseudopotentials [71] are 

used along with a plane-wave expansion with a cutoff energy of 150 eV.  The systems 

considered here are modeled using a 216-atom supercell with a fixed lattice constant of 

5.457 Å.  All atoms were fully relaxed using the conjugate gradient method until residual 

forces on constituent atoms become smaller than 5×10-2 eV/ Å.  A 2×2×2 mesh of k 

points in the scheme of Monkhorst-Pack was used for the Brillouin zone sampling [72].  

Diffusion barriers and pathways are calculated using the nudged elastic band method 

(NEBM) [65], which reliably finds the minimum energy pathway between two energy 

minima.   

6.3 STRUCTURE, BONDING, AND STABILITY OF THE DIARSENIC PAIR 

From an extensive search with several starting configurations, the lowest energy 

structure of an Ass-Asi pair was identified.  The diarsenic model with C2v symmetry 

consists of two bonded As atoms sharing a lattice site with the bond axis aligned slightly 

off the [110] direction.  Figure 6.1 shows the atomic structure and electron localization 

function (ELF) [66] isosurfaces of the Ass-Asi pair, together with those of a neutral As-Sii 

pair and a neutral (110)-split Sii. The As-Sii pair [Fig. 6.1(b)] shows a dumbbell structure, 

aligned parallel to the [110] direction, resembling the most stable single neutral Si 

interstitial [Fig. 6.1(c)].   

The ELF analysis of Ass-Asi [Fig. 6.1(a)] reveals each As is covalently bonded 

with its two closest Si neighbors as well as the As atom with which it shares a lattice site.  

The protruding isosurface on each As atom represents an electron lone pair.  This 



suggests that the As atoms tend to have the sp3 tetrahedral bonding configuration.  

However, due to the structural constraint in crystalline Si, the Ass-Asi structure is 

distorted from the ideal structure.  For comparison, the atomic structure of a C2v As2H4 

molecule is calculated [inset, Fig. 6.1].  For the As2H4 molecule, the As-As bond length is 

2.49 Ǻ, which is slightly longer than 2.39 Ǻ of the Ass-Asi pair.  As expected, there is 

also a noticeable difference in bond angles between the As2H4 molecule and the Ass-Asi 

structure.  The local strain due to this disparity may undermine the As-As interaction.   

 

Figure 6.1: The atomic structure and bonding analysis of (a) Ass-Asi, (b) As-Sii, and (c) 
(110)-split Sii.  The grey surfaces represent the isosurfaces of electron localization 
function (ELF) at the value of 0.7.  The bond angles and As-As bond distance for Ass-Asi 
(left) and As2H4 (right) are shown in the inset.  Bond distances are given in Ǻ.  As is 
depicted with green (dark) atoms and Si is shown with yellow (light) atoms. 
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Figure 6.2: Local density of states (LDOS) on As of the Ass-Asi pair, with comparison 
to bulk Si, as indicated.  The valance band maximum is set at 0 eV.  The donor level 
appears near the valence band maximum, and the corresponding decomposed electron 
densities are displayed in the inset.  As is depicted with green (dark) atoms and Si is 
shown with yellow (light) atoms.       

Figure 6.2 shows the local density of states (LDOS) on As of the Ass-Asi pair, 

with comparison to bulk Si.  The donor level is located near the valence band maximum 

of bulk Si, and it appears to be mainly localized on the As atoms as evidenced by the plot 

of corresponding decomposed electron densities [Fig. 6.2, inset].  No acceptor level 

appears within the Si band gap.  The binding energy of the neutral Ass-Asi pair is 

predicted to be 1.00 eV relative to the dissociation products substitutional Ass
0 and As-

Sii
0 [Fig. 6.1(b)] [= E(As2Si215) + E(Si216) – E(AsSi215) – E(AsSi216), where E(As2Si215), 

E(Si216), E(AsSi215), and E(AsSi216) are the total energy of 216 atom supercells containing 
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a Ass-Asi pair, no defect, an As substitutional atom, and a As-Sii pair, respectively].  The 

binding energy of the Ass-Asi relative to (110)-split Sii
0 and substitutional As2

0 is also 

calculated and found to be 1.85 eV [= E(As2Si215) + E(Si216) – E(As2Si214) – E(Si217), 

where E(As2Si214) and E(Si217) are the total energies of 216 atom supercells containing 

two As substitutional atoms and a Si interstitial, respectively].  While these binding 

energies will vary with the ionization of dissociation products and the position of the 

Fermi level, Ass-Asi dissociation to Ass
0 and As-Sii

0 appears to be more favorable 

energetically than production of As2
0 and Sii

0.  A recent theoretical study predicts the 

barrier for As-Sii
0 diffusion to be as small as 0.15 eV [81], indicating As-Sii

0 mobility can 

be comparable to Sii
0 mobility [83]. Given that the dissociation rate of complexes is 

largely determined by the mobility of departing species and the binding energy, the most 

likely result of Ass-Asi dissociation is As-Sii liberation to leave behind substitutional As.  

As shown in Fig. 6.3, the Ass-Asi pair has four degenerate states. This complex 

may rotate between these four equivalent configurations that occupy the same lattice site.  

The rotation barrier between states with either the [110] or the [ 011 ] mirror plane [i.e., 

(a) and (b) or (c) and (d), respectively,] is only 0.26 eV, while the barrier between states 

(a) and (c) [or (b) and (d)] is much higher at 1.05 eV.  Considering the small activation 

energy of 0.26 eV, thermal averaging motions between (a) and (b) as well as (c) and (d) 

can be expected at room temperature, leading to the thermal averaged (110)-split state.  

However, due to the much larger barrier of 1.05 eV [between (a) and (c) as well as (b) 

and (d)], unlike Si di-interstitial defects in Si [84] the symmetry transition to D2d by the 

thermal averaging of these four indistinguishable structures appears to be highly unlikely.          
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Figure 6.3: Reorientation of the Ass-Asi complex within a lattice site.  All four 
configurations are degenerate in energy.  As is depicted with green (dark) atoms and Si is 
shown with yellow (light) atoms. 

6.4 DIFFUSION AND DISSOCIATION OF THE DIARSENIC PAIR 

Figure 6.4 shows a pathway for Ass-Asi pair diffusion that occurs through four 

local minimum states (as labeled A, B, C, and D).  Here, the lowest energy structure A is 

depicted in Figs. 6.1 and 6.3.   

To reach the first transition state TA-B from the ground state configuration A, the 

AsII-Sib bond as well as the Sid-Sif bond break, which allows the AsII and Sid atoms to 

rotate together and form three new bonds, AsII-Sie, AsII-Sif, and AsI-Sid.  In the resulting 

local minimum structure B, atoms AsI AsII, and Sid all maintain the sp3 hybrid 
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configuration with AsI being four-fold coordinated while AsII and Sid each occupy their 

four sp3 orbitals with three covalent bonds and an unbonded electron pair. 

The transformation from local minimum B to local minimum C involves the 

inversion of Sid configuration, with no bond breaking and making.  That is, the transition 

state changes the hybridization about Sid.  In the transition state, the Sid atom is sp2 

hybridized, where the lone pair is held in a p atomic orbital rather than in a sp3 atomic 

orbital.  As a result, in the local minimum structure C, the lone pair on Sid points in the 

opposite direction as it does in structure B.  

The transition from structure C to D also involves the inversion of AsII 

configuration, with no bond breaking and formation.  In structure D, the unbonded 

electron pair on AsII points in the opposite direction as it does in structure C.   

To convert from structure D to D/, AsI, AsII, and Sid must move together to 

overcome transition state TD-D
/ in which Sid is four-fold coordinated.  In TD-D

/, the Sid-Sig 

bond is breaking while the Sia-Sid bond is forming.  This transition state marks the 

midpoint in diffusion of the As pair to a new lattice site.  The new local minimum 

structure D/ is an equivalent structure to D with AsI now possessing an electron lone pair 

and AsII having four-fold coordination. 

Next, AsI diffuses through TC
/
-D

/
 (equivalent to TC-D) to arrive at structure C/, the 

equivalent of C.  Then, Sid migrates through TB
/
-C

/ (equivalent to TB-C) to achieve 

structure B/, the mirror of B.  Finally, AsI and Sid migrate simultaneously to overcome 

transition state TA
/
-B

/
 (equivalent to TA-B) and arrive at structure A/, which is equivalent to 

the original structure A.   

 



 

Figure 6.4: The pathway for Ass-Asi diffusion in Si.  The As atoms are labeled I and II, 
while relevant Si atoms are labeled (a)-(g).  As is depicted with green (dark) atoms and Si 
is shown with yellow (light) atoms. 

Fig. 6.5 presents the total energy variation along the diffusion path of Ass-Asi.  

The initial barrier (TA-B) from A to B is estimated to be 1.33 eV.  This high activation 

energy can be attributed to the energy cost of breaking two bonds at this step.  B is about 

0.55 eV less stable than A.  Thus, the barrier for the state B to return to the state A is 0.78 

eV.  The sizable return barrier implies that B will be a stable structure. 
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Figure 6.5: Energetics along the pathway for Ass-Asi diffusion in Si. 

The second barrier from B to C is 0.66 eV, with C being 0.02 eV higher in energy 

than B.  With the return barrier from C to B being 0.64 eV, C is also a stable structure.  

Next, TC-D requires a lower energy barrier of 0.42 eV to be overcome in order to achieve 

D, which is 0.08 higher in energy than C.  The energy barrier to return to C is 0.34 eV, 

suggesting that D is also stable.  To achieve the TD-D
/ transition state from D, a 0.33 eV 

energy barrier must be overcome.  Since D and D/ are degenerate, the return energy 

barrier is the same. 

Because the energy barriers for diffusion are ≤ 0.66 eV, it can be expected that the 

Ass-Asi complex can transform easily from B to B/ even at moderate temperatures.  The 

initial step from A to B (or A/ to B/) requires the highest energy barrier of 1.33 eV, and, 

assuming steady state kinetics, is the rate limiting overall activation energy required for 

diffusion.   

In addition to identifying the pathway for Ass-Asi diffusion, the pathway by which 

the Ass-Asi pair dissociates to form a mobile As-Sii pair and a substitutional As was also 

examined.  The dissociation pathway for Ass-Asi is shown in Fig. 6.6.  
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Figure 6.6: (Upper Panel)  The pathway for Ass-Asi dissociation.  A, B, and C are 
shown from a perspective that is rotated 90° clockwise from the same structures depicted 
in Fig. 6.3.  (Lower Panel)  Energetics of Ass-Asi dissociation.  As is depicted with green 
(dark) atoms and Si is shown with yellow (light) atoms. 

 The structures A, B, and C are the same as those shown in Fig. 6.4, but from a 

perspective that is rotated 90° clockwise from that in Fig. 6.4.  The first two steps of 

dissociation (A → B, B → C) are the same as those for diffusion.  However, once 

structure C is formed, As-Sii may separate from the Ass-Asi complex and diffuse to a 

neighboring lattice site (structure E) by overcoming a 0.60 eV barrier rather than 

continuing to diffuse as As-Asi (which would require overcoming a barrier of 0.76 eV).  

Thus, once the barrier of 1.33 eV is overcome (A → B), the Ass-Asi pair is about equally 

likely to dissociate or continue diffusing.  From structure E, a capture radius of > 3.60 Ǻ 
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is measured for the binding of an As-Sii pair to form Ass-Asi.  Structure E is 0.30 eV 

lower in energy than the fully separate As-Sii and substitutional As.   

6.5 IMPLICATION OF THE EXISTENCE OF THE DIARSENIC PAIR ON ARSENIC TED 
AND CLUSTERING. 

As-Sii [81], As-V [24-26], and As2-V [24] complexes have all been predicted to 

contribute to As TED.  A recent theoretical study has shown that arsenic-vacancy 

complexes are easily annihilated by interstitial-vacancy recombination in the presence of 

excess interstitials [77].  This suggests that the relative contribution of interstitial- and 

vacancy-mediated diffusion to As TED depends on which defect is present in excess.  

Because As implantation will produce an excess of interstitials, it can be expected that 

interstitials would be present in excess during annealing after most vacancy complexes 

have been annihilated (either by surface annihilation or by interstitial-vacancy 

recombination).  Under these conditions, it can be expected that interstitial-driven 

diffusion will be important.  Thus, the relative contribution of As-Sii and Ass-Asi to As 

TED during high temperature annealing at 1000 oC needs to be examined to determine 

whether Ass-Asi can contribute to TED.    

The relative contribution (γ) of Ass-Asi and As-Sii to As TED is given by [85] γ = 

2 D(Ass-Asi)Ceq(Ass-Asi)/D(As-Sii)Ceq(As-Sii), where Ceq represents the equilibrium 

concentrations and the factor of 2 is due to the two atoms that Ass-Asi carries upon 

diffusion.  Using the Arrhenius equation D=Doexp(-Em/kBT) with Em(As-Sii) = 0.15 eV 

[81] and Em(Ass-Asi) = 1.33 eV, D(As-Sii) is approximately five orders of magnitude 

greater than Dm(Ass-Asi) at 1000 oC.  Therefore, Ceq(Ass-Asi) would have to be equally 

greater in magnitude than Ceq(As-Sii) at this temperature for As-Asi to contribute to As 

TED.  Given no significant difference in the binding energy between Ass-Asi and As-Sii
0 
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pairs, it is most likely that Ceq(Ass-Asi) would not be large enough to make the Ass-Asi 

relative contribution to As TED important.   

However, the stable Ass-Asi pair may play an important role in As agglomeration.  

After arsenic ion implantation, an excess population of interstitials is present in the 

damaged silicon.  Upon annealing, Ass-Asi complexes will likely result from the reaction 

of As-Sii pairs with substitutional As atoms.  Subsequently, additional As-Sii pairs may 

bind to Ass-Asi pairs and form larger arsenic-interstitial complexes. Hence, it can be 

expected that the Ass-Asi pair may serve as an important intermediate during the 

agglomeration process. 

6.6  SUMMARY 

First principles calculations for the structure, stability, and dynamics of a 

substitutional-interstitial diarsenic (Ass-Asi) pair were presented.  The lowest-energy Ass-

Asi structure shows C2v symmetry in which two As atoms share a lattice site and the As-

As bond axis is slightly tilted from the [110] direction.  The binding energy of this 

complex was estimated to be 1.00 eV relative to the dissociation products, substitutional 

As0 and As-Sii
0.  The DFT-GGA calculations predict the migration barrier of Ass-Asi to 

be 1.33 eV.  In addition, it was determined that the diffusion and dissociation of Ass-Asi 

involve the same rate-limiting step, making them equally likely.  The theoretical results 

presented here suggest that Ass-Asi diffusion may insignificantly contribute to As TED; 

however, the Ass-Asi pairs may still play an important role in As clustering during 

junction processing.   
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Chapter 7:  Interstitial-Mediated Arsenic Clustering in Ultrashallow 
Junction Formation 

7.1 INTRODUCTION 

In highly As-doped Si regions, the concentration of free electrons tends to saturate 

at the level of approximately 2×1020 cm-3 [38].  Theoretical studies have identified As3V, 

As4V, As2V2, and As3V2 complexes that may play a major role in As deactivation [5, 24, 

47].  Indeed, the formation of stable As-vacancy clusters has been observed in highly As 

doped regions [41-44].  Based on these observations, a kinetic model of vacancy-

mediated As diffusion and agglomeration has been proposed to explain the As TED and 

electrical deactivation [48].   

However, little is known about the role of interstitials, although they are expected 

to exist in excess [8] and assist in arsenic enhanced diffusion [9-11] during post-

implantation annealing.  Recent theoretical studies have predicted that enhanced diffusion 

may occur via a mobile As-interstitial pairs [81].  The existence of this mobile pair along 

with the ease of As-vacancy complex annihilation by interstitial-vacancy recombination 

[77], leads to the possibility of As-interstitial clustering in interstitial-rich regions.  In 

addition, recent experimental investigations have demonstrated that the density of 

extended {311} defects in Si decreases with the concentration of As, implying the 

formation of stable As-interstitial complexes [82, 86].   

In this chapter, an interstitial-assisted pathway for the formation of electrically 

inactive As-vacancy complexes during thermal processing of ultrashallow implanted As 

junctions is proposed.  The minimum-energy structures and formation energies of As-

interstitial complexes (AsmIn, m ≤ 6 and n ≤ 3) were determined, and their stability was 

compared with that of As-vacancy clusters (AsmVn, m ≤ 6 and n ≤ 2).  Based on these 

results, a potential energy map for As-defect clusters is presented.  This demonstrates that 
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not only vacancies but also interstitials can be responsible for As deactivation.  However, 

given the fact that interstitials are present in excess during post-implantation annealing of 

As implanted junctions, it is expected that As deactivation would mainly occur through 

the interstitial assisted route.   

7.2 COMPUTATIONAL DETAILS 

All atomic and electronic structures and total energies were calculated using the 

plane-wave basis pseudopotential method within the generalized gradient approximation 

(PW91 GGA) [69] to density functional theory (DFT), as implemented in the Vienna Ab-

initio Simulation Package (VASP) [70].  Vanderbilt-type ultrasoft pseudopotentials [71] 

were used along with a plane-wave cutoff energy of 12 Ry (163.27 eV).  The As-

interstitial complexes computed here were modeled using a 64-atom supercell while the 

As and As-vacancy complexes using a 216 atoms cell.  In both cases, a fixed lattice 

constant of 5.457 Å was used.  All atoms were fully relaxed using the conjugate gradient 

method until residual forces on constituent atoms become smaller than 5×10-2 eV/ Å.  A 

4×4×4 mesh of k points in the scheme of Monkhorst-Pack was used for the Brillouin 

zone sampling [72].   

7.3 FORMATION ENERGIES OF ARSENIC-DEFECT COMPLEXES 

In Table 7.1, the computed formation energies for As-defect clusters in crystalline 

Si are summarized.  These formation energies are given by:  

Ef = E[AsmSin] – m µAs – n µSi

where E[AsmSin] is the total energy of the supercell containing m As atoms and n Si 

atoms, µAs is the relative energy per neutral substitutional As atom in bulk Si, and µSi is 

the energy per bulk Si atom.  For a given supercell with N lattice sites (N= 64 or 216), the 

complexes where m + n = N indicate substitutional As aggregates with no defects (Asm).  



When m + n > N, the interstitial (I) number is given m+n – N while if m+n < N, the 

number of vacancies (V) is given by N – (m+n).  For the neutral Si interstitial, only the 

lowest-energy (110)-split state is considered.  These calculated formation energies of As-

vacancy complexes (containing up to four As atoms) and silicon interstitial clusters are in 

good agreement with previous theoretical results available in literature [5, 24, 47, 87, 88] 

as are the energies for AsI [81] and As2I [89].  While formation energies for the As2I and 

As4I complexes were reported in an early study [24], the structures presented here give 

formation energies significantly below those reported values. 

 

Table 7.1: Formation energies of defect, arsenic, and arsenic-defect complexes.    
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7.4 STRUCTURE OF ARSENIC-INTERSITITIAL COMPLEXES 

Next, the minimum energy configurations of neutral As-interstitial clusters that 

were identified from our extensive search are discussed.  To confirm the minimum-

energy state of each structure, ab initio Molecular Dynamics were performed based on 

the Born-Oppenheimer approach for at least 5 ps at 1300 K, followed by static structural 

optimization.   

 

Figure 7.1: AsmI complex structures.  The arsenic and silicon atoms are given by dark 
(green) and light (yellow) colored atoms, respectively.    

Figure 7.1 shows the minimum-energy structures of neutral AsmI clusters (m ≤ 6).  

The minimum energy AsI pair [(a)] is comprised of As and Sii atoms that are aligned in 

the [110] direction while sharing a lattice site [81], while the lowest-energy structure of 

As2I [(b)] consists of two As atoms bonded together in a single lattice site with a bond 

axis, which is tilted slightly from the [110] direction [89].  The three-fold coordinated As 
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atoms in these two structures each carry an electron lone pair.  The As3I [(c)] complex is 

found to have a similar structure to the As2I complex, with two As atoms being three-fold 

coordinated.  The As4I [(d)] structure contains three three-fold coordinated As atoms 

(with a lone electron pair each), while the As5I [(e)] and As6I [(f)] structures contain four 

three-fold coordinated As atoms.     

 

Figure 7.2: AsmI2 complex structures. The arsenic and silicon atoms are given by dark 
(green) and light (yellow) colored atoms, respectively.    

Figure 7.2 shows the lowest-energy structures of neutral AsmI2 clusters (m ≤ 6).  

Starting with the minimum-energy configuration of I2 [87], all possible atomic structures 

of AsI2 [(a)], As2I2 [(b)], and As3I2 [(c)] clusters were carefully examined.  The resulting 

minimum energy structures turn out to resemble the interstitial dimer.  The minimum-

energy As4I2 structure in which the As atoms are chained together to occupy two adjacent 

Si lattice sites [(d)] was then identified.  This structure is a natural extension of the As2I 
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complex in the [110] direction, with all As atoms being three-fold coordinated.  The 

stability of As5I2 [(e)] and As6I2 [(f)] clusters was also examined by placing additional 

substitutional As atoms in the vicinity of the As4I2 structure.  However, there is no 

significant energy gain due to the agglomeration.   

 

Figure 7.3: AsmI3 complex structures. The arsenic and silicon atoms are given by dark 
(green) and light (yellow) colored atoms, respectively 

Figure 7.3 shows the lowest-energy structures of neutral AsmI3 clusters (m ≤ 6).  

The extended I3 configuration [87] was first used to determine the minimum-energy AsI3 

[(a)], As2I3 [(b)], As3I3 [(c)] structures.  Note that for I3 the extended structure is predicted 

to be slightly energetically more favorable than the compact structure [87].  The AsI3, 

As2I3, As3I3 structures were also examined using the compact I3 structure as a basis, but 

these structures were found less energetically favorable than those formed from the 
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extended structure as well.  Next, a chained structure for As6I3 [(f)] was determined in 

which all As atoms are linked together in three-fold coordination (with a lone electron 

pair each), while occupying three adjacent Si lattice sites.  Using this structure as a 

starting point, the minimum-energy configurations for As4I3 [(d)] and As5I3 [(e)] 

complexes were identified.   

7.5 POTENTIAL ENERGY MAP OF ARSENIC-INTERSITITIAL COMPLEXES 

 

Figure 7.4: A potential energy map of arsenic-defect complexes based on the formation 
energies presented in Table 7.1.  The mobile complexes V, AsV, I, and AsI are 
represented by the arrows with respective energy gains for the binding of each mobile 
species noted above each arrow. 
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Based on the formation energies of As-defect complexes examined, a potential 

energy map for As agglomeration is presented in Fig. 7.4.  For a given position of the 

Fermi level, taking into account possible charging of these complexes will alter some of 

their formation energies.  For example, the AsI pair is predicted to be more stable in the 

negative charge state under n-type extrinsic conditions [81].  Nonetheless, the large 

binding energies of neutral states suggest stable As-interstitial complex formation.  Thus, 

the potential energy map based on the neutral-state complexes is sufficient in 

demonstrating the formation of stable As-interstitial complexes.  This may in turn 

provide a physical picture of interstitial-mediated arsenic agglomeration, although further 

kinetic modeling is required for determination of viable reaction pathways.  

The potential energy variation demonstrates the existence of stable As-interstitial 

clusters as well as As-vacancy clusters.  Earlier first principles calculations predict the 

diffusion of an AsI pair to occur at elevated temperatures with a moderate barrier 0.15-

0.42 eV [81].  Additionally, the diffusion barrier of the AsV pair is found here to be 1.08 

eV, which is lower than the earlier reported value [24].  This suggests that As clustering 

can be mediated by both vacancies and interstitials.  In the presence of excess interstitials, 

however, As-vacancy complexes (which may form in vacancy-rich regions at the early 

stage of post-implantation annealing) will eventually be annihilated by vacancy-

interstitial recombination, and subsequently As-interstitial clusters will form due to the 

binding of interstitials and AsI pairs.   

Given the fact that As implantation yields excess interstitials, it is expected that 

As-interstitial clusters will be predominant at the early stage of As cluster growth during 

thermal processing.  As the density of interstitials decreases during annealing (because of 

surface annihilation and/or interstitial-vacancy recombination), the As-interstitial 

complexes will release interstitials, leaving defect-free As complexes.   
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The substitutional As agglomerates tend to emit lattice Si atoms with As-vacancy 

complexes forming upon high temperature thermal treatment.  It is determined that As3, 

As4, and As5 complexes can each emit a lattice Si atom to form As-vacancy complexes at 

a cost of 3.08 eV, 2.02 eV, and 2.04 eV, respectively.  Such interstitial ejection during 

arsenic deactivation has been established experimentally [6].  In addition, a previous 

theoretical study suggested interstitial ejection during the formation of As-vacancy 

complexes [90].  As a whole, this study suggests there is a viable route for interstitial 

mediated As deactivation in highly As implanted regions during post-implantation 

annealing.   

7.6 SUMMARY 

In summary, an interstitial-mediated pathway by which As dopants can 

agglomerate and form deactivated As-vacancy complexes during junction processing was 

identified.  This pathway includes (1) the formation of As-interstitial complexes in the 

presence of excess interstitials, (2) interstitial emission from these complexes as the 

interstitial concentration decreases during annealing, (3) and ultimately lattice silicon 

ejection to form As-vacancy complexes.  To illustrate this, the minimum energy 

structures and formation energies for As-interstitial complexes (AsmIn, m ≤ 6 and n ≤ 3) 

were determined along with those for previously identified As-vacancy complexes.  

These formation energies were then used to form a complete potential energy map of the 

As-defect complexes that may exist during junction processing.  This map shows that the 

As clustering responsible for As electrical deactivation can occur via both vacancy and 

interstitial mediated pathways.  However, it is expected that the interstitial mediated route 

will dominate because excess interstitials will be present at the onset of post-implantation 

annealing.  The results given here provide support that interstitials will be a determining 
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factor in understanding the kinetic behavior of implanted As dopants during junction 

formation.    
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Chapter 8:  Fluorine-Silicon Interstitial Pair Diffusion in Crystalline 
Silicon 

8.1 INTRODUCTION 

The process for fabricating ultrashallow junctions with high dopant concentration 

and reduced junction depths typically consists of low energy ion implantation followed 

by rapid thermal annealing.  During the post-implantation annealing step, implanted 

dopants often undergo significant transient enhanced diffusion (TED), which in turn 

hinders the formation of ultrashallow junctions.  In addition, defect-mediated dopant 

clustering often limits the achievement of desired dopant electrical activation levels.  In 

recent years, co-implantation of fluorine (F) with dopants has become a viable strategy to 

reduce dopant TED and deactivation.  However, the fundamental behavior of F in silicon 

is not clearly understood.   

Current understanding attributes F diffusion in Si primarily to the migration of 

interstitial F from a bond-centered site (Fbc) or a tetrahedral site (Ftet), depending on the 

Fermi level energy [14].  However, earlier experimental studies have suggested the 

importance of mobile F-Si interstitial (F-Sii) complexes in explaining F behavior in 

crystalline Si.  Pi and co-workers [16] attributed the dissolution of F precipitates in both 

interstitial and vacancy rich regions to the transient diffusion of F-Sii complexes during 

thermal annealing.  Park and Kim [91] suggested the formation and diffusion of F-Sii 

pairs to explain suppression of large Si cluster formation.  Recently, Robison and Law 

[92] also suggested that Si interstitials may play an important role in determining F 

redistribution during post-implantation annealing.  A recent theoretical report showed 

[93] that a stable F-Sii pair can form in the positive charge state, but concluded the pair 

would not undergo diffusion.  Despite strong experimental indication that Si interstitials 

will affect F redistribution, no clear description of their role in F diffusion is available.   
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In this chapter, a first principles investigation of the formation and diffusion of F-

Sii pairs is presented.  The stability and structure of the F-Sii pair in the positive and 

neutral charged states are detailed along with the respective diffusion pathways of the F-

Sii pair in each charge state.  Based on the results, the role of F-Sii diffusion in the 

redistribution of implanted F during post-implantation annealing at high-temperatures is 

discussed.     

8.2 COMPUTATIONAL DETAILS 

All structures and energetics were calculated using the plane-wave density 

functional theory (DFT) program VASP [70] with Vanderbilt-type ultrasoft 

pseudopotentials [71].  The generalized gradient approximation (PW91 GGA) [69] was 

used for the electron-electron exchange-correlation.  A plane-wave cutoff energy of 320 

eV was used along with a 2×2×2 mesh of k points in the scheme of Monkhorst-Pack for 

the Brillouin zone sampling [72].  All defect systems examined here were modeled using 

64-atom supercells with a fixed lattice constant of 5.457 Å.  All atoms were fully relaxed 

using the conjugate gradient method until residual forces on constituent atoms become 

smaller than 5×10-2 eV/ Å.  Diffusion barriers and pathways were computed using the 

nudged elastic band method (NEBM) [65].  

The relative stability of neutral and charged defects was assessed by computing 

defect ionization levels (µi).  At a given Fermi level (εF), the relative formation energy of 

a charged defect in charge state q = ± 1 to a neutral defect is given by Ef
q – Ef

0 = q(εF - 

µi), where εF is given relative to the valence band maximum (EV). Thus, the defect levels 

can be approximated by: ED
q + q (Ev

q + µi) = ED
0, where ED

q and ED
0 are the total 

energies of the defects in q and neutral charge states, and Ev
q is the position of the 

valence band maximum in supercell ED
q.  In calculating a charged defect, a homogeneous 

background charge is included to maintain the overall charge neutrality in the periodic 
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supercell.  To account for the coulomb energy between the charged defect and the 

background charge, a monopole correction is made to the total energy of the charged 

system [79].  Assuming a point-like +1 charge defect in the 64-atom supercell, the 

monopole correction is estimated to be approximately 0.16 eV. 

8.3 STABILITY AND STRUCTURE OF THE F-SII PAIRS 

In Figure 8.1(a), the formation energy of the (unbound) F-Sii pair relative to 

crystalline Si and the neutral bond-centered F interstitial (Fbc
0) is shown as a function of 

the Fermi energy.  Here, the computed Si gap of 0.63 eV is used.  The positively-charged 

F-Sii pair is found to be the most stable pair up to a Fermi level of 0.40 eV, after which 

the neutral pair becomes more stable.  The F-Sii
- pair was found to be less energetically 

favorable than the neutral and positively charged pairs with its acceptor level occurring 

near the conduction band edge.  Next, the formation energy of interstitial F was computed 

so that the binding energy of the F-Sii pair could be estimated.  Figure 8.1(b) shows Fbc
+ 

is the lowest energy structure up to a Fermi level of 0.35 eV, after which Ftet
- becomes the 

minimum energy structure.  The same computed band gap and reference energy states are 

used for Figure 8.1(b) as was used for Figure 8.1(a).  The donor and acceptor levels in 

Figure 8.1(b) are in reasonable agreement with earlier studies [14, 93].   



 

Figure 8.1: Variation in the formation energies of (a) F-Sii and (b) interstitial F as a 
function of the Fermi energy (εF).  The formation energies given in (a) and (b) are 
relative to Fbc

0 and crystalline Si. 

Based on the formation energies in Figure 8.1, a mid-gap binding energy of 0.95 

eV is computed for the F-Sii+ pair relative to the dissociation products Fbc
+ and (110)-split 

Sii
0.  Here, the F-Sii

+ binding energy is given by Eb(F-Sii
+) = Ef(F-Sii

+) - Ef(Sii
0) - 

Ef(Fbc
+), where Ef(Sii

0) is the (110)-split Sii
0 formation energy which is found to be 3.69 

eV.  In reality, the binding energy will be slightly lower since the +2 charged tetrahedral 

Sii is more stable than the (110)-split Sii
0, particularly below mid-gap [88].  Additionally, 
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the uncertainty in determining charged defect energies due to underestimation of the band 

gap by DFT leaves room for improvement in computing the F-Sii
+ binding energy [94]. 

The analysis of the electron localization functions (ELFs) for F-Sii (Figure 8.2; 

lower panels) can assist in understanding why the positively changed F-Sii pair is more 

favorable than the neutral pair.  An ELF can take on values between 0 and 1 where an 

ELF equal to 1 corresponds to perfect electron pair localization and an ELF equal to ½ 

corresponds to a homogeneous electron gas-like pair probability [66].  For F-Sii
0, the 

center lattice Si atom (SiO) is bonded to two neighboring lattice Si atoms (SiC, SiD), the 

interstitial Si atom (Sii), and the F atom, while Sii is bonded to SiO, SiA, and SiB in the sp3 

configuration.  Note that SiO was initially connected to SiA, SiB, SiC, and SiD.  From the 

plot of ELF isosurfaces, it can be noted that the Si-Si bonds associated with F-Sii
0 are 

highly distorted, which in turn results in high strain energy.  For F-Sii
+, on the other hand, 

SiO is covalently bonded to SiB, SiC, SiD, in the sp2 configuration, and forms an ionic 

bond with F that results from charge transfer from SiO to F.  Additionally, the ELF 

isosurface [Figure 8.2(b)] demonstrates the formation of a polar covalent bond between 

Sii and SiA, with a greater amount of bonding electrons towards SiA.  This bonding 

structure leaves a lone electron pair on Sii, and also results in less strain than the neutral 

structure.  



 

Figure 8.2: (Upper Panel) Lowest-energy structures of (a) F-Sii
0 and (b) F-Sii

+.  (Lower 
Panel) Electron localization functions (ELFs) of the corresponding F-Sii complexes.  The 
value of the ELF isosurfaces is set at 0.75.  The green and yellow atoms represent F and 
Si, respectively.    

8.4 FORMATION OF THE F-SII
+ PAIR 

 70

In Figure 8.3, a viable route for F-Si+ pair formation is identified starting from a 

(110)-split Sii and a bond-centered F (Fbc).  Here, each supercell [(a)-(d)] contains a 

single positive charge.  In (a), a (110)-split Sii
 approaches to Fbc and overcomes an 

association barrier of 0.24 eV to form (b) where the Sii lies in an approximate tetrahedral 

position adjacent to Fbc.  From (b), the Sii overcomes a 0.57 eV barrier to form the 

unbound F-Sii
+ pair shown in (c).  The dissociation barrier to form the separated (110)-

split Sii and Fbc in (a) from (c) is found to be 1.28 (= 1.04+0.24) eV.  Next, it is found that 

the bound F-Sii
+ pair [(d)] can form when the unbound F-Sii

+ pair [(c)] surmounts a 



barrier of 0.80 eV.  To return from (d) to (c), an energy barrier of 0.88 eV must be 

overcome.  The bound and unbound pairs were identified in a previous work, in which it 

was concluded that the F-Sii
+ pair could not diffuse based on an estimated barrier of 1.4 

eV to jump from (d) to (c) [93].  In this work, it is found that the F-Sii
+ pair does diffuse; 

however, as will be illustrated, the diffusion is due to the mobility of the unbound F-Sii
+ 

pair [(c)], not the bound F-Sii
+ pair [(d)]. 

 

Figure 8.3: (Upper Panel) Formation mechanism for F-Sii
+ including (a) separate Sii and 

bond-centered F interstitial, (b) an approximate tetrahedral Sii adjacent to a bond-
centered F interstitial, (c) an unbound F-Sii

+ pair, and (d) a bound F-Sii
+ pair. (Lower 

Panel) Energetics (in eV) along the F-Sii
+ formation pathway.   
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8.5 DIFFUSION OF THE F-SII PAIR 

Figure 8.4 shows the local minima and saddle points (upper panel), together with 

the total energy variations along the lowest energy path identified for F-Sii
+ migration 

(lower panel).  In the initial diffusion step from (a) to (c), F diffuses at a cost of 0.49 eV 

between neighboring lattice Si atoms through a metastable state (b).  This initial step is 

followed by the reorientation of F from (c) to (d) which has a smaller barrier of 0.18 eV.  

The overall diffusion barrier is predicted to be 0.49 eV.  In the metastable state (b), the Sii 

is in a hexagonal site with F equidistant between neighboring lattice Si atoms.   

 

Figure 8.4: (Upper Panel)  Diffusion mechanism for F-Sii
+.  (Lower Panel)  Energetics 

(in eV) along the F-Sii
+ diffusion pathway.   
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Since the F-Sii
0 pair becomes more stable than F-Sii

+ pair above mid-gap 

according to Figure 8.1, the diffusion pathway of the neutral pair was also investigated. 

Figure 8.5 shows the atomic structures of the local minimum saddle points (upper panel), 

along with the energy changes associated with the diffusion of the F-Sii
0 pair along it 

diffusion path (lower panel).  The diffusion path for the F-Sii0 pair is distinctly different 

from that of the F-Sii
+ pair.  In the neutral case, the Sii is able to assume the position of a 

[100] silicon interstitial in (b) at an energy cost of only 0.13 eV prior to the transfer of the 

F to a silicon neighbor as shown in (c) by overcoming a barrier of only 0.07 eV.  Once 

the F is transferred to a new silicon atom, it undergoes two reorientation steps from (c) to 

(d) and (d) to (e) at costs of 0.17 eV and 0.09 eV, respectively.   

 

Figure 8.5: (Upper Panel)  Diffusion mechanism for F-Sii.  (Lower Panel) Energetics (in 
eV) along the F-Sii diffusion pathway. 
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From Figure 8.1, the cost of elevating the unbound F-Sii
+ pair to a neutral state 

under intrinsic conditions is minimal (about 0.1 eV).  If a charge variation (F-Sii
+ → F-

Sii
0 → F-Sii

+ ) is allowed during the diffusion, the overall diffusion barrier for F-Sii
+ pair 

diffusion may lower from 0.49 eV to approximately 0.4 eV under intrinsic conditions.  

Based on the formation and diffusion mechanisms presented, it is expected that a 

mobile Si interstitial and F interstitial bind to form a F-Sii
+ pair that will oscillate between 

a bound and unbound state as shown in Figure 8.2.  It is the unbound pair that is capable 

of rapid diffusion at a cost of 0.49 eV, with the potential for a lower migration barrier if 

charge transfer to the neutral pair occurs.  With its high mobility and 1.3 eV dissociation 

barrier, it is likely that F-Sii
+ pair will play an important role in F redistribution as well as 

F precipitate dissolution, as predicted by earlier experiments [16, 91, 92]. 

8.6 SUMMARY 

In summary, plane-wave basis, pseudopotential total energy calculations were 

performed to determine the stability, diffusion, and dissociation of F-Sii complexes.  

Based on the computed Si gap of 0.63 eV, at midgap, the binding energy of F-Sii
+ is 

estimated to be 0.95 eV relative to dissociation products Fbc
+ and (110)-split Sii

0.  The F-

Sii
+ complex is also predicted to undergo diffusion with a barrier of 0.49 eV and 

dissociate with a barrier of 1.30 eV.  The high mobility and sizable dissociation barrier of 

the F-Sii
+ pair suggests the importance of Si interstitials in determining the distribution of 

implanted F during post-implantation annealing.  The fundamental understanding will 

assist in developing an improved kinetic model to describe the behavior of co-implanted 

F in the formation of ultrashallow junctions. 
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Chapter 9:  Deactivated Boron-Silicon Interstitial-Fluorine Complex in 
Crystalline Silicon 

9.1 INTRODUCTION 

Ultrashallow junction fabrication involves low energy, high dose dopant 

implantation followed by a high temperature thermal anneal.  During the high 

temperature anneal, dopant interactions with implant generated defects are known to 

result in dopant transient enhanced diffusion (TED) and deactivation.  In order to reduce 

these undesired behaviors during boron (B) junction formation, fluorine (F) is often co-

implanted into silicon.  A detailed understanding of F interaction with B is essential to 

optimizing the use of F as a co-implant in B-doped junction formation.   

Several researchers have reported on the benefits of F co-implantation.  An early 

experiment showed that B implanted into F pre-amorphized silicon resulted in shallower 

junctions and better activation than a molecular BF2 implant [95].  A subsequent 

experiment showed the benefits from F co-implantation can be attributed to a chemical 

effect that is independent of the benefits due to pre-amorphization [96].  Several recent 

experimental [12, 15, 93, 97] as well as theoretical reports [14, 93] conclude that the 

benefits of the F co-implant are due to the formation of F-vacancy complexes which act 

as traps to suppress the interstitial population.  Experiments using positron annihilation 

spectroscopy have succeeded in detecting F-vacancy complexes [16, 98].  While F-

vacancy complexes seem to play a key role in providing the benefits of F co-

implantation, experimental results have also suggested that F can interact with silicon 

interstitials [16, 99], as well as with the B dopant [12, 100].  The direct interaction of B 

with F remains a source of controversy.  While an early report suggested that direct 

interaction between B and F could suppress B TED [100], other reports observe no 

apparent interaction between B and F [97, 99].  Cowern et al. recently showed that 
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overlapping B and F profiles in pre-amorphized Si prior to annealing can result in B TED 

suppression at the cost of B deactivation, while both B TED suppression and high B 

activation can be achieved if the F profile is implanted deeper than the B profile [12].  

They conclude that while interstitials are suppressed by F-vacancy traps in the former 

case, a F-B interaction results in B deactivation and TED suppression in the latter case.   

In this chapter, a neutral B-Sii-F complex in crystalline Si is identified as the 

potential source of the purported B-F interaction.  In the B-Sii-F structure, the B and F 

atoms are bridged by a Sii with the B maintaining a deactivated configuration.  The F-Sii-

B structure is determined to have a binding energy of 0.75-1.40 eV with respect to B-Sii
+ 

and interstitial (bond-centered) F+ below mid-gap and a binding energy of 1.40 eV with 

respect to B-Sii
+ and Bs

- below mid-gap.  The B-Sii-F structure can simultaneously 

account for B TED suppression and deactivation. 

9.2 COMPUTATIONAL DETAILS 

All structures and energetics are calculated using the plane-wave density 

functional theory (DFT) program VASP [70] with Vanderbilt-type ultrasoft 

pseudopotentials [71].  The generalized gradient approximation (GGA) [69] was used for 

the electron-electron exchange-correlation.  A plane-wave cutoff energy of 320 eV was 

used along with a 4×4×4 mesh of k points in the scheme of Monkhorst-Pack for the 

Brillouin zone sampling [72].  All defect systems examined here were modeled using 

216-atom supercell with a fixed lattice constant of 5.457 Å.  All atoms were relaxed with 

the conjugate gradient method until residual forces on atoms were less than 5×10-2 eV/ Å.   

The charging of impurity/dopant was carefully assessed by computing defect 

ionization levels (µi).  At a given Fermi level (εF), the relative formation energy of a 

charged defect in charge state q = ± 1 to a neutral defect is given by Ef
q – Ef

0 = q(εF - µi), 

where εF is given relative to the valence band maximum (EV).  Thus, the defect levels can 



be approximated by ED
q + q (Ev

q + µi) = ED
0, where ED

q and ED
0 are the total energies of 

the defects in q and neutral charge states, and Ev
q is the position of the valence band 

maximum in supercell ED
q.  In calculating a charged defect, a homogeneous background 

charge is included to maintain the overall charge neutrality in the periodic supercell.  To 

account for the Coulomb energy between the charged defect and the background charge, 

a monopole correction is made to the total energy of the charged system [79].  Assuming 

a point-like +1 charge defect in the 216-atom supercell, the monopole correction is 

estimated to be approximately 0.11 eV.   

9.3 STABILITY AND STRUCTURE OF THE B-SII-F COMPLEX 

The B-Sii-F structure identified is shown in Figure 9.1(a).  In this complex, the B 

and Sii share a lattice site with a bond oriented in the [100] direction.  In this 

configuration, B is in a neutral state with perfect sp2 hybridization.  The Sii that bridges 

the B and F atoms also has sp2 hybridization with a p-orbital which bonds with the F 

atom.  The bonding in the B-Sii-F structure can clearly be seen in Figure 9.1(b), which 

shows a contour plot of the charge density of the plane defined by the B, Sii, and F atoms. 

 

Figure 9.1: The (a) B-Sii-F structure and (b) a contour plot of the charge density of the 
plane defined by B, Sii, and F in the B-Sii-F structure.    
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Next, the formation energies of F interstitials and mobile B-Sii pairs that are likely 

to bind to form the B-Sii-F structure were examined.  The formation energies of several F 

interstitials and B-Sii pairs are shown in Figure 9.2.  These energies are computed with 

respect to a neutral substitutional B (Bs
0), a neutral bond-centered F interstitial (Fbc

0), and 

crystalline Si.  The donor and acceptor levels for F interstitials [14, 93] and B-Sii [23] 

pairs shown in Figure 9.2 are consistent with previous results.  The formation energy of 

B-Sii-F is calculated to be 0.77 eV with respect to the same reference states used for 

computing the formation energies of F interstitials and B-Sii pairs.  

 

Figure 9.2: Formation energies (Ef) in eV of (a) F interstitials and (b) B-Sii interstitial 
pairs in different charge states as a function of the Fermi level.  The reference states are 
Bs

0, Fbc
0, and crystalline Si. The computed GGA band gap of 0.63 eV is used here.    

 78



The formation energies shown in Figure 9.2 are used to determine the binding 

energy of the B-Sii-F complex with respect to its potential dissociation products.  The 

binding energy is defined as the sum of the formation energy of the F interstitial and B-

Sii pair less the formation energies of B-Sii-F.  The binding energy of B-Sii-F with respect 

to its dissociation products is shown in Figure 9.3.  The minimum binding energy of 0.75 

eV occurs under highly doped-extrinsic conditions (valence band edge), where the 

dissociation products are B-Sii
+ and Fbc

+.  As the Fermi level is elevated to mid-gap, the 

binding energy of B-Sii-F increases to 1.40 eV relative to B-Sii
+ and Fbc

+.  The computed 

binding energy values are independent of the reference states chosen for the calculation 

of formation energies. 

 

Figure 9.3: Binding energy (Eb) in eV of B-Sii-F with respect to its potential 
dissociation products.  The computed GGA band gap of 0.63 eV is used here.    
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A recent theoretical study determined that a mobile F-Sii pair exists [101].  For 

this reason, the dissociation of B-Sii-F with respect to the mobile F-Sii pair and Bs was 

also investigated.  The formation energies of F-Sii and Bs are shown in Figure 9.4 and are 



used to determine the binding energy of B-Sii-F with respect to the dissociation products 

F-Sii and Bs.  Here, the binding energy is defined as the sum of the formation energies of 

the F-Sii pair and Bs less the formation energy of B-Sii-F.   Below mid-gap, the binding 

energy of B-Sii-F is determined to be 1.40 eV with respect to the dissociation products F-

Sii
+ and Bs

-.  Since the binding energy of B-Sii-F with respect to B-Sii
+ and Fbc

+ is lower 

than that with respect to F-Sii
+ and Bs

- below mid-gap, the former pair of products would 

be expected of B-Sii-F dissociation under extrinsic conditions.  However, under intrinsic 

conditions the dissociation of B-Sii-F to either set of products is equally likely as the 

binding energies of the two pairs of dissociation products are about equal. 
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Figure 9.4: Formation energies (Ef) in eV of (a) F-Sii pair and (b) Bs in different charge 
states as a function of Fermi level.  The reference states are Bs

0, Fbc
0, and crystalline Si.  

The computed GGA band gap of 0.63 eV is used here.    
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A previous attempt at determining a B-F interaction in crystalline silicon 

identified a neutral Fbc-Bs complex [93].  The Fbc-Bs complex is computed here to have a 

formation energy of -1.11 eV relative to crystalline Si, Fbc
0, and Bs

0 and a binding energy 

of 0.57 eV relative to the dissociation products Fbc
+ and Bs

- below mid-gap.  Here, the 

binding energy is defined as the sum of the formation energies of the Fbc
+ and Bs

- less the 

formation energy of Fbc-Bs and is consistent with the value computed in the previous 

work [93].  The lower binding energy of the Fbc-Bs complex relative to that of the B-Sii-F 

indicates that the effect of Fbc-Bs will be less significant than that of B-Sii-F. 

9.4 ROLE OF B-SII-F COMPLEX IN B TED SUPPRESSION AND B DEACTIVATION 

The B-Sii-F complex identified in this paper is stable enough to explain both the 

TED suppression and boron deactivation recently observed by Cowern et al. [12] 

following the annealing of overlapping fluorine and boron profiles that were implanted in 

Ge pre-amorphized silicon.  The formation of B-Sii-F complexes that deactivate and 

immobilize B will be highly dependent on the local concentrations of B, F, and Sii in the 

substrate.  In the case of the overlapping B and F profiles in the experiment by Cowern et 

al., the nearly equal B and F concentration coming into contact with a Sii flux due to the 

pre-amorphization implant create favorable conditions for the formation of B-Sii-F.  The 

severe B deactivation after brief annealing (100 sec at 800 °C) is strongly indicative of a 

deactivating complex containing both F and B.   

The recovery of B activation after prolonged annealing (300 sec at 800 °C) was 

observed in the above experiment.  This recovery can potentially be attributed to the 

break-up of B-Sii-F as dissociated Si interstitials escape to the Si surface and prevent the 

reformation of B-Sii-F complexes.  The transient existence of these B-Sii-F complexes 

may help explain why some experimental reports [97, 99] do not observe any direct 

interaction between B and F concentration profiles.  If the annealing time is long enough, 
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the dissolution of B-Sii-F complexes may be complete.  Alternatively, a high enough 

annealing temperature may limit the binding of B-Sii-F complexes. 

The existence of B-Sii-F complexes lends support to the concept that the F co-

implant can prevent B TED in more than one way.  While the B-Sii-F complex may arrest 

the diffusion of B-Sii pairs, F-vacancy traps may suppress the Sii concentration silicon, 

thereby reducing the likelihood of mobile B-Sii pair formation.   

9.5 SUMMARY 

In summary, the structure of a stable B-Sii-F in crystalline Si in which B 

maintains a deactivated state has been identified.  The F and B atom in this structure are 

connected by the Sii.  The F-Sii-B structure is determined to have a binding energy of 

0.75-1.40 eV with respect to B-Sii
+ and interstitial (bond-centered) F+ below mid-gap and 

a binding energy of 1.40 eV with respect to B-Sii
+ and Bs

- below mid-gap.  This structure 

can help to account for the observed B and F interaction that results in B deactivation and 

TED suppression when B and F are co-implanted.   
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Chapter 10:  Dissertation Contributions and Future Research 
Directions 

10.1 SUMMARY OF DISSERTATION CONTRIBUTIONS 

As silicon transistor scaling continues, precise control of dopant diffusion and 

activation is necessary to fabricate ultrashallow junctions, which improve device 

performance.  Ultrashallow junction (USJ) fabrication typically involves low energy, 

high dose dopant implantation followed by a high temperature thermal anneal.   The 

interaction of silicon defects with implanted dopants during annealing results in enhanced 

dopant diffusion and dopant clustering, which inhibits the achievement of shallow 

junctions with high dopant activation.  In order to achieve sub-10 nm junctions with high 

dopant activation, a detailed atomic-level understanding of dopant-defect interactions 

during USJ is necessary.  Arsenic (As) is the most widely used n-type dopant for USJ 

formation and fluorine (F) is a common impurity co-implanted with dopants to improve 

USJ properties.  In this dissertation, density functional theory (DFT) was used to present 

i) a detailed atomic-level understanding of how silicon interstitials influence the diffusion 

and clustering behavior of arsenic during USJ formation, as well as ii) a description of the 

interactions of fluorine impurities with silicon interstitials and boron dopants during USJ 

formation. 

In the first part of this research, the impact of silicon interstitials on As behavior 

during post-implantation thermal annealing was investigated.  Arsenic electrical 

deactivation is widely thought to be due to the formation of As-vacancy complexes [5, 6], 

while As transient enhanced diffusion (TED) is believed to be mediated by both 

vacancies and interstitials in silicon [7].  While vacancies play a role in diffusion and 

clustering processes, it is silicon interstitials that exist in excess during the initial stages 

of post-implantation thermal annealing [8].  During the onset of annealing, vacancies may 
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exist in the surface region of the silicon.  In Chapter 4, DFT calculations were used to 

investigate the recombination of silicon interstitials with As-vacancy complexes [77].  

Negligible kinetic barriers were found to exist for interstitial recombination with the 

vacancies of AsmV (m=1-4) and AsmV2 (m=2,3).  Moreover, the energy gain from 

recombination is significant, indicating that interstitial recombination with AsmVn 

complexes will result in Asm (or AsmIn) complexes in the presence of excess interstitials.   

Next, silicon interstitial interactions with As dopants were examined.  The 

importance of silicon interstitials in mediating As TED has been shown by recent 

experimental reports [9-11].  In Chapter 5, DFT calculations were used to examine the 

pairing of silicon interstitials (Sii) with As dopants to form mobile arsenic-interstitial (As-

Sii) pairs [81].   The structure, stability, and diffusion of As-Sii pairs in the negative, 

neutral, and positive charge states are determined.  These findings suggest that neutral 

As-Sii pairs dominate diffusion under intrinsic conditions while negative and neutral As-

Sii pairs both contribute under extrinsic conditions.  These results show in atomic-level 

detail how interstitials mediate As TED.  In Chapter 6 and 7, the role of interstitials in 

mediating As agglomeration is examined with DFT calculations. First, the formation and 

diffusion of the diarsenic (As2I) complex were examined [89].  While its large migration 

barrier will limit its role in As TED, it is expected that the As2I complex can serve an 

intermediate during arsenic agglomeration.  Lastly, a potential route for interstitial-

mediated formation of deactivating arsenic-vacancy clusters is proposed in chapter 7 

[102].  Based on DFT calculations, the atomic structures of newly determined neutral As-

interstitial complexes (AsmIn, m ≤ 6 and n ≤ 3) are presented and their formation energies 

are compared to those of As-vacancy complexes (AsmVn, m ≤ 6 and n ≤ 2).  Based on 

these results, it is explained how interstitials can mediate the agglomeration of As-
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interstitial complexes that can eject interstitials to form deactivated As-vacancy 

complexes. 

In the second part of the dissertation, the interaction of F impurities with silicon 

interstitials and boron dopants was carefully examined.  F is commonly co-implanted 

with dopants in order to control the behavior of the silicon defects responsible for dopant 

TED and dopant clustering.  A recent experiment suggests that Si interstitials will play an 

important role in F redistribution [16]. In Chapter 8, DFT calculations were used to 

examine the stability, diffusion, and dissociation of the fluorine-silicon interstitial (F-Sii) 

pair [101].  A stable F-Sii pair in the singly positive charge state is identified and is found 

to undergo diffusion with a small migration barrier.  Recently, several experimental 

studies have suggested an interaction of F with B that immobilizes and deactivates B 

during USJ formation [12].  In Chapter 9, a stable B-Sii-F structure was identified in 

which B possesses a three-fold coordinated structure, implying that B is electrically 

deactivated in the structure [103].  This B-Sii-F may be responsible for observed 

interactions between F and B. 

In order to meet future USJ requirements, precise knowledge of dopant and 

impurity behavior in silicon will be necessary.  The research in this dissertation has made 

great strides toward understand the behavior of As dopants and F impurities during USJ 

formation. 

10.2 FUTURE DIRECTIONS FOR RESEARCH 

Over the next decade, transistors will continue to scale until junctions with depths 

of 5 nm will be about thirty atomic layers thick.  In these confined regions, several factors 

will be vitally important.  First, although re-crystallization of doped regions may occur 

very rapidly, the behavior of dopants in amorphous silicon and at the rapidly moving 

amorphous-crystalline interface will become critical.  Second, the dopant behavior in the 



 86

first several atomic layers of the doped regions will differ from the rest of the doped 

region as it will be affected by the strain induced from the silicon-oxide interface.  Both 

of the factors need to be well understood in order to optimize junction formation. 

 In addition to the factors discussed above, manufacturers have started to 

introduce strain into the silicon in order to increase the mobility of charge carriers into 

the transistor channel.  The effects of strain are uncertain and modeling of dopant 

behavior in these regions will be necessary. 

Lastly, in this dissertation some important behaviors of F in Si were explained.  

However, F has been shown to exhibit very complicated behavior in silicon and a 

complete understanding of how it controls defect populations is lacking.  Particularly, a 

careful explanation of the formation and dissolution of F-vacancy complexes is needed.  

In this chapter, some preliminary progress toward explaining this behavior is presented. 

10.2.1 Dopant Behavior in Amorphous Silicon During Recrystallization 

As highly-doped regions in silicon-based devices scale down, there is an 

increased realization that dopant behavior in a-Si will have an important impact on 

dopant diffusion and activation.  It has been experimentally reported that boron (B) can 

diffuse much faster in a-Si than in crystalline silicon (c-Si) [104], suggesting that other 

dopants may also diffuse rapidly in a-Si.  In addition, experiments have suggested that the 

degree of arsenic deactivation may be influenced by the extent of arsenic clustering in a-

Si [105].  Lastly, during silicon re-crystallization, it has been experimentally observed 

that at high concentrations many dopants and impurities strongly segregate toward the 

amorphous phase at the a-Si/c-Si interface [106].  A collective understanding of all of 

these dopant behaviors during silicon regrowth will be valuable to optimizing the 

conditions for junction fabrication.   
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As a first step, the diffusion of the common dopants should be examined in a-Si.  

A recent experimental report examined B diffusion in a-Si [104].  In the study, a B profile 

implanted into Si was annealed for 40 minutes at 500 C such that the boron profile was 

contained in a-Si for the duration of the anneal.  During annealing, substantial boron 

diffusion was observed, indicating that boron diffusion in a-Si can be significant.  While 

interstitials and vacancies mediate dopant diffusion in c-Si, the defects that exist in a-Si 

are the floating bond, an over-coordinated Si atom, and the dangling bond, an under-

coordinated Si atom [107].  To understand in detail how dangling and floating bonds 

influence dopant diffusion in a-Si, ab initio molecular dynamics (MD) can be used.  

Previously, ab initio MD was used to show that a floating bond can mediate H diffusion 

a-Si [108].  Once the diffusion mechanism for the B dopant is understood, it may be 

possible to understand how n-type dopants like As and P can diffuse in a-Si.    

In addition to studying dopant diffusion in a-Si, dopant clustering in a-Si should 

also be examined. As reported experimentally, the extent of As deactivation has been 

correlated to the length of existence of the a-Si phase during the regrowth of implant 

damaged silicon [105].  Specifically, the study concludes that more dopant clustering 

occurs if a slower temperature ramp rate is used during annealing, allowing for longer 

existence of the a-Si phase.  From an atomic level perspective, it is difficult to imagine 

that it is energetically favorable for dopants to cluster together in a-Si.   This is because 

isolated dopants should easily be able to assume their lowest energy deactivated 

configurations in the a-Si network and should not have to cluster to assume a more stable 

configuration.  Therefore, it seems likely that the apparent dopant clustering in a-Si may 

be strongly influenced by dopant segregation into the a-Si phase across the a-Si/c-Si 

interface during silicon crystallization.  When dopants segregate into a-Si, they will 

collect together in these regions during recrystallization, which will result in high dopant 
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concentrations in a-Si.  With higher dopant concentrations, dopant clustering and 

subsequent dopant deactivation become more likely.   

Many dopants and impurities segregate into the a-Si phase during low-

temperature silicon crystallization as they are poorly soluble in the c-Si phase [106].  

Dopants which heavily redistribute during re-crystallization include arsenic, phosphorus, 

antimony, tin, gallium, bismuth, and indium [106].  Boron is not expected to exhibit 

much redistribution [106].  To avoid dopant/impurity redistribution, higher crystallization 

temperatures can be used, which will cause Si crystallization to occur at a faster rate that 

dopants can segregate into the amorphous phase.  

A study of the trade-off between recrystallization temperature and dopant 

segregation and subsequent clustering would be extremely valuable to the junction 

engineering community.  To understand this phenomenon, new tools would need to be 

developed to understand atomic-level behavior on larger time and length scales than are 

possible using ab initio methods.  The accuracy of larger scale simulation tools is always 

a concern.  Recently, a transferable reactive force-field method called ReaxFF has been 

developed that takes into account the order of each bond and includes a geometry-

dependent polarizable charge distribution [109].  For this reactive force field method, 

force field parameters are fitted to data obtained using ab initio calculations.  ReaxFF 

would be an excellent tool used to study dopant behavior during recrystallization.  Some 

studies of B dopant segregation during silicon regrowth have already been performed 

[110, 111] using tight-binding methods.  However, tight-binding methods are notorious 

for their unreliability.   

The investigation of dopant behavior in a-Si during silicon recrystallization 

represents an exciting and challenging new area for atomic-level modeling.  This 
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fundamental knowledge gained from these studies will provide valuable insight into 

dopant behavior during formation of advanced silicon transistors. 

10.2.2 Dopant Trapping at the Silicon-Silicon Oxide Interface 

It is well known that the final electrical parameters of silicon-based devices 

critically on the quality of the silicon-oxide interfaces present in each transistor on the 

device.  While next-generation oxides are under development, silicon oxide has widely 

been used for the oxide layer in these transistors.  During the fabrication process, dopants 

which have been implanted into silicon become trapped at the silicon-oxide interface.  

This phenomenon is referred to as dose loss and results in problems including increased 

resistances in source and drain regions as well as high shifts in threshold voltage [112].  

For the As dopant, dose loss is especially severe.  Experiments have shown that while 

half of the lost As dose will get trapped in the oxide, the other half becomes trapped 

within the first silicon monolayer at the interface [112].  Ab initio studies for n-type 

dopant pile-up at the silicon-oxide interface involve the trapping and de-trapping of n-

type dopant pairs have been proposed [113, 114].  However, these previous studies were 

performed with crystalline Si-SiO2 interfaces.  It is now feasible to generate interfaces 

between c-Si and amorphous SiO2 and study the trapping behavior [115].  At a realistic 

interface, where the strain is irregular, the trapping behavior may differ from that of an 

idealized crystalline interface.  Thus, additional ab initio studies are warranted.  

Additionally, while previous studies have focused on the trapping of dopant pairs (As2) at 

the Si-SiO2 interface, it may be possible for larger As agglomerates to become stabilized.  

In Figure 10.1, a newly identified As4 agglomerate is shown in which all As atoms are 

deactivated.  While this agglomerate is only 0.5 eV more stable than two separate dopant 

pairs in c-Si, it may be possible for it to become more stabilized at a Si-SiO2 interface due 

to strain release.  



 

Figure 10.1: An As4 structure in crystalline silicon (unpublished).  Arsenic atoms are 
green and silicon atoms are yellow. 

10.2.3 Strain Effects on Arsenic TED and Deactivation 

Within the next few years, the use of strain engineering to enhance the mobility of 

carriers within the channel regions of transistors will be a universal practice.  

Compressive strain is used to improve hole mobility and tensile strain is used to improve 

electron mobility.  However, integration of strained layers into the junction fabrication 

process may be hampered by the effects of strain on dopant diffusion and deactivation.  

Biaxial tensile strain of the silicon channel region is typically accomplished by depositing 

a silicon layer over a relaxed Si1-xGex layer of uniform composition which is grown over 

a graded Si1-xGex layer [116].  While experimental reports of As behavior in strained Si 

are scarce, a recent report found that the introduction of biaxial tensile strain into Si led to 

an increase in As TED, but no change in As activation [117].  The observed As TED 

behavior merits study using ab initio tools.  In unstrained Si, the fractional contributions 

to As TED thought to be due to vacancies and interstitials is 60% and 40%, respectively 

[9].  However, these fractions may change under strained conditions due to changes in the 

stability of mobile As-interstitial and As-vacancy pairs.  B TED is thought to be entirely 

mediated by silicon interstitials.  A recent ab initio study of B TED in biaxial tensile 
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strained Si layers predicted B diffusivity enhancements by a factor of 4 in the channel 

direction and 2 in the vertical direction in strained Si grown on a  Si0.8Ge0.2 layer [116].  

This is consistent with a recent experiment report which found a B diffusivity 

enhancement in biaxial tensile strained Si [118]. 

10.2.4 Dynamics of Interstitial Trapping by Fluorine 

F is commonly used as a co-implant to control the silicon interstitial population 

during post-implantation annealing of ultrashallow junction regions.  The current 

understanding as to how the F co-implant suppresses the interstitial population is that F 

impurities binds to vacancies generated during dopant implantation, so as to absorb 

interstitials that flux toward the silicon surface during post-implantation annealing.  In 

general, there is a net excess of interstitials following dopant implantation [8], so 

recombination of interstitials with F bound vacancies alone does not seem to fully explain 

interstitial suppression.  Additionally, the F interstitial suppression has been shown to be 

proportional to the square of the F dose [12], indicating that the suppression effect is not 

only due to the implantation generated vacancy concentration.  For these reasons, the 

dynamics of interstitial-trapping by fluorine still are not clearly described.  To better 

understand the fluorine-trapping phenomenon, the kinetics of interstitial recombination 

with F2V, F3V, and F4V were studied with ab initio calculations.  These energetics are 

shown in Figures 10.2, 10.3, and 10.4. 



 

Figure 10.2: (Upper Panel) Pathway for silicon interstitial (Sii) recombination with the 
F2V complex.  The white and yellow balls represent F and Si atoms, respectively.  
(Lower Panel) Corresponding energy barriers for the recombination process.   

 

Figure 10.3: (Upper Panel) Pathway for silicon interstitial (Sii) recombination with the 
F3V complex.  The white and yellow balls represent F and Si atoms, respectively.  
(Lower Panel) Corresponding energy barriers for the recombination process.   
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Figure 10.4: (Upper Panel) Pathway for silicon interstitial (Sii) recombination with the 
F4V complex.  The white and yellow balls represent F and Si atoms, respectively.  
(Lower Panel) Corresponding energy barriers for the recombination process.   

From a recent experimental report, it is clear that an interstitial flux can break-up 

F agglomerates [119].  To attempt to understand this phenomenon, minimum energy 

structures of FI, F2I, F3I, and F4I which could from interstitial absorption by F, F2, F3, and 

F4 were identified and are shown in Figure 10.5.  The corresponding formation energies 

for the Fn and FnI complexes (n = 1-4) are shown in Table 10.1.  Using the formation 

energies in Table 10.1, the binding energies of F, FI, and I to Fn and F to FnI are 

computed and shown in Figure 10.6.  The binding energies are defined as the sum of the 

formation energies of the two binding species minus the formation energy of the complex 

formed upon binding.   The binding energies for F, FI, and I illustrate how these 

complexes can participate in dissolution of Fn complexes.  To fully understand the 

behavior of F at high concentrations, a large scale simulation using a reactive force field 

may be necessary. 
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Figure 10.5: Minimum energy structure for (a) F, (b) F2, (c) F3, and (d) F4. 

 

Table 10.1: Formation energies of Fn and FnI complexes (n = 1-4) are given in eV.  
Reference structures are crystalline Si and the bond-centered F (Fbc) interstitial.   
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Figure 10.6: Binding energy of F, FI, and I to Fn (n=1-4) complexes as well as binding 
energy of F to FnI (n=1-4) complexes.  Binding energies are given in eV and defined as 
the sum of the formation energies of the two binding species minus the formation energy 
of the complex formed upon binding.   
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