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A great deal of attention has been paid to semiconductor nanowires due to their 

compatibility of conventional silicon-based technology.  Metal-catalytic vapor-liquid-

solid (VLS) and various solution-based techniques have widely been used to synthesize 

silicon/germanium (Si/Ge) nanowires.  It is well characterized that the crystallographic 

orientations, diameter sizes, and surface morphologies of semiconductor nanowires can 

be controlled by varying process conditions and metal catalysts.  Earlier experimental 

and theoretical studies have identified mechanism underlying metal catalyzed Si/Ge 

nanowire growth, involving Si/Ge diffusion into a metal catalyst, eutectic Si/Ge-catalyst 

alloy formation, and Si/Ge precipitation at the catalyst-nanowire interface.  However, 

little is known about the atomic-level details of the structure, energetics and dynamics of 

amorphous metal alloys such as gold-silicon (Au-Si) and gold-germanium (Au-Ge) 
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despite their importance for well controlled synthesis of Si/Ge nanowires, which is 

essential for the success of Si/Ge nanowires-based applications. 

Experiments provide many clues to the fundamental aspects of the behavior and 

properties of metal alloys, but their interpretations often remain controversial due largely 

to difficulties in direct characterization.  While current experimental techniques are still 

limited to providing complementary atomic-level, real space information, first principles 

based atomistic modeling has emerged as a powerful means to address the structure, 

function and properties of amorphous metallic alloys.  This thesis work has focused on 

developing a detailed understanding of the atomic structure, energetics, and oxidation of 

Au-Si alloys, as well as molecular mechanisms underlying Au-catalyzed Si nanowire 

growth.  In addition, the surface reconstruction and chemistry of Si nanowires has been 

examined, with comparisons to planar Si surfaces.      

In this dissertation, based on first principles atomistic simulations, we present: 1) 

the atomic structure, energetics, and chemical ordering of amorphous Au-Si alloys with 

varying Au:Si composition ratios; 2) the behavior of boron (B) in the Au-Si alloy, such as 

diffusion and agglomeration, and the effect of B addition on the atomic distribution of Si 

and Au, with implications for in-situ doping of Si nanowires; 3) the origin and structural 

ordering of Si surface segregation in the Au-Si alloy, providing important insights into 

the nucleation and early-stage growth of Si nanowires; 4) the interfacial interaction 

between the Au-Si alloy and various facets of crystalline Si, such as (111), (211), (110), 

(110), which explains well the underlying reasons for the growth direction of Si 

nanowires; 5) the oxidation of the Au-Si alloy; and 6) the surface reconstruction and 

chemistry of Si nanowires with comparisons to planar Si surfaces.   

Outcomes from the thesis work contribute to: clarifying the atomic structure, 

energetics and chemical ordering of amorphous bulk Au-Si alloys, as well as their 
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surfaces and interfaces; better understanding molecular mechanisms underlying the Au-

catalyzed synthesis of Si nanowires; and identifying the surface reconstruction and 

chemistry of Si nanowires.  The improved understanding can provide invaluable 

guidance on the rational design and fabrication of Si nanowire-based future electronic, 

chemical, and biological devices.  This thesis work also offers a theoretical platform for 

studying metal alloy systems with various applications.  
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Chapter 1:  Introduction 

1.1    BACKGROUND AND MOTIVATION 

The explosive growth of semiconductor industry is largely as a result of an 

unprecedented miniaturization of integrated circuits (ICs), and in turn faster speeds and 

increased functionality. The International Technology Roadmap for Semiconductors 

(ITRS) reveals that scaling device dimensions far beyond 100 nm will lead to limitations 

in fundamental design, materials, and processing of the Complementary Metal Oxide 

Semiconductor (CMOS) technology.  Electronic circuits built from silicon nanowires 

(SiNWs) and/or carbon nanotubes (CNTs) are one way in which the miniaturization trend 

could be continued with their compatibility of conventional Si-base technology.  Indeed, 

CNT/SiNW-based electronics has emerged as a highly viable platform, which could 

enable technology advances beyond CMOS. According to a recent report from a market 

research and consulting firm (NanoMarket) the unique properties of CNTs will create 

$3.6 billion in new business for the electronics and semiconductor sectors by 2009.  

Biggest near term opportunities for “nanotube electronics” may include: nanotube-based 

memory that will combine the speed of SRAM with the non-volatility of Flash, which 

should allow them to quickly penetrate the laptop, mobile phone and PDA markets; and 

nanotube-based field emission displays that combine the high-quality video of CRTs with 

the flatness of LCD and plasma displays.  However, there are some difficulties in 

precise control of the electronic properties of CNTs that depend largely on carbon mesh 

orientation.  Therefore, a great deal of attention has been paid to semiconductor 

nanowires due to the relative easy to modify their structure and in turn properties.  A 

closely watched startup has developed a process for using nanowires in thin-film-
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transistor (TFT) display panels for laptops, PDAs, liquid crystal monitors.  There has 

also been an effort to develop a nanowire-based substrate material for use in a biological 

assay device and future electronic device.  

Silicon/Germanium Nanowires: Metal-catalytic vapor-liquid-solid (VLS) [1-9] 

and various solution-based techniques [10] have widely been used to synthesize Si and 

Ge nanowires. It is well characterized that the crystallographic orientations, diameter 

sizes, and surface morphologies of semiconductor nanowires can be controlled by 

varying the process conditions and metal catalysts. The synthesis of Si nanowires with 

small diameters as small as 1.3 nm has been reported.  Such small-diameter 

semiconductor nanowires may show many unique physical and chemical properties, 

compared to their bulk counterparts.  In addition, their properties can be altered by the 

chemical doping and surface modification.  The potential ability to manipulate their 

properties on the atomic scale makes semiconductor nanowires attractive for a variety of 

future applications in electronics, optoelectronics, and sensors. Earlier experimental [11-

16] and theoretical studies [17-18] have identified the underlying mechanism for metal 

catalyzed Si/Ge nanowire growth, involving Si/Ge diffusion into a metal catalyst, eutectic 

Si/Ge-catalyst alloy formation, and Si/Ge precipitation at the catalyst-nanowire interface.  

However, little is known about atomic-level details for the early stages of Si/Ge nanowire 

growth, the determining factors for growth direction, and so forth. 

Carbon Nanotubes: Metal catalyzed chemical vapor deposition has been widely 

used to synthesize patterned CNTs [19] on metal electrodes.  The direct growth on metal 

electrodes is important for device production and it is essential to demonstrate a good 

electrical contact between the metal electrode and CNTs. In addition, the 

substrate/insulting materials and CNT growth conditions should be inherent to MOSFET 

fabrication. This requires a series of systematic investigation to find the optimum 
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materials and process conditions for growing individual CNTs in desired configurations. 

The growth and structure of metal-catalyzed CVD-CNTs are a complex function of metal 

catalysts, source gases, substrate materials, and other processing parameters. In fact, the 

synthesis itself has been the key challenge in developing CNT –based devices. The CNT 

formation is mainly determined by kinetics, rather than thermodynamics, such that 

chemical reactions and transport mechanisms must be fully understood. Due to such 

complex nature, mechanisms underlying CNT nucleation and growth are still mystery to 

investigators.  

Experiments may provide many clues to the fundamental mechanics of CNT and 

NW synthesis, but their interpretations often remain controversial due largely to 

difficulties in direct characterization. While current experimental techniques are still 

limited to providing complementary atomic-level, real space information, first principles-

based atomistic modeling can provide many valuable insights into the nucleation and 

growth of CNTs and NWs as well as their synthesis-structure relationships.  In this 

dissertation, emphasis will be placed on understanding the structural stability, energetics 

and bonding mechanism of metal-semiconductor alloy system in the bulk, on the surface, 

and at the interface by means of first principles study, which can be used as the 

applications of the growth mechanism and structural control of CNTs and Si/Ge-NWs.  

Progress from the highly interdisciplinary research will contribute greatly to (1) clearly 

understanding the relevant atomic-scale structural and chemical stabilities in the metal-

semiconductor alloy systems, (2) realizing experimental control of the atomic structure of 

CNTs and Si/Ge-NWs and (3) understanding their synthesis-structure-properties 

relationships, and will in turn (4) guide the rational design and fabrication of a variety of 

CNT/NW-based future electronic, chemical, and biological devices, without slow and 

costly try-and-modify fabrication cycles. Based on the clear understanding of such binary 
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system, first, we will present a number of interesting possibilities to study how the 

various situations can be investigated for the growth mechanism and growth directions of 

CNT/NWs by using the first principles atomic modeling. 

 

1.2    OBJECTIVE AND SCOPE 

 This dissertation work intends to gain the fundamental understanding of metal-

semiconductor alloy system, which can be used as the applications for the growth 

mechanism of silicon/germanium nanowires and carbon nanotubes, and provides good 

insights into their structure-properties relationship by using the atomic-level 

computational methods. This computational work is based on a combination of state-of-

the-art theoretical techniques at different time and length scales including: first principles 

Quantum Mechanics (QM), classical Molecular Dynamics (MD), and Monte Carlo (MC).  

Particular emphasis of this research is placed on investigating the structure and chemistry 

for the eutectic alloy, the behavior of the chemical impurity in the alloy, surface 

segregation, interfacial interaction of Au-Si alloy with crystalline Si, oxidation of the Au-

Si alloy, the behavior of Au atoms on H-terminated Si(111), and surface chemistry of the 

Silicon nanowires. Prior to this study, many questions to be answered come to my mind 

as follows : 

! What is the structural properties and chemical bonding nature of the Au-Si 

alloy? 

! What is the behavior of the chemical impurities in the alloy during SiNW 

growth nucleation? 

! How does Si/Ge NW nucleation occur in an Au nanoparticle?   

! How is Si/Ge supplied to the catalyst/nanowire interface?   

! What is the size effect of Au particles on Si/Ge NW formation? 
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! What are determining factors for Si/Ge growth direction?  

! What is the origin of surface segregation of Si atoms in Au-Si alloy system? 

! How is the surface of Si/Ge NWs reconstructed, and how does their surface 

reactivity differ from corresponding planar Si/Ge surfaces? 

! What is the oxidation mechanism of the Au-Si alloy and the equilibrium 

interfacial structure after oxidation?  

! How does the surface modification of Si/Ge NWs influence their electrical 

properties? 

! What is the effect of metal catalysts (Ni, Co, Fe, Au etc) on Si/Ge NW 

formation?  

The fundamental findings and data for the above questions, often unattainable by 

experiment alone, will further allow us to develop detailed kinetic and transport models 

for predicting the structure, composition, and growth pattern for CNTs and NWs as a 

function of process conditions, such as metal catalysts, source gases, substrate materials, 

pressure and temperature.  Results from the fundamental studies will also provide 

valuable insights to the relationship between the synthesis, structure, and properties of 

CNTs and NWs.  The goal of this theoretical work is not only to explain existing 

experimental observations, but also to predict new materials and process conditions. 

 

1.3   CURRENT UNDERSTANDING OF GOLD CATALYZED SILICON NANOWIRE 

GROWTH 

Nanowires are conventionally grown via the vapor-liquid-solid (VLS) process 

[first proposed by Wagner and Ellis in the 1960s], in which Si source atom from the 

vapor is incorporated into the growing nanowire via a low–melting point Au-Si eutectic 

alloy. Accurate determination of the atomic structure and physical properties of 
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amorphous metal-semiconductor eutectic alloys has been of great importance at the initial 

stage during the SiNW growth. Furthermore, the fundamental understanding for the 

thermodynamical stability and chemical bonding natures of the components in the metal-

semiconductor alloys has been required for the various advanced engineering 

applications. In this respect, we start this research with the fundamental understanding of 

the binary equilibrium phase diagram for the Au-Si system as shown in Figure 1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1  Binary equilibrium phase diagram for Au:Si and a schematic representation 
of the VLS growth of single crystal nanowires. 
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thermodynamic stability of alloying materials since these alloy system shows the specific 

chemical bonding natures and structural variations. Gold and silicon are two of the most 

commonly used elements in metal-semiconductor eutectic alloys. Eutectic alloy implies a 

formation of a liquid alloy at the temperature that is lower than melting temperature of its 

components. The word “eutectic” is commonly applied to describe the composition that 

has the lowest possible melting point of an alloy. For example, AuSi alloy with 18.6 

atomic % Si and 81.4 % Au melts at T=363 "C, while pure Au and pure Si are solid up 

to 1064 "C C and 1410 "C, respectively. 

Table 1.1 Eutectic temperatures of metallic alloys 

 

 

 

 

 

 

 

 

 

 

 

 

Bulk amorphous semiconductor systems crystallize at a temperature of over 930 

K [20-21]. These crystallization temperatures can be significantly lower when the 

amorphous semiconductor phase is in direct contact with metals in their eutectic phase 

Catalyst
melting temp

(°C)

eutectic

temp (°C)

eutectic

composition(%)
source

Ni 1455 800 38

Si

(1410)

Au 1064 363 18.6

Ag 962 831 31

Al 660 577 11.7

Ni 1455 762 35

Ge

(937.4)

Au 1064 363 18.6

Ag 962 651 31

Al 660 419 12



 8 

diagrams, Si/Au [22], Si/Ag [23],and Si/Al [24-25] systems as shown in Table 1.1. In this 

dissertation, first principles study can be used to complement existing experimental 

observations and also clarify the underlying atomic structure and chemical bonding 

natures of the Au-Si alloy, which can be used as the application for the microscopic 

understanding of the mechanisms of the growth of SiNW/CNT.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 My dissertation outlines : (a) amorphous Au-Si alloy system: structure, 
Energetics and Bonding, and the behavior of chemical impurities, (b) the 
interfacial interactions of the Au-Si alloy with crystalline Si, (c) the origin of 
surface segregation, (d) the oxidation of the Au-Si alloy, (e) the determination 
of crystallographic orientation, (f) Behavior of Au atoms on the H-terminated 
Si (111), and (g) the surface chemistry of SiNW. 
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1.4   ORGANIZATION OF THIS DISSERTATION 

In this section, the content of this dissertation is outlined as shown in Figure1.2. 

The main chapters will include the structural stability, energetics and chemical bonding 

natures of Au-Si alloy system (in bulk systems, on the surfaces, and at the interfaces), 

oxidation of Au-Si alloy, and the surface chemistry of the SiNWs. Basically, first 

principles study of the Au-Si alloy system can provide good insight into the detailed 

understanding of the growth mechanism and the determination of crystallographic 

orientations. In Chapter 2, the computational methods used to study atomic level behavior 

in my dissertation work are described.  The intent of the chapter 1 and 2 is to provide a 

sufficient background so that the work in the following chapters may be fully 

appreciated. 

In Chapter 3, the combined Modified Embedded Atom Method (MEAM) and 

density functional theory calculations are used to investigate the structures, energetics, 

and bonding of amorphous Au-Si alloys. In this chapter, we determine the variations in 

the mixing energy and alloy volume with varying Au:Si composition ratios. Then, the 

local order in Au-Si alloys is presented using calculation and analysis of the radial 

distribution function and atomic coordination number. In addition, the nature of local 

packing in the Au-Si alloy particularly with moderate Si content is discussed. We also 

discuss the Si-Au p-d hybridization bonding mechanism based on density of states 

analysis. 

 In Chapter 4, we examine the behavior of chemical impurity (boron) in the Au-

Si alloy. In this chapter, we suggest that even the single dopant B can control the dynamic 

mobility of the Si atoms and change the Au-Si composition in the first and second 

neighbor shells. The addition of Boron atoms enhances Si aggregation by trapping the 

surrounding Si atoms, accelerates an atomic rearrangement of Au atoms in the alloy 
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system. The clustering origin of boron atoms in the various alloy system will be 

discussed with the chemical bonding stability between B-B.   

In Chapter 5, surface segregation of Si atoms in the binary Au-Si system will be 

discussed. Using the alloy surface structure constructed by means of a combination of the 

MEAM and ab initio molecular dynamic simulation, we present that the surface ordering 

and its origin directly related to the apparent stability for the Au 5d state splitting at the 

surface. The comparison between the surface structure and the bulk Au-Si alloy system 

will be discussed with the structural ordering and the chemical stability of Si atom.  

In Chapter 6, the interfacial interaction of the Au-Si alloly with the c-Si planes 

[(a) (100), (b) (110), (c) (111), and (d) (211)] has been intensively investigated to prove 

the structural and chemical stability of the Si (111) surface compared to other surfaces. In 

this chapter, we will present that the edge Si atoms of the Si (111) plane have the anti-

bonding states with Au atoms resulting in the strong covalent bonding network between 

Si atoms. We present that the crystallographic orientation of the SiNW growth can be 

understood in terms of the angle combination between the stable interfacial planes and 

the flat surface of growth direction formed at the interface.  

In Chapter 7, we first investigate the reaction of oxygen molecules with the Au-Si 

alloy surface and oxidation mechanism of the Au-Si alloy using the Au-Si alloy/a-SiO2 

interfacial structure generated by a combination of the Monte Carlo, MEAM potential 

and density functional calculations. In this chapter, we present that O atoms preferentially 

bind with Si atoms at the interface. The oxidation reaction is strongly exothermic with 

low activation barriers. Finally, we present the schematics for the oxidation mechanism at 

the interface between Au-Si alloy and a-SiO2. 

In Chapter 8, density functional theory calculations are used to illustrate the stable 

adsorption structure of Au atom and the diffusion and clustering of Au atoms on the H-
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terminated Si (111). The diffusion and clustering mechanism of Au atoms on the H-

terminated Si surface is determined by the interaction between H/Au and Si substrate. A 

further investigation is underway to understand the difference in bond strengths of Au-Si 

and H-Si and the concept of Au/H analogy because both are directly related to the 

diffusion and clustering stability of Au atoms.  

In Chapter 9, we will discuss a detailed study on the surface reconstruction of the 

SiNW grown along the (110) direction and on the adsorption of organic species (H2O and 

NH3) on the SiNW surface in comparison to the planar surfaces. In this chapter, we will 

present the non-local effect of the polar molecules (H2O and NH3) the Si surface and 

discuss the mechanism for the formation of molecular wires on the Si surface. 

 

1.5   REFERENCES 

[1]  J. Westwater, D. P. Gosain, S. Tomiya, S. Usui, H. Ruda, J. Vac.Sci. Technol.B, 15, 

554(1997).  

[2]  R. S. Wagner, W. C. Ellis, Appl. Phys. Lett.  4, 89 (1964). 

[3]  E. I. Givargizov, Journal of Crystal Grwoth, 31, 20 (1975). 

[4]  D. Wang, H. Dai,  Angew. Chem., 41,4783 (2002).  

[5]  T. I. Kamins, X. Li, R. S. Williams, Nano Lett. 4, 503 (2004).  

[6]  C. C Chen, C. C. Yeh, C.H. Chen, M. Y. Yu, H. L. Liu, J. J. Wu, K. H. Chen, L. C. 

Chen, J. Y. Peng, Y. F. Chen, J. Am. Chem. Soc. 123, 279 (2001).    

[7]  X. F. Duan, C. M. Lieber, Adv. Mater. 12, 298 (2000).       

[8]  E. A. Stach, P. J. Pauzauskie, T. Kuykendall, J. Goldberger, R. R. He, P. D. Yang, 

Nano Lett. 3,867 (2003).       

[9] M. H. Huang, Y. Y. Wu, H. Feick, N. Tran, E. Weber, P. D. Yang, Adv. Mater. 13, 

113 (2001). 



 12 

[10]  T. Hanrath, B. A. Korgel, Adv. Mater. 15, 437 (2003). 

[11]  L. Hultman, A. Robertsson, H. T. G. Hentzell, I. Engstrom, and P. A. Psaras, J. 

Appl. Phys., 62, 3647 (1987).     

[12]  F. A. Quli, and J. Singh, Materials Science and Engineering B67, 139 (1999).  

[13]  Y. Ishikawa, T. Saito, and N. Shibata, Jpn. J. Appl. Phys. Vol. 35, Part 2, No. 6B, 

L796 (1996).      

[14]  J. Niu, J. Sha, L. Wang, Y. Ji, and D. Yang, Physica E, 27, 309 (2005).   

[15]  J. H. Choi, D. Y. Kim, S. S. Kim, S. J. Park and J. Jang, Thin Solid Films, 440, 1 

(2003).   

[16]  L. Pereira, H. Aguas, R. M. Martins, E. Fortunato, and R. Martins, Journal of Non-

Crystalline Solids, 338-340, 178 (2004).  

[17]  V. Schmidt, S. Senz, and U. Gosele, Nano Lett. 5, 931 (2005).    

[18]  A. I. Persson, M. W. Larsson, S. Stenstrom, B. J. Ohlsson, L. Samuelson, and L. 

R. Wallenberg, Nat. Materials, 3, 677 (2004). 

[19]  S. Iijima, Nature(London) 354, 56 (1991). 

[20]  E. P. Donovan, F. Spaepen, D. Turnbull, J. M. Poate, and D. C. Jacobson, J. Appl. 

Phys. 57, 1795 (1985). 

[21]  J. C. C. Fan and C. H. Andeson, Jr., J. Appl. Phys. 52, 4003 (1981). 

[22]  J. R. Bosnell and U. C. Voisey, Thin Solid Films 6, 161 (1970). 

[23]  T. J. Konno and R. Sinclair, Mater. Sci. Eng., A 179/180, 426 (1994). 

[24]  Y. H. Zhao, J. Y. Wang, and E. J. Mittemeijer, Appl. Phys. A A79, 681 (2004). 

[25]  E. Pihan, A. Slaoui, P. Roca, i. Cabarrocas, and A. Focsa, Thin Solid Films 451–

452, 328 (2004). 

 

 



 13 

Chapter 2:  Theoretical Methods  

2.1    DENSITY FUNCTIONAL THEORY 

Hohenberg and Kohn [1] reported in 1964 the modern formulation of density 

functional theory in which all properties of a quantum many-body system are considered 

as a function of the ground state density of particles. In the Kohn and Sham approach [2], 

the energy calculation in inhomogeneous electron systems with the complex problem 

relies on a comparison of functionals describing interacting and non-interacting electrons 

in the effective potential.  The difference between kinetic energy of interacting and non-

interacting electrons is represented by the functional of charge density called exchange-

correlation energy (Exc[n(r)]).  This approach results in formulation of the set of 

equations, known as Kohn-Sham (KS) equations. The simplest approximation to Exc[n(r)] 

is the local density approximation (LDA).  It assumes that Exc[n(r)]  is simply an 

integral over all space with the exchange-correlation energy density at each point 

assumed to be the same as in a homogeneous electron gas with that density.  The LDA 

is generally very successful in predicting atomic structures and some properties, but their 

limitations are very obvious in some cases as well.  For example, the band gaps in 

semiconductors and insulators are systematically underestimated and the cohesive 

energies are significantly overestimated. Hence, the generalized gradient approximations 

(GGA) have been introduced by considering the dependence of exchange-correlation 

function on the local variations of the electron density. In the GGA, there is an explicit 

dependence of the Exc[n(r)] on the gradient of the electron density.  In order to reduce 

the problem of finding the total energy of an infinite system with an infinite number of 

electrons to the problem with the finite number of electrons moving in the periodic 

potential, the periodic cell approximation is used. The Bloch’s theorem allows the 



 14 

expansion of electronic wave function at each k-point in the Brillouin zone as a series of 

plane waves. To expedite the computation, this expansion usually includes only the plane 

waves with a kinetic energy less than a certain cutoff energy. The KS equations are 

solved self-consistently for the ground state of the non-interacting electrons in effective 

potentials [3].  Only outer-shell electrons are considered while core electrons are 

replaced with pseudo-potential. Special k-point sampling scheme proposed by Monkhorst 

and Pack [4], symmetry considerations and the electron smearing methods allow to 

reduce the number of k-points in the Brillouine zone considerably. Ultrasoft Vanderbilt 

pseudopotentials [5] result in a smaller set of the plane waves needed for the accurate 

representation of the electronic wavefunctions. The atoms in the supercell are fully 

relaxed using conjugate gradient or quasi-Newton algorithm until all residual forces on 

the atoms become sufficiently small.  

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 and chemical 

properties of large atomic structures possible. In this dissertation, we used the DFT 

methods to investigate chemical reaction and diffusion processes for the components 

occurring in the bulk, on the surface, and at the interface of the Au-Si alloy system.  

Emphasis is placed on first principles study for the atomic-scale understanding of a 

metal-semiconductor alloy for the applications of the growth mechanism of SiNW/CNT. 

Our first principles quantum mechanical calculations are based on (spin polarized, if 

necessary) density functional theory (DFT) within the local density approximation (LDA) 

[5] and/or the generalized gradient approximation (GGA) [6,7], as implemented in VASP 

[8]. We use Vanderbilt type ultrasoft pseudopotentials and plane-wave basis sets.  We 

calculate charge densities using the residual minimization method-direct inversion of the 
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interactive subspace algorithm (RMMDIISA) and optimize atomic structures by 

minimizing the Hellman-Feymann forces using the conjugate gradient method.  We use 

the periodic supercells to model all surface, bulk, and interface structures.  For the 

Brillouin Zone integration, we use sufficient sizes of k-point meshes within the scheme of 

Monkhorst-Pack.  Reaction pathways and barriers are calculated using well-established 

transition-state search methods, such as the nudged elastic band method (NEBM).  

Bonding mechanisms are identified based on the analysis of charge density difference, 

localized density of states, electron localization functions, and charge density topologies 

(charge density ", gradient "", and Laplacian "2" ).  The first principles approach has 

been proven to be a reliable and computationally tractable tool for exploring the structure, 

chemistry and dynamics of metal-semiconductor alloy system as well as metal-

semiconductor-oxide composite systems.   

2.2    MODIFIED EMBEDDED ATOM METHOD  

 MEAM is an empirical extension of embedded atom method (EAM), which was 

introduced by Baskes [9-11] to enable the treatment of anisotropic chemical bonding, 

extending its applicability to include both metallic and covalent bonds.  The original 

EAM is a semi-empirical, many-atom potential model which has been proved to be 

successful for a wide range of applications in the study of metals and alloys. In EAM, the 

background electron density is given as a linear superposition of spherically symmetric 

contributions from all of the other atoms.  MEAM follows the same concept but 

includes the angle-dependent terms using a multi-pole expansion, which allows 

directional bonding to be considered, extending the applicability of MEAM to covalent 

systems. This is a significant advantage because it can thus be applied to describe cross-

interactions between metals and covalently bonded systems, which were conventionally 

represented by a simple pair potential model like Lennard-Jones or Morse-type potential. 
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Furthermore, MEAM provides a better way to predict the structure of the metal-

semiconductor interface, which is essential for a theoretical description of the Schottky 

barrier height. For example, several cross potential models based on MEAM formalism, 

such as those for Ni-Si [12], Al-Si [13], Au-Si [14] and Mo-Si [15] cross-interactions, 

have already been proposed for the practical use and successfully reproduced the main 

characteristics of these systems. Figure 2.1 shows our sample structure generated using 

the modified embedded atom method (MEAM) in the canonical ensemble at high 

temperatures (800K) with periodic boundary conditions corresponding to the system size 

of 648 Si atoms and 3000 Au atoms. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Model structure for cryalline Si in the  pure Au matrix generated using 
MEAM potential in the canonical ensemble at the temperature (800K) 
consisting of 648 Si atoms and 3000 Au atoms. 
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2.3    AMORPHOUS STRUCTURE GENERATION 

 To understand the properties of amorphous semiconductors (particularly, 

amorphous silicon and amorphous silicon dioxide), a lot of effort has been devoted to 

develop the appropriate methods such as Continuous Random Network (CRN).  The 

first CRN method using a basic “bond switching” mechanism was first introduced by 

Zachaiasen, modified by Polk, and successfully built by Wooten, Winer and Weaire 

(typically called WWW bond switch mechanism) [16-18] for the realistic use in excellent 

agreement with experiments.  Nowadays, this method perfectly produces a fourfold 

coordinated amorphous silicon/germanium structure for the tremendous applications. In 

this study, we used the CRN modeling to construct the amorphous structures such as 

amorphous silicon and amorphous silicon dioxide as shown in Figure 2.2. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Model structure for amorphous silicon and amorphous silicon dioxide by using 
CRN model 



 18 

2.4   TRANSITION STATE SEARCH  

A common problem encountered when investigating the diffusion of Au atom on 

the H-terminated Si (111) surface 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 [19].  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 [20]. 

 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 

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 
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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 S

i
F and true force T

i
F at each image into 

components parallel and perpendicular to the band [19].  The total force acting on image 

Ri is given by !"=
T

i

S

ii
FFF || where ||

S

i
F is the parallel spring force component and 

!

T

i
F is the perpendicular true force component.  By computing 

i
F  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 [19].  Inclusion of the perpendicular spring 

force component in 
i
F  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 
i
F  would cause a “sliding down” 

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

improvement to NEBM [20] 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 as shown in Figure 2.3. 
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Figure 2.3  Au diffusion path along the minimum energy path calculated by NEBM. 

2.5   ELECTRON STRUCTURE ANALYSIS 

Electron Localization Function (ELF) : 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 

[21].  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 ( )12
1

!
+ "#  

where !" is a dimensionless localization index in which
ó
D , the degree of localization, is 

normalized by 0

ó
D , the degree of localization present in a uniform-density electron gas.  

ó
D  is a function of the kinetic energy density, electron density, and gradient of the 

electron density while 0

ó
D  is solely a function of the electron density.  The definition 

of the ELF as ( )12
1

!
+ "# is chosen so that its value lies between 0 and 1 inclusive, with 

ELF = 1 corresponding to perfect localization and ELF = # 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.   
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 The utility of the ELF is best illustrated with the surface structure of SiNWs.  

The ELF contour map for the SiNW (100) and (111) surfaces is displayed in Figure 2.4. 

On the two (100) surfaces of SiNW, dimer bucking brings about charge transfer from the 

buckled-down atom to the up atom, yielding electron-poor (electrophillic) and electron-

rich (nucleophillic) states. The four (111)-type facets of the small SiNW (<10nm) can be 

reconstructed to the !-bonded chains in the (110) direction to reduce the lattice strain 

with a !-bond length of 2.29 Å. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: The ELF contour map for the SiNW (100) and (111) surfaces with dimer 
buckling structure on the (100) surface and the !-bonded chains in the (110) 
direction on the (111) surface. The isosurfaces correspond to ELF = 0.8. 
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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. The isosurface with a value of 0.8 clearly shows a high 

degree of localization on each Si atom.  This strongly indicates that a lone pair of 

electrons is present on each buckled-up atom.     

 

Wannier Function : 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 [21].  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 { })(r
i

!  computed from electronic structure minimization 

[21].  In Figure 3.3, the Wannier functions associated with the Au migration on the H-

terminated Si (111) surface is shown.  The atomic figure provides good insight into the 

understanding the chemical bonding nature between the atoms, Au-H and Au-Si. Au-Si 

bonding is like covalent bonds with a white orbital. The electron transfer can be observed 

in the bonding of Au-H as shown in Figure 2.5. 
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Figure 2.5: Wannier functions associated with the Au migration on the H-terminated Si 
(111) surface.  Au is depicted with blue atoms, H is with small dark grey 
and Si is shown with pink atoms. 

 

 

 

Density of states (DOS) : The density of states (DOS) of a system describes the 

number of states at each energy level that are available to be occupied. The Kohn-Sham 

eigenvalues extracted from the results of DFT calculation can be used to determine the 

density of states (DOS) of the system. DOS analysis can provide useful information about 

the distribution of states in k-space and energy levels. The local density of states (LDOS) 

can provide useful information for determining the chemical bonding nature for the Au-Si 

alloy system and interpreting the properties and the stabilities for the adsorbates on the 

various surfaces as shown in Figure 2.6.  
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Figure 2.6: Illustration of the density of states (DOS) of B4 cluster in amorphous Au 
bulk system in comparison to that of gas phase B4. 
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Chapter 3:  Amorphous Au-Si Alloys : Structure, Energetics and 

Bonding 

3.1 INTRODUCTION 

Accurate determination of the atomic structural and physical properties of 

amorphous metal alloys has long been an issue of great interest because of not only their 

scientific importance but also various engineering applications.  Earlier studies [1-3] 

evidenced that the structure of bulk metallic alloys deviates significantly from a simple 

random packing model [4,5], while also exhibiting a strong dependence on their chemical 

composition.  The structural parameters of metallic alloys have been commonly 

determined based on X-ray diffraction measurements, however interpretation of such data 

is often uncertain.  Under such circumstances, first principles based atomistic modeling 

has recently emerged as a powerful means to address the structure, function and physical 

properties of complex bulk metallic alloys [6-9].   

In this paper we use first principles quantum mechanical simulations to examine 

the structural and thermodynamic properties of amorphous Au-Si alloys.  We first 

calculate variations in the mixing enthalpy and alloy volume with varying Au:Si 

composition ratios.  Then, the local order in Au-Si alloys is presented using calculation 

and analysis of the radial distribution function and atomic coordination number.  In 

addition, the nature of local packing in the Au-Si alloy particularly with moderate Si 

content is discussed.  We also discuss the Au-Si bonding mechanism based on density 

of states analyses.   

The binary Au-Si alloy was the first amorphous metal alloy obtained by rapid 

cooling of the liquid state [10], but still remains one of the most puzzling amorphous 

alloys[11].  A few X-ray based experiments have been performed to examine the Au-Si 
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alloy structure and energetics at selected Au:Si compositions, such as Au81Si19[12]  and 

Au75Si25 [13, 14] as well as the surface segregation and crystallization of Si in the Au82Si18 

alloy [11].  Au has been found to be very reactive towards Si, although it is a very stable 

non-reactive novel metal.  Au deposition on a Si surface therefore easily leads to silicide 

formation [15,16].  In addition to the scientific significance of understanding the nature 

of amorphous metallic alloys, the Au-Si system has recently received great attention 

because of its technological importance, including growth and self-assembly of Si 

nanowires [17], interconnections of Si-based electronic devices[18], and bonding of 

nano-electromechanical devices[19].  Results from the present first principles 

calculations can be used to complement existing experimental observations and also 

clarify microscopic mechanisms underlying the Au-Si alloying during the fabrication and 

operation of various relevant Si-based devices. 

3.2 COMPUTATIONAL DETAILS 

The model structures of amorphous Au-Si alloys employed in this work were 

generated using combined modified embedded atom method (MEAM)[20] and ab initio 

molecular dynamics (MD) simulations in the canonical ensemble.  We first performed 

MEAM-MD simulations at high temperatures (2500K) in order to obtain the randomized 

structures of pure Au and Si, starting with their crystalline structures.  For each case, 64 

atoms were placed in a periodic supercell.  Based on the randomized Au and Si 

structures, we prepared melted Au-Si alloy structures at various compositions by 

replacing Si with Au or Au with Si, followed by MEAM-MD annealing at 2500 K for 

300 picoseconds (ps).  Next, the Au-Si alloy structures were further annealed using ab 

initio MD within a Born–Oppenheimer framework at 2500 K for 20 ps with a time step of 

1 femtosecond (fs), and then rapidly quenched at a rate of 2.0 K/fs.  Here, the 

temperature was controlled using velocity rescaling.  Finally, we refined the quenched 
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structures with careful volume optimization using first principles total energy 

minimization calculations.  While no simulation study has been reported for the Au–Si 

system, our previous studies [21, 22] have demonstrated that the chosen simulation 

conditions are sufficient for determining the structure of amorphous metal alloys.  In 

addition, our calculations predict that the packing densities of Si and Au in the 

amorphous state are about 5% and 3% less than their crystalline counterparts, 

respectively, in good agreement with previous experimental observations [23, 24].   

In this work, ab initio MD and static structural optimization were performed using 

the well established planewave program VASP (Vienna ab initio Simulation Package) 

[25-27].  We used the generalized gradient approximation (GGA) derived by Perdew 

and Wang (PW91)[ 28] to density functional theory (DFT).  A plane-wave basis set for 

valence electron states and Vanderbilt-type ultrasoft pseudopotentials [29,30] for core-

electron interactions were employed.  A plane-wave cutoff energy of 270 eV was used 

and the Brillouin zone integration was performed using one k-point (at Gamma).  All 

atoms were fully relaxed using the conjugate gradient method until residual forces on 

constituent atoms become smaller than 5#10-2 eV/ Å. 

3.3 RESULTS AND DISCUSSION 

3.3.1 MIXING ENERGETICS 

Figure 3.1(a) shows a variation in the enthalpy of mixing as a function of Au:Si 

composition ratio, with respect to pure amorphous Au and Si.  Here, the mixing 

enthalpy per atom ($Emix) is given by:  

!Emix = E(Au1-xSix) – (1 – x)EAu –xESi, 

where EAu-Si is the total energy per atom of the Au-Si alloy examined, x is the 

number fraction of Si in the Au-Si alloy, and EAu and ESi are the total energies per atom of 
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pure amorphous Au and Si, respectively.  The result shows that the Au-Si alloy forms 

the most stable structure when the Si content is around 40-50 %, with an energy gain of 

about 0.15 eV per atom. Our value is consistent with 0.31 eV ( = 30 kj/mol) per Au-Si 

pair as estimated for the Au50Si50 alloy based on Miedema’s model of Takeuchi and Inoue 

[31]. The sizable negative mixing enthalpy suggests that Au and Si materials can easily 

be alloyed together, consistent with experiments [32, 33]. It is also worth noting that the 

mixing enthalpy becomes slightly positive when the Si content is small, which might 

indicate the presence of a barrier for incorporation of Si into pure Au. Figure 3.1(b) 

shows the predicted volume change per atom of the amorphous Au-Si alloy as a function 

of Si content.  The volume change exhibits a distinctive non-linear trend.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1  (a) A variation in the enthalpy of mixing as a function of Au:Si composition 
ratio (b) the predicted volume change per atom of the amorphous Au-Si 
alloy as a function of Si content. 
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When the Si content is relatively small (< 20-30 %) the volume slightly increases 

with Si content.  However, as more Si is added the volume gradually decreases and 

yields the minimum value at 60 % Si, which also indicates a strong interaction between 

Au and Si atoms in the amorphous Au-Si alloy.   

3.3.2 STRUCTURE AND CHEMICAL ORDERING 

Figure 3.2 shows the total radial distribution functions for the Au-Si alloy at 

selected Au:Si compositions, along with the pure amorphous Au and Si cases.  The   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. The total radial distribution functions for the Au-Si alloy at selected Au:Si 
compositions, along with the pure amorphous Au and Si cases. 
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total radial distribution function, g(r), was computed using three different 64-atom 

supercells for good statistics.  For the pure Au [(a)] and Si [(e)] structures, the distinct 

and narrow first peaks appear around 2.4 Å and 2.8 Å, respectively, in good agreement 

with earlier theoretical results[14, 34].  As shown in Figure 3.3 (b), the total g(r) of the 

Au75Si25 structure exhibits two distinct peaks at 2.4 Å and 2.8 Å, which are well separated 

from the remaining parts.  The first peak is attributed to a combination of Si-Si and Au-

Si pairs, whereas the second peak mainly originates from Au-Au correlation.  Hence, as 

the Si content increases the first peak becomes stronger while the second peak dwindles 

[(c) and (d)].  Despite the overall metallic character of the Au-Si alloys considered, we 

can expect that the Au-Si distance is shortened to a certain degree as a result of the strong 

hybridization between Si 3p and Au 5d orbitals (vide infra).       

As summarized in Table 1, we calculated the average and standard deviation for 

the coordination number (CN) of Si and Au atoms at selected Au-Si alloys as a function 

of normalized cutoff radius (r*).  Here, the cutoff radius is normalized with respect to 

2.5 Å as obtained for the average nearest neighbor (NN) Au-Si distance from the Au-Si 

alloys considered.  With increasing r*, the average CN increases while the CN 

distribution becomes broader as indicated by higher standard deviation.  The results also 

clearly show that the pure Au is more closely packed than the pure Si in the amorphous 

phase.  As also illustrated in the insets, indeed the amorphous Au structure exhibits a 

dense random hard-sphere packing while the amorphous Si structure shows a rather loose 

continuous random network of covalently bonded atoms.  Therefore, in general a Si rich 

alloy yields a lower packing density than an Au rich alloy, as evidence by the larger CN 

of Au75Si25 than Au25Si75. With a high Si content, indeed, the Au-Si alloy exhibits a more 
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open liquid structure due to the increasing influence of covalentlike Si-Si bonds, which is 

consistent with the earlier experimental observations [15]. 

Table 3.1  The average and standard deviation for the coordination number (CN) of Si 
and Au atoms at selected Au-Si alloys as a function of normalized cutoff 
radius (r*). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Coordination Number

r* = 1.1 r* = 1.2 r* = 1.3 r* = 1.4 r* = 1.5

Pure Au 1.6 (0.8) 7.0 (0.9) 8.8 (0.93) 9.8 (0.95) 11.2 (0.99)

Au75Si25
Si 5.5 (0.93) 6.4 (0.95) 7.2 (0.94) 7.7 (1.15) 8.7 (1.07)

Au 2.2 (0.99) 5.6 (1.16) 7.5 (1.22) 8.7 (1.25) 9.9 (1.27)

Au50Si50
Si 4.7 (0.76) 5.6 (0.83) 6.3 (0.92) 7.9 (1.27) 10.1 (1.51)

Au 3.3 (0.85) 5.7 (1.03) 7.0 (1.08) 8.8 (1.39) 10.5 (1.34)

Au25Si75
Si 4.3 (0.58) 4.8 (0.81) 5.5 (1.19) 7.3 (1.43) 9.7 (1.66)

Au 3.6 (0.94) 4.9 (0.86) 6.2 (0.90) 7.8 (1.23) 9.6 (1.59)

Pure Si 4.0 (0.3) 4.0 (0.3) 4.4 (0.57) 5.7 (1.39) 8.4 (2.01)
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However, the CN of Au50Si50 is somewhat greater than those of Au75Si25 and 

Au25Si75, particularly when r* is sufficiently large (> 1.5).  This is apparently attributed 

to the relatively higher Au50Si50 packing density, as demonstrated by its relatively smaller 

volume per atom [see Figure 3.1(b)].  Our calculations also show that for each Au-Si 

alloy the composition ratio within a given value of r* remains nearly unchanged as the 

value of r* varies.  This implies that the Au and Si atoms are overall well mixed with no 

segregation, which can also be seen in the Au50Si50 structure (upper inset).   

 

 

 

 

 

 

 

 

 

 

Figure 3.3. The Au75Si25 glassy structure with a moderate Si content exhibits a distinct 
topological and strong chemical short-range order. 

As shown in Figure 3.3, the Au75Si25 structure also demonstrates that the Au-Si 

alloy with a moderate Si content results in a glassy structure exhibiting a distinct 

topological and strong chemical short-range order.  Here, the solute Si atoms are more 

or less evenly distributed while surrounded by Au atoms.  The formation of ‘quasi-

equivalent’ Si-centered Au clusters arising from the strong short-range order also leads to 

the medium-range order when the clusters are packed in three-dimensional space.  In 
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fact, the short-to-medium range order is often seen in transition metal-metalloid systems 

where the chemical short-range-order is typically significant.  The type of the 

coordination polyhedron around a solute atom can further be specified using the Voronoi 

index <i3, i4, i5, i6, …>, where in represents the number of n-edged faces of the Voronoi 

polyhedron [35, 36].  For the Au75Si25 structure, within a cutoff distance of 2.8 Å the 

solute coordination polyhedra preferably form the tri-capped trigonal prism Kasper 

polyhedra, with a Veronoi index of <0,3,6,0>.  The local order in amorphous binary 

alloys is mainly governed by the effective atomic size ratio between solvent and solute 

atoms, %.  For instance, an earlier computational study [37] showed that the preferred 

polyhedra type changes with % from icosahedral with Voronoi index <0,0,12,0> (% & 

0.90), to bi-capped square archimedean antiprism (BSAP) with <0,2,8,0> (% & 0.84), and 

then to tri-capped trigonal prism packing (TTP) with <0,3,6,0> (% & 0.73).  This is 

consistent with our simulations results considering the smaller atomic size of Si than Au. 

While only considering Au-Si bulk alloys in this work, we expect that their atomic 

structure would be different from the structure of thin silicide layers formed at the Au/Si 

interface [20], and/or surface alloys created by introducing Si to Au surfaces or vice versa 

[11]. A further investigation into the surface and interface effects is underway. 

3.3.3 ELECTRON STRUCTURE 

Finally, to gain understanding of the Au-Si bonding properties, as shown in 

Figure 3. 4, we analyzed the density of states (DOS) of the Au50Si50 structure, including 

the total DOS [(a)] and the partial DOS of Au 5d and 6s [(b)] and Si 3s and 3p [(c)].  For 

the sake of comparison, the total DOS of pure amorphous Au and Si are also presented in 

Figure 3.4.  The Fermi level is used as the reference energy state (which is set to be 

zero).  For pure Au [(e)], the large and small peaks below -1.5 eV are assigned to the Au 

5d and 6s states, respectively, while the states above are free-electron-like.  
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Figure 3.4. The density of states (DOS) of the Au50Si50 structure, including  (a) the total 
DOS , (b) the partial DOS of Au 5d and 6s, (c) the partial DOS of Si 3s and 
3p, (d) the partial DOS of pure Si, and (e) the partial DOS of pure Au.  
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The DOS of amorphous Si shows the p-state peaks mostly above -4 eV, while exhibiting 

a distinct band gap as expected.  Unlike the pure amorphous Si [(d)], the calculated total 

DOS of Au50Si50 [(a)] shows no gap at the Fermi level, indicating that the Au50Si50 alloy is 

metallic.  The peaks of occupied state densities above -7 eV in the total DOS mainly 

originate from the Si 3p and Au 5d orbitals.  The partial DOS plots [(b) and (c)] clearly 

demonstrate that, compared to their pure counterparts, there is a significant shift in the Si 

3p and Au 5d states to a lower-energy level as a result of a high degree of p-d 

hybridization in the energy range between -5 eV and -7 eV.  It is apparent that the 

hybridization of Si 3p with Au 5d states mainly contributes to stabilizing the Au-Si alloy 

structure.  Figure 3.5 shows a variation in the partial DOS of Au 5d and Si 3p for 

various Au-Si alloys, demonstrating how the degree of p-d hybridization changes with 

the Au-Si composition ratio.  As expected, the Au-Si p-d hybridization gets stronger as 

the Au and Si amounts become comparable, explaining the occurrence of the maximum 

in the Au-Si mixing energy and packing density around 50 % Si as demonstrated earlier.     
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Figure 3.5. A variation in the partial DOS of Au 5d and Si 3p for (a) Au75Si25, (b) Au50Si50 
and (c) Au25Si75. 

3.4 SUMMARY 

We present the structural, energetics, and bonding properties of amorphous Au-Si alloys 

based on gradient corrected density functional theory calculations. Our calculations 

predict that the Au-Si alloy yields the lowest mixing enthalpy ( ~0.15 eV/atom) when the 

Si content is around 40-50 at. %. In addition, we find that the alloy volume slightly 
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as more Si is added, the volume gradually decreases and yields the minimum value at 60 

at. % Si. The occurrence of the minimum in the Au-Si mixing enthalpy and volume 

indicates a strong interaction between Au and Si atoms. Indeed, our calculation of the 

density of states of the Au-Si system shows that there is a strong hybridization between 

the Au 5d and Si 3p states, which is mainly responsible for the alloy structure 

stabilization, and that the d-p hybridization gets stronger as the Au and Si amounts 

become comparable. Our calculation of the radial distribution function and atomic 

coordination number also shows that Au50Si50 is more closely packed than Au75Si25, and 

Au25Si75, while the Si rich alloy (Au25Si75) yields a lower packing density than the Au rich 

alloy (Au75Si25). The results also demonstrate that Au and Si atoms are overall well mixed 

with no segregation. This is apparently attributed to the strong Au-Si interaction. We also 

find that the Au-Si alloy with a moderate Si content results in a glassy structure 

exhibiting a distinct topological and strong chemical short-range order, which further 

leads to the medium-range order when the quasiequivalent Si-centered Au clusters are 

packed in three-dimensional space. The improved understanding will assist in not only 

understanding the nature of amorphous metallic alloys but also in explaining and 

predicting the Au-Si alloying dynamics and interfacial interactions during fabrication and 

operation of various relevant Si-based devices. 
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Chapter 4:  Behavior of Chemical Impurities in the Au-Si alloy : 

Diffusion and clustering of B atoms 

4.1 INTRODUCTION 

The Au-Si droplet is the key to well-controlled SiNW growth and to the application of 

SiNWs in various fields [1-4]. Consequently, increasing interest in SiNW doping has 

stimulated investigation of the atomic-scale behavior and chemical properties of 

impurities in the Au-Si eutectic system. In particular, the incorporation of boron, the most 

popular p-type dopant, has been intensively studied for the application of semiconductor 

electronic devices. Atomic boron is a semiconducting element with trivalent s2p1 bonding 

structure. Boron strongly forms the directed chemical bonds with other semiconducting 

atoms based on the bonding characteristics of the sp2 hybridized orbitals of valence 

electron, the electron deficiency, and identity of neighboring atoms.  

Previous results [5-11] for boron incorporation into the SiNWs have clearly shown 

that the critical growth temperature of boron-doped SiNWs is lower than that of un-doped 

ones and the diameters of the boron-doped SiNWs are always larger than that of the un-

doped ones since the incorporation of boron enhanced the dissociation of SiH4 during 

SiNW growth. Most of the boron-doped Si nanowires exhibited high crystallinity at 

lower B doping level ($ 1x 1018 cm-3) and the majority of the wires exhibited a core-shell 

structure with an amorphous Si shell (20-30 nm thick) surrounding the c-Si core at higher 

B doping level (~ 2x 1019 cm-3). Recently, Pan et al. [9] proved that B incorporation 

causes not only an increase in the rate of Si deposition leading to the structural changes of 

the SiNW surfaces but also an instability at the liquid/solid alloy interface leading to a 

loss of Au during nanowire growth. In addition, increasing the B concentration over 0.3 
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at % can enhance the dopant segregation in the system and can retard the crystallization 

kinetics of a-Si system [12].  

Although B impurities are known to be responsible for changes of SiNW growth rate 

and relevant electronic properties [13-15], atomic-level understanding and prediction of 

the behaviors of boron atoms are hampered by experimental limitations. Furthermore, no 

experimental or theoretical studies for the corresponding diffusion and clustering 

mechanisms of boron atoms in the eutectic alloy during the SiNW growth have been 

performed. Recently, high-level ab initio methods have made it possible to study the 

atomic and electronic structure of liquid metals and alloys [16-20]. These techniques 

have provided useful information for understanding the microscopic chemical bonding 

characteristics and dynamics of B incorporation into the Au-Si alloy system. 

In this paper we report i) Boron effect on atomic distribution of Si and Au in the Au-Si 

alloy system, ii) the diffusion and clustering of boron atoms in the Au-Si alloy systems 

and iii) the bonding mechanism analysis of boron clusters.  

 

4.2 COMPUTATIONAL DETAILS 

The model structures of amorphous Au-Si alloys employed in this work were 

generated using combined modified embedded atom method (MEAM)[21] and ab initio 

molecular dynamics (MD) simulations in the canonical ensemble.  We first performed 

MEAM-MD simulations at high temperatures (2500K) in order to obtain the randomized 

structures of pure Au and Si, starting with their crystalline structures.  For each case, 75 

atoms were placed in a periodic supercell.  Based on the randomized Au and Si 

structures, we prepared melted Au-Si alloy structures at various compositions by 

replacing Si with Au or Au with Si, followed by MEAM-MD annealing at 2500 K for 

300 picoseconds (ps).  Next, the Au-Si alloy structures were further annealed using ab 
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initio MD within a Born–Oppenheimer framework at 2500 K for 10 ps with a time step of 

1 femtosecond (fs), and then rapidly quenched at a rate of 2.0 K/fs.  Here, the 

temperature was controlled using velocity rescaling.  Finally, we refined the quenched 

structures with careful volume optimization using first principles total energy 

minimization calculations as performed in our previous study (22,JCP). 

In this work, ab initio MD and static structural optimization were performed using 

the well-established planewave program VASP (Vienna ab initio Simulation Package) 

[23-25].  We used the generalized gradient approximation (GGA) derived by Perdew 

and Wang (PW91)[ 26] to density functional theory (DFT).  A plane-wave basis set for 

valence electron states and Vanderbilt-type ultrasoft pseudopotentials [27,28] for core-

electron interactions were employed.  A plane-wave cutoff energy of 270 eV was used 

and the Brillouin zone integration was performed using one k-point (at Gamma).  All 

atoms were fully relaxed using the conjugate gradient method until residual forces on 

constituent atoms become smaller than 5#10-2 eV/ Å. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 BORON EFFECT ON ATOMIC DISTRIBUTION OF SI AND AU 

We first performed AIMD simulations by placing a single B atom into the bulk Au-Si 

alloy to look at how B interacts with the Au and Si components.  Our recent study [22] 

has demonstrated that in the amorphous Au-Si alloy structure the Au and Si atoms are 

overall well mixed with no segregation, while exhibiting a distinct topological and strong 

chemical short-range order [see Figure 4.1(a)].  However, we found that B incorporation 

leads to a significant perturbation in the Au and Si distribution, since the B 

predominantly interacts with Si, as shown in Figure 4.1(b).   
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Figure 4.1  (a) The amorphous Au-Si alloy structure that is overal well mixed with no 
segregation.  (b) B incorporation into Au-Si alloy showing that B 
predominantly interacts with Si 

Figure 4.2 shows the relative atomic density distributions of Si and Au surrounding B 

from AIMD simulations at 800K.  In the Au50Si50 alloy [Fig. 2(a)], the B atom is almost 

exclusively bonded to Si atoms.  The B-centered Si cluster is surrounded mostly by Au 

atoms, attributed to the tendency of maximizing the hybridization of Si 3p with Au 5d 

states which mainly contributes to stabilizing the Au-Si alloy structure [22].  While 

showing an oscillating behavior, the Au and Si density profiles level off to the 

equilibrium value of 0.5 for the well-mixed Au50Si50 alloy.  The result also shows that 

the B-induced density perturbation could persist up to several atomic layers from the B 

center. 

Figure 1 (a) Figure 1 (b) 
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Figure 4.2 The relative atomic distribution of Si and Au surrounding B dopant from 
AIMD simulations at 800K in (a) the Au75Si25 alloy and (b) the Au50Si50 
alloy 

 

In the Au75Si25 alloy [Figure 4.2(b)], the B atom is also largely surrounded by Si atoms, 

leading to Si depletion in the next layer.  Beyond 5 Å, the Si and Au densities approach 
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their equilibrium values as indicated, while still somewhat oscillating.  Here, it is 

worthwhile to note that the relative portion of Si atoms that directly interact with the B 

atom is substantially lower than the Au50Si50 case.  This suggests that the B-Si 

interaction may not be far stronger than the Au-Si interaction; otherwise the B-centered 

Si cluster should insignificantly change with reducing the Si content. 

 

Table 4.1 The relative residence time of each B-centered Si cluster which may contains 
0-4 Si atoms,.ie., B, BSi, BSi2, BSi3 and BSi4 based on MD simulations with 
varying temperatures and Au:Si composition ratios. 

 

 

 

 

 

 

 

 

 

 

 

To understand the relative strength of B-Si interaction in the Au-Si alloy, we analyzed the 

number of Si atoms that are assumed to directly interact with the inserted B atom based 

on MD simulations for 10 picoseconds with varying temperatures and Au:Si composition 

ratios.  The results are summarized in Table 4.1.  For each MD we measured the 

relative residence time of each B-centered Si cluster which may contain 0–4 Si atoms, 

Concentration Bonding 600 K 800 K 1000 K

Si:Au

50:50

B-Si4 89.3% 85.8% 9.3%

B-Si3 9.7% 12.7% 43.6%

B-Si2 1.0% 1.4% 30.3%

B-Si - 0.1% 16.8%

Si:Au

25:75

B-Si4 - - -

B-Si3 81.0% 25.7% 1.2%

B-Si2 17.4% 50.3% 41.4%

B-Si 1.6% 23.7% 25.1%

B alone 0.3% 32.6%
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i.e., B, BSi, BSi2, BSi3, BSi4.  Here, a cutoff radius of 2.3 Å is employed; that is, Si 

atoms within the radius are assumed to interact directly with the B center.  If more than 

four Si atoms are within the cutoff radius, we assume that only the closest four are linked 

to the B atom.  This approach may not precisely describe the B-Si bonding 

characteristics, but should be sufficient to account for the relative strength of the B-Si and 

Au-Si interactions. 

As expected, the B atom is surrounded by more Si atoms as the temperature decreases 

and the Si contents increases, due apparently to the stronger B-Si interaction relative to 

the Au-Si interaction.  For the Au50Si50 alloy, the BSi4 cluster is predicted to be 

prevailing at least up to 800 K, and then at 1000K the BSi3 and BSi2 clusters appear to 

largely coexist.  On the other hand, in the Au75Si25 alloy the BSi3 cluster is likely to be 

predominantly formed even at 600K, and the Si portion in the B-Si cluster decreases with 

increasing the temperature. 

4.3.2 DIFFUSION AND CLUSTERING OF B ATOMS   

From AIMD simulations, we find that B undergoes diffusion by interacting with 

neighboring Si atoms.  Figure 4.3 shows a series of AIMD snapshots which demonstrate 

how a B atom migrates in the Au-Si alloy.  Starting from a BSi4 cluster [(a)], one B-Si 

interaction is weakened [(b)]. Subsequently, the B starts interacting with another 

neighboring Si atom [(c)], followed by new BSi4 cluster formation [(d)].  Likewise, in 

most cases B diffusion involves breaking and subsequent formation of B-Si bonds; that 

is, when BSix (x=2–4) is prevailing, the B diffusion mostly follows the BSix ' BSix-1 ' 

BSix path.  The inset in Fig 4.3 shows a diffusion trajectory of B for 10 ps of AIMD at 

800K.  The AIMD simulations demonstrate that B has a lower mobility than Si, which is 

not surprising considering that B diffusion is rather restricted by BSi4 formation while Si 

can freely move around within the liquid Au-Si alloy. 
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Figure 4.3 A series of AIMD snapshots which demonstrate how a B atom migrates in the 
Au-Si alloy, starting from (a) a B-Si4 cluster, (b) one B-Si interaction is 
weakened, (c) B starts interacting with another neighboring Si atoms, (d) 
followed by new BSi4 cluster formation. 

To look at the interaction between B atoms, we also performed AIMD simulations by 

placing multiple B atoms in the Au-Si alloy system.  The simulation results show that B 

agglomeration is a strong function of Au:Si composition ratio and MD temperature.  

This is mainly due to the fact that the stability of B complexes is largely determined by 

the bonding interactions between B and surrounding Si atoms, along with B-B 

interactions. Figure 4.4 shows the selected snapshots for the B agglomeration in the 

Au50Si50 alloy system for 10 ps of AIMD at 800K. 

a) b) c) d) 
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Figure 4.4 The B agglomeration snapshots at the interactions between B atoms, which 
performed AIMD simulations by placing multiple B in the Au-Si alloy 
system during MD run at the temperature 800K. Red balls indicate boron 
atoms, blue balls are Si atoms and green balls are Au atoms. 
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We found that the geometries of the B3, B4 and B5 clusters favor the planer triangular, 

rhombus, trapezoidal configurations, respectively as shown in Figure 4.5. In addition, 

Table 4.2 summarizes the number of Si atoms assumed to directly interact with B atoms 

in the dimer (B2), trimer (B3), tetramer (B4), and pentamer (B5) states with varying Au:Si 

composition ratios and MD temperatures. Like the single B case (see Table 4.1), the 

number of surrounding Si atoms decreases with decreasing the Si content in the Au:Si 

alloy. In fact, the decrease of surrounding Si atoms induces the strong bonding 

interactions between B-B atoms and enhances the B clustering, resulting in the 

thermodynamically larger exothermic energy gains in the Au75Si25 alloy [0.71 eV for B2, 

0.75 eV for B3, 1.85 eV for B4 and 0.42 eV for B5] and smaller exothermic energy gains 

in the Au50Si50 alloy [0 .03 eV for B2, 0.05 eV for B3, 0.30 eV for B4 and 0.40 eV for B5].  

However, we expect that the calculated formation energies here are strongly correlated 

with the surrounding atomic configurations and show the stochastic dependence on the 

temperature. A further investigation into the more exact formation energies depending on 

the temperature and on the surrounding configurations (the number of bonding between 

Au/Si and B) around the B cluster is underway. 

 

 

 

 

 

 

 

Figure 4.5 The geometries of the B3, B4 and B5 clusters favor the planer triangular, 
rhombus, trapezoidal configurations, respectively. 
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Table 4.2 The number of Si and Au atoms assumed to directly interact with B atoms in 
the dimer (B2), trimer(B3), tetramer(B4), and pentamer (B5) in the various 
Au:Si composition ratios and MD temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Concentration
Si atoms surrounding B clusters

Bonding 600 K 800 K 1000 K

Si:Au

50:50

2B

3: 0.9%

4: 8.3%

5: 88.8%

6: 2%

4: 7.7%

5: 88.1%

6: 4.1%

7: 0.1%

3: 0.3%

4: 3.8%

5: 37.4%

6: 43.1%

7: 15.2%

8 : 0.2%

3B

5: 0.8%

4: 98.5%

6: 0.7%

6: 88.3%

7: 11.7%

5: 0.2%

6: 87.1%

7: 12.5%

8: 0.2%

4B
5: 93.9%

6: 6.1%

5: 11.1%

6: 1.2%

7: 88.2%

8: 10.6%

9: 10.6%

10: 0.8%

5: 18.1%

6: 14.8%

7: 54.7%

8: 12.4%

5B
6: 19.7%

7: 80.3%

7: 92.0%

8: 8.0%

6: 2.0%

7: 54.8%

8: 40.5%

9: 2.7%

Si:Au

25:75

2B

3: 1.2%

4: 88.2%

5: 10.6%

3: 11.2%

4: 7.3%

5: 32.4%

6: 43.8%

7: 5.3%

1: 32.3%

2: 35.9%

3: 16.7%

4: 7.1%

5: 8%

3B
4: 97.0%

5: 3.0%

2: 38.7%

3: 47.6%

4: 11.4%

5: 2.3%

2: 9 %

3: 75.6%

4: 13.1%

5: 2.36%

4B
3: 99.5%

4: 0.5%

3: 99.5%

4: 0.5%

1: 1.1%

2: 2.8%

3: 77.3%

4: 18.8%

5B

4: 3.3%

5: 95%

6: 1.7%

2: 29.0%

3: 52.4%

4: 12.0%

5: 6.6%

3: 21.4%

4: 55.4%

5: 23.2%
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4.3.3 BONDING MECHANISM ANALYSIS OF BORON CLUSTERS 

Finally, to gain detailed understanding of the chemical bonding properties of 

boron atoms in the various alloy systems, we qualitatively analyzed the density of states 

(DOS) including the total DOS of the alloy systems and the partial DOS of the 2p states 

for the selected B4 cluster in [(a)] the pure amorphous Au system, [(b)] the pure 

amorphous Si system, [(c)] the Au75Si25 alloy system, and [(d)] the Au50Si50 alloy system, 

respectively as shown in Fig. 4.6. The Fermi level is used as the reference energy state 

(which is set to be zero).  The DOS of a B4 cluster in the gas phase is given in the inset. 

For the gas phase B4 structure, the large and small peaks below the Fermi level (Ef) are 

assigned to the bonding states of B 2p states, while the states above the Fermi level are to 

the antibonding states.   

The PDOS of the B4 cluster in amorphous Au system [(a)] shows the distinct p-d 

hybridization in the energy range between -2 eV and -7 eV as shown Figure 4.6. Unlike 

the pure amorphous Au [(a)], the calculated PDOS of the B4 cluster in the pure 

amorphous Si system [(b)] shows the distinct covalent bonding states like Si atoms below 

the fermi level. The calculated p-band centers of B4 cluster and pure Si system are –2.27 

eV and –1.63 eV, respectively, which means a bonding contribution of B-B atoms is 

displayed at the lower energy level than that of Si-Si atom. The partial DOS plots [(a) - 

(d)] clearly demonstrate that there is a significant shift in the B 2p states to the p-d 

hybridization with increasing the ratio of Au atoms and to the distinct covalent bonding 

states with the increasing ratio of Si atoms in the Au-Si alloy system. It is apparent that 

since B atom has been shown to behave like Si atom in its binding to Au, the 

hybridization of B 2p states with Au 5d states mainly contributes to stabilizing the B-Au 

bonding configuration in the pure Au system.  
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Figure 4.6 Local denisity of states projected onto the Boron 2p states in the (a) the pure 
Au system, , (c) the Au75Si25 alloy, and (d) the Au50Si50 alloy systems and (d) 
the pure Si system. 



 55 

For the sake of comparison, we also analyzed the PDOS of the clustered B4 and the 

distributed B4 configurations in the various systems [(a)-(d)] as presented in Figure. 4.7.  

The PDOS comparisons for the 2p states of the clustered and distributed B4 provide a 

direct evidence to explain whether the B4 clustering is more stable over the distributed 

boron atoms in each system.  As expected, the PDOS 2p states of the segregated B4 

cluster become more favorable B-B bonding nature than that of the distributed B4 as 

increasing the ratio of Au atoms in the Au-Si alloy system. This is consistent with our 

results of the clustering formation energies of B atoms.  It is also worth noting that 

although B atom has been shown to behave like Si atom in its binding to Au, the atomic 

size factor (Boron atom radius : 0.88 !, Si atom radius : 1.32#!#  and Au atom 

radius :1.44 !) induces the clustering of boron atoms in the Au-Si alloy system instead of 

the overall well-mixed structures. Conclusively, the boron clustering in the Au-Si alloy 

system effects the segregation of Si sources resulting in the change for the growth 

kinetics and the crystallinity during SiNW growth. 
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Figure 4.7 The PDOS comparison of the clustered B4 and the distributed B4 
configurations in (a) the pure amorphous Si system, (b) the Au50Si50 alloy 
system, (c) the Au75Si25 alloy system, and (d) the pure amorphous Au 
system, respectively.  The Fermi level is used as the reference energy state 
(which is set to be zero). 
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4.4 SUMMARY 

We first performed AIMD simulations by placing a single B atom into the bulk Au-Si 

alloy to look at how B interacts with the Au and Si components.  We found that B 

incorporation leads to a significant perturbation in the Au and Si distribution, since the B 

predominantly interacts with Si. Next, we investigate the relative atomic density 

distributions of Si and Au surrounding B from AIMD simulations at 800K.  In the 

Au50Si50 alloy, the B atom is almost exclusively bonded to Si atoms.  The B-centered Si 

cluster is surrounded mostly by Au atoms, attributed to the tendency of maximizing the 

hybridization of Si 3p with Au 5d states, which mainly contributes to stabilizing the Au-

Si alloy structure. While showing an oscillating behavior, the Au and Si density profiles 

level off to the equilibrium value of 0.5 for the well-mixed Au50Si50 alloy.  The result 

also shows that the B-induced density perturbation could persist up to several atomic 

layers from the B center. The B atom is surrounded by more Si atoms as the temperature 

decreases and the Si atoms increase, due apparently to the stronger B-Si interaction 

relative to the Au-Si interaction.  

   Our AIMD simulations demonstrate that B has a lower mobility than Si, which is not 

surprising considering that B diffusion is rather restricted by BSi4 formation while Si can 

freely move around within the liquid Au-Si alloy. We also performed AIMD simulations 

by placing multiple B atoms in the Au-Si alloy system.  The simulation results show that 

B agglomeration is a strong function of Au:Si composition ratio and MD temperature.  

This is mainly due to the fact that the stability of B complexes is largely determined by 

the bonding interactions between B and surrounding Si atoms, along with B-B 

interactions. The geometries of the B3, B4 and B5 clusters favor the planer triangular, 

rhombus, trapezoidal configurations, respectively.  
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   To understand the formation stability of B clustering, we compared the the chemical 

bonding properties of the selected B4 structures in the various alloy systems.  The 

PDOS 2p states of the segregated B4 cluster show more favorable B-B bonding nature 

than that of the distributed B4 as increasing the ratio of Au atoms in the Au-Si alloy 

system. The decrease of surrounding Si atoms induces the strong bonding interactions 

between B-B atoms and enhances the B clustering. It is also worth noting that although B 

atom has been shown to behave like Si atom in its binding to Au, the atomic size factor 

(Boron atom radius : 0.88 !, Si atom radius : 1.32#!#  and Au atom radius :1.44 !) 

induces the clustering of boron atoms in the Au-Si alloy system instead of the overall 

well-mixed structures. 
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Chapter 5:  Si Surface Segregation in the Au-Si Alloy: Origin and 

Structure 

5.1    INTRODUCTION 

The phenomenon of atomic surface segregation in metal/semiconductor systems has 

been attracting considerable interest due to important nanoscale applications such as the 

growth of SiNW [1] and the synthesis of novel device [2]. Indeed, the surface enrichment 

of a solute in binary alloy system is known as surface segregation. The equilibrium 

composition of an alloy at the surface is usually different from the bulk composition 

because the local atomic environment at the surface is different from that of the bulk.  

From a thermodynamic point of view, it is conventionally known that a surface 

segregation in alloys can be explained by the lower surface free energy obtained with the 

atom exchange from bulk sites to surfaces and by the stabilities of the chemical bonding 

and the surface strain of the binary species [3-4]. The Gibbs adsorption rule predicts that 

for liquid mixtures of two elements with disparate surface tensions, the surface 

concentration of the component with the lower surface tension will be enhanced [5-7]. 

Gibbs’ rule has been successfully applied to explain the segregation of the low-surface 

tension component to the surface observed in numerous binary liquid mixtures [6].  

From an atomistic point of view, Shpyrko et al. [8] recently proposed the 2D 

structural ordering for the surface crystallization in amorphous Au82Si18 alloy system at 

temperatures above the alloy’s melting point by using X-ray measurements and provided 

a quantitative atomistic view to the surface segregation of Si atom over the metal layer. In 

addition, many previous theoretical studies point out that the surface segregation can be 

estimated by the atomic size and cohesive energy [9], the strain energy [4,9,10-13], and 

surface tension [6] leading to the conclusion that the bigger size atoms are preferentially 
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segregated at the surfaces. The common features for surface segregation of 

semiconductor atom over the metal in the binary alloy systems studied so far by the 

experimental and theoretical techniques are: 1) providing the structural characteristics of 

the segregated component which does not resemble those of pure Au, pure 

semiconductor, or any of the reported metastable intermetallic structures and 2) defining 

the surface stability with the increase of the chemical bonding and with the release of the 

surface strain.  

Earlier experimental and theoretical investigations may provide many clues to the 

fundamental understanding of segregation, but their interpretations often remain 

controversial due largely to difficulties in direct characterization. While current 

experimental techniques are still limited to providing complementary atomic-level and 

real space information in these evolving alloy systems, first principles-based atomistic 

modeling can provide many valuable insights into the clear understanding of the relevant 

structural and chemical stabilities in the metal/semiconductor alloy systems. In this paper, 

we use first principles quantum mechanical simulations to examine the chemical and 

structural characteristics of the Si and Au atoms of the Au-Si alloy flat surface. Particular 

emphasis in this study is placed on i) surface effect on atomic distribution of Si and Au; 

and ii) surface ordering and its origin. 

5.2    COMPUTATIONAL DETAILS 

The model structures of amorphous Au-Si alloys employed in this work were 

generated using combined modified embedded atom method (MEAM) [14] and ab initio 

molecular dynamics (MD) simulations in the canonical ensemble.  We first performed 

MEAM-MD simulations at high temperatures (2500K) in order to obtain the amorphous 

structures of pure Au, starting from a 192 atom crystalline surface structure placed in a 

periodic supercell.  Based on the randomized Au structure, we prepared melted Au-Si 
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alloy structures by replacing Au with Si, followed by MEAM-MD annealing at 2500 K 

for 300 picoseconds (ps).  Next, the Au-Si alloy system was further annealed using 

MEAM-MD framework at 800 K for 100 ps. Finally, the alloy surface structure was 

further annealed using ab initio MD within a Born–Oppenheimer framework at 800 K for 

2 ps with a time step of 1 femtosecond (fs). Here, the temperature was controlled using 

velocity rescaling.  

In this work, ab initio MD and static structural optimization were performed using the 

well-established planewave program VASP (Vienna ab initio Simulation Package) [15-

17].  We used the generalized gradient approximation (GGA) derived by Perdew and 

Wang (PW91) [18] to density functional theory (DFT).  A plane-wave basis set for 

valence electron states and Vanderbilt-type ultrasoft pseudopotentials [19-20] for core-

electron interactions were employed.  A plane-wave cutoff energy of 270 eV was used 

and the Brillouin zone integration was performed using one k-point (at Gamma).  All 

atoms were fully relaxed using the conjugate gradient method until residual forces on 

constituent atoms become smaller than 5#10-2 eV/ Å. 

5.3    RESULTS AND DISCUSSION 

5.3.1   Surface Effect on Atomic Distribution of Si and Au 

First we look at how the presence of flat surfaces affects the distribution of Au and Si 

atoms in an Au-Si alloy.  Our recent study [21] has demonstrated that in the amorphous 

Au-Si alloy structure the Au and Si atoms are overall well mixed with no segregation, 

while exhibiting a distinct topological and chemical short-range order.  Hence, we first 

constructed a 16 Å thick Au-Si slab where 134 Au and 58 Si atoms are almost uniformly 

distributed.  Then, a series of AIMD simulations were performed by varying the alloy 

temperature.  All atoms in the slab were allowed to be redistributed at 800K, 
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subsequently 600 K for 2 picoseconds (ps) each, followed by further relaxation at 300K 

for 2 ps.  The simulation cycle was repeated (seven times) until the redistribution of Au 

and Si atoms reached steady state. 

Figure 5.1 shows a variation in the Au and Si contents along the direction 

perpendicular to the slab, which we recorded during AIMD at 300K for 4 ps after steady 

state was reached.  Although thermal fluctuations are noticeable, the simulation results 

explicitly demonstrate that Si atoms undergo surface enrichment while being significantly 

depleted at the slab center.  With the initial uniform Si distribution at 30 at. %, the 

steady state distribution curve exhibits about 40 at. % at the surface layer and below 10 

at. % at the center region.  As shown in the inset, a comparison of top-view snapshots of 

the Au/Si slab (at the initial and steady-state conditions) also illustrates the substantially 

increased population of Si atoms at the surface.  In the first and second subsurface 

layers, the Au-Si alloy has a stoichiometry (on average) close to Au70Si30.  

Here it is worth noting that the Si content drastically reduces below 10 at. % in the 

center region while the top three layers from the surface contain Si atoms at 30-40 at. %, 

leading to a rather box-like Si distribution from the surface.  This would suggest the 

formation and gradual growth of an Au-Si alloy layer (with 30-40 at. % of Si) from the 

surface, with the continuous supply of Si atoms to an Au film or particle.  The growth 

behavior could be explained by the recent theoretical prediction that: i) the bulk Au-Si 

alloy would form the most stable structure when the Si content is around 40-50 at. %; and 

ii) the mixing enthalpy becomes slightly positive when the Si content is small (< 10 at. 

%), indicating the presence of a barrier for incorporation of Si into pure Au (see Figure 

3.1(a) in Ref. 21).  These findings could also provide some insights into how Si atoms 

will be dissolved in an Au nanoparticle during Au-catalyzed Si nanowire growth, and 

how they will be supplied to the interface between Au particle and Si nanowire.  
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Figure 5.1  a) Initial and steady state Au-Si alloy structures in the presence of the flat 
surface for the results of AIMD simulation, which illustrate changes of the 
atomic distribution of Si atom near the surface starting from the well-
distributed Si 30% at the initial stage. Top views of their surface ordering of 
Au-Si alloy system are in the inset. b) Initial and final distribution. 
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5.3.2   Surface Ordering and Origin of Si Segregation 

Analyzing the surface layer structure, each Si atom is mostly surrounded by one Si 

atom and three Au atoms while each Au appears to have two Si and two Au neighbors 

with the 2D surface ordering, as shown in Figure 5.2[(a)].  The Au3Si2 configuration is 

consistent with a very recent experimental study based on a combination of medium 

energy scattering and photoelectron spectroscopy, which reported Au3Si2 phase formation 

on top of a sufficiently thick (5.2-12.8 mono-layers) Au layer grown on Si(111) at room 

temperature [22].  Such Au-rich silicide formation (with the Au/Si ratio of 1.5) was also 

suggested by other previous experiments based on low energy scattering analysis [23] 

and electron-induced Auger electron spectroscopy [24].   

For the same stoichiometric ratio, the atomic structure of bulk Au60Si40 looks 

somewhat different from the surface alloy case, in that each Si/Au atom is surrounded 

predominantly by dissimilar atoms with a higher coordination number [see Figure 5.2(b)] 

with the short range ordering.  In contrast to a rather ordered Au3Si2 phase of the surface 

alloy, the bulk amorphous alloy exhibits the tendency of random hard-sphere packing (as 

often seen in amorphous metal alloys) while the Au and Si atoms are overall well mixed 

with no segregation [21].  The discrepancy between the surface and bulk alloy structures 

suggests possible occurrence of surface-induced atomic layering in Au-Si alloys, which 

was also evidenced by recent X-ray measurements although the exact structure may vary 

with the surface layer stoichiometry or other factors [25].  
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Figure 5.2  The atomic structures for a) the 2D surface ordering for the flat surface and 
b) the short-range ordering for bulk Au60Si40 alloy system.  

Next we examined the causes of the Si surface segregation.  A recent theoretical 

study [21] showed the occurrence of strong hybridization of Au 5d states with Si 3p 

states, which appears to be mainly responsible for the stabilization of bulk Au-Si alloys.  

In addition, earlier experiments [26] evidenced a significant change in the Au 5d feature 

due to Au-Si alloy formation both when Au was deposited on Si and when Si was 

deposited on Au.  Hence, we calculated changes in the partial density of states (PDOS) 

of Au and Si atoms with varying Si/Au distributions across the slab thickness.   

Figure 5.3 shows the 5d PDOS of Au near the surface and at the center of [(a)] the 

surface segregated and [(b)] the distributed Au-Si alloy slab, together with corresponding 

features in [(c)] pure crystalline Au for the sake of comparison.  Here, the Fermi level is 

used as the reference energy state (which is set to be zero).  The most important feature 

from the results is that the surface states in 1.5-3 eV below the Fermi level gradually 

vanish as Si atoms are segregated near the surface, (while they are strongly pronounced at 

a) Flat Surface  b) Bulk Au60Si40 system 
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the pure surface due to d-d antibonding).  This is consistent with previous 

photoemission experiments which demonstrated attenuation in the antibonding d-d state 

features when the Au-Si alloy layer was formed on pure Au [26].  Another important 

feature is that near the surface the Au 5d states (particularly in 2-3 eV below the Fermi 

level) is noticeably reduced as the Si content increases from 30 at. % to 40 at. %, but the 

corresponding states at the center region remain nearly unchanged (albeit increased) with 

the reduction of Si content.  The shift of the surface 5d features to higher binding 

energies indicates increased stabilization of the surface structure, thereby lowering the 

total energy.  On the other hand, the depletion of Si atoms at the center region may 

reduce the hybridization strength between the Au 5d and Si 3p states, but turns out to be 

insignificant according to our calculations.  In fact, a recent DFT study [21] predicted 

that in the bulk Au-Si alloy the enthalpy of mixing would insignificantly vary with a Si 

content change of 10-30 at. %.   
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Figure 5.3 Comparison of LDOS for (a) Au atoms in one layer or two layers with 
surfacfe segregated in the flat surface, (b) Au atoms in the surface before 
segregation, and (c) Au atoms in the pure Au system. In the inset are the 
comparisons of LDOS for the Au atoms in the corresponding surface and 
bulk sites. 
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Figure 5.4 presents the comparison of the Au 5d and Si 3d PDOS between the 

segregated surface and bulk Au60Si40 alloys, exhibiting a significant shift in the Si 3p and 

Au 5d states to higher binding energies compared to their pure counterparts [21] with a 

high degree of p-d hybridization in the energy range between -4 eV and -7 eV and with 

the difference of the d-band center between -3.83 eV of bulk alloy and -3.72 of 

segregated surface as shown in Table 5.1. This unambiguously illustrates the importance 

of p-d hybridization in determining the structure of both surface and bulk alloys.  In 

addition, no gap at the Fermi level is seen in the computed DOS profiles, indicating the 

metallic character of the Au-Si alloys.  The PDOS analysis also exhibits that overall the 

bulk Au60Si40 structure renders lower energy states than the corresponding surface 

structure, which may imply that the surface phase is not as stable as the bulk phase for the 

same Au:Si composition ratio. 

 

 

 

 

 

 

 

 

Figure 5.4 Comparison of total DOS of Au and Si atoms in (a) Au-Si alloy system with 
the flat surface and (b) bulk Au60Si40 alloy system. The local Au-Si surface 
ordering for the flat surface and short-range ordering for the bulk system are 
in the inset. 
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Table 5.1  Structural comparison for the Si-enriched surface, the surface before 
segregation and bulk system 

 

 

 

 

5.4    SUMMARY 

By using first principles calculations, we investigate the origin and the surface 

ordering of Si surface segregation in the Au-Si alloy flat surfaces with comparison to the 

bulk Au60Si40 alloy system. To find the cause of Si surface segregation, we analyze the 5d 

PDOS of Au near the surface and at the center of the Au-Si alloy slab, together with 

corresponding features in pure crystalline Au for the sake of comparison. We found that 

the surface Au 5d states in the energy range of 1.5-3 eV below the Fermi level gradually 

vanish as Si atoms are segregated near the surface, (while they are strongly pronounced at 

the pure surface due to d-d antibonding).  This is consistent with previous 

photoemission experiments which demonstrated attenuation in the antibonding d-d state 

features when the Au-Si alloy layer was formed on pure Au.  

Next, we investigate the structural comparison between the surface structure and 

bulk structure as summarized in Table 5.1.  For the surface layer structure, each Si atom 

Surface

segregation
Bulk system

d-band center -3.723 -3.829

Bond length 2.45 2.48

Surface

ordering 2D Au3Si2
Short-range

order

Coordination Si/Au = 4.0/2.375 Si/Au = 5.72/4.18
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is mostly surrounded by one Si atom and three Au atoms while each Au appears to have 

two Si and two Au neighbors with the 2D surface ordering of the Au3Si2 configuration. 

The atomic structure of bulk Au60Si40 looks somewhat different from the surface alloy 

case, in that each Si/Au atom is surrounded predominantly by dissimilar atoms with a 

higher coordination number. The PDOS analysis also exhibits that the bulk Au60Si40 

structure with the short-range ordering renders overall lower energy states than the 

corresponding surface structure, which may imply that the surface phase is not as stable 

as the bulk phase for the same Au:Si composition ratio. 
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Chapter 6:  Interfacial Interactions of the Au-Si Alloy with 

Crystalline Si 

6.1   INTRODUCTION  

Interface formation between d-band metals and semiconductor materials increases the 

origination for a variety of scientific phenomena such as intermixing alloying, 

segregation, oxidation, diffusion and crystallization. Among these metal/semiconductor 

interfaces, the Au/Si interface system has been extensively studied because of increasing 

attention recently directed to the VLS growth mechanism of SiNWs with an Au catalyst. 

SiNWs possess a vast range of possible applications such as nanoscale electronic [1-3], 

sensors [4] and thermoelectric devices [5-6]. It is obvious that SiNW growth takes place 

only at the liquid-solid Au-Si alloy/SiNW interface and furthermore, the crystallographic 

orientations of SiNWs are determined by the properties of this interface. 

Recently, by using an in-situ high-resolution transmission electron microscopic 

(HRTEM), Wu et al. [7] have provided more clues about the varying atomic-scale 

morphology at the Au-Si catalyst alloy/SiNW interface during nanowire growth. Another 

HRTEM study also reported well-defined single crystal silicon nanowires at the Au-Si 

liquid catalyst alloy/a-{Si} interface [8]. Several atomic-scale theoretical investigations 

of the nanowire formation [9-12] unify the conventional adsorption-induced model and 

the diffusion-induced model, and provide a good understanding of the models of 

nucleation-mediated growth and a control of growth rate at the liquid-solid interface.  

Earlier experimental and theoretical results have clarified that a single (111) plane 

with a single lowest-free-energy surface is formed at the interface, and the growth 

direction is Au diameter-dependent: smaller-diameter nanowires primarily grow along 

the (110) direction, and larger ones grow along the (111) direction [8,13-15] on the 
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various Si substrates. In particular, the growth direction of SiNW is believed to be 

determined by the crystallographic combinations of the stable (111) plane formed at the 

Au-Si/SiNW interface for various Au catalyst diameters. Many previous studies have 

explained the dependence of SiNW growth directions in terms of surface free energies 

[16-17]. 

  However, no satisfactory and conclusive explanations for the structural and 

chemical stability of the (111) plane at the Au-Si alloy/SiNW interface or the factors that 

determine the crystallographic orientations of SiNW have been given. Due to the 

difficulties of the direct experimental observation of the growing interface, detailed 

descriptions of the chemical properties of the interface between Au-Si alloy and c-Si 

remain a major challenge.  Since interfacial stability is the key factor for the growth 

mechanism and the crystallographic orientation of SiNW, fundamental understanding of 

the microscopic chemical bonding between Au and Si on various Si substrates is 

desirable. Under such circumstances, atomic scale modeling has recently emerged as a 

powerful method to address the structural and chemical natures of complex interface 

systems and to identify the possible stability patterns. 

In this paper, we use a combination of the MEAM potential and first principles 

quantum mechanical simulations to analyze the interfacial stability between Au-Si alloy 

and c-Si surfaces with (100), (110), (111) and (211) planes and to establish the general 

rule for the growth direction of SiNW in the Au-Si alloy/c-Si interface system.  Our 

focus is on i) interfacial interaction of Au-Si alloy with crystalline Si; ii) general rule for 

the determining factors of the crystallographic orientations of SiNWs. These findings 

could provide some insights into why the (111) plane is stable at the Au-Si alloy/SiNW 

interface during Au-catalyzed Si nanowire growth, and the determining factor for the 

crystallographic direction of SiNW growth. 
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6.2   COMPUTATIONAL DETAILS 

The combined modified embedded atom method (MEAM)(18) and ab initio molecular 

dynamics (MD) simulations in the canonical ensemble are used in the current study. We 

first obtained the randomized Au-Si alloy structures in the periodic supercell center of the 

sandwitched (c-Si/Au-Si alloy/c-Si) structures by MEAM-MD simulations at high 

temperatures (2500K) to fully distribute the Au and Si atoms at the interface between the 

Au-Si alloy and c-Si surface. Then, the Au-Si alloy structures were further annealed 

using MEAM-MD framework at 800 K for 100 ps. All Au-Si alloy layers were held 

relaxed and all c-Si atoms in the bottom and top layers were fixed for all simulations. 

Then, we refined the quenched structures with careful volume optimization using first 

principles total energy minimization calculations with no symmetry being forced on the 

atoms in the corresponding supercell. We finally annealed the sandwitched (c-Si/Au-Si 

alloy/c-Si) structures within a time-scale of 2 pico-seconds at 800K using ab initio 

Molecular Dynamics (MD) within a Born-Oppenheimer framework. Then, a series of 

AIMD simulations were performed by varying the alloy temperature. Au-Si alloy atoms 

in sandwitched (c-Si/Au-Si alloy/c-Si) structures were allowed to be redistributed at 

600K for 2 picoseconds (ps), followed by further relaxation at 300K for 2 ps.  The 

simulation cycle was repeated (10 times) until the redistribution of Au and Si atoms 

reached steady state. 

To prove the preferential (111) surface in the big pure Au matrix, we generated the 

model structures using modified embedded atom method (MEAM) in the canonical 

ensemble at high temperatures (800K). Also, we generate the model structures to 

investigate the Si out-diffusion under the different temperature conditions [300K–800K] 

and to find the generality for the crystallographic directions of SiNW at the Au-Si 



 76 

alloy/SiNW interfaces by employing MEAM method. All atoms were held relaxed for 

this simulation. 

Ab initio MD and static structural optimization were performed using the well-

established planewave program VASP (Vienna ab initio Simulation Package) [19-21] to 

investigate the energetics and analysis of DOS.  We used the generalized gradient 

approximation (GGA) derived by Perdew and Wang (PW91) [22] to density functional 

theory (DFT).  A plane-wave basis set for valence electron states and Vanderbilt-type 

ultrasoft pseudopotentials [23-24] for core-electron interactions were employed.  A 

plane-wave cutoff energy of 270 eV was used and the Brillouin zone integration was 

performed using one k-point (at Gamma).  All atoms were fully relaxed using the 

conjugate gradient method until residual forces on constituent atoms become smaller than 

5#10-2 eV/ Å. 

6.3   RESULTS AND DISCUSSION 

6.3.1 ATOMIC STRUCTURE AND SI PRECIPITATION AT THE AU-SI /SI INTERFACE  

Figure 6.1 shows the top view for the atomic distributions of Au and Si at interface 

between the Au50Si50 alloy and the various c-Si surfaces : (a) Si (100), (b) Si (110), (c) Si 

(111), and (d) Si (211) as a result of AIMD simulations. The model structures are started 

with the sandwitched c-Si/Au-Si alloy/c-Si systems in periodic supercells : [(a)] the Si 

(100) system of the 192 atom [c-Si:96 atoms and Au-Si:96 atoms] structure, [(b)] the Si 

(110) system of the 216 atom [c-Si:120 atoms and Au-Si:96 atoms] structure, [(c)] the Si 

(111) system of the 288 atom [c-Si:168 atoms and Au-Si:120 atoms] structure, and [(d)] 

the Si (211) system of the 180 atom [c-Si:96 atoms and Au-Si:84 atoms] structure, 

respectively. 



 77 

Our previous study [JCP] demonstrates that in the amorphous Au-Si alloy bulk 

structure the Au and Si atoms are overall well mixed with no segregation, while 

exhibiting a distinct topological and strong chemical short-range order. However, our 

present result shows that the Au and Si distributions at the Au/Si interface are 

significantly influenced by the c-Si surface planes. For the Si (111) and Si (211) surfaces, 

a stoichiometric composition in close proximity to the c-Si substrate is predominantly Si-

enriched showing the covalent networks between Si atoms. Meanwhile, for the Si (100) 

and (110) surface, the edge Si atoms in the c-Si substrates preferentially result in the 

intermixing with Au atoms to form the relatively strong p-d hybridization. The four 

different complementary distributions of Si atoms at the interfaces are responsible for the 

different chemical interactions of the c-Si surface planes. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1  (a) Atomic distributions of Au and Si in the Au50Si50 alloy near the interface 
on the various c-Si surfaces with the crystallographic orientations (100), 
(110),(111), and (211), respectively, and (b) initial and final profiles for Si 
distributions as a result of AIMD at 20 ps time scale at 300K. 

a) b) 

c) d) 
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Next, we investigate the formation energetics of the crystallization (crystalline Si) 

from the amorphous Si, the interlayer between the Au/Si alloy layers and c-Si substrates: 

(a) Si (100), (b) Si (110), (c) Si (111), and (d) Si (211), respectively as summarized in 

Figure 6.2. The energy gain for the crystallization on each c-Si plane is obtained as the 

energy difference between the initial and the final equilibrium configurations divided by 

the edge atoms of each c-Si layer. We define the overall well-mixed amorphous Au-Si 

alloy with no segregation on the c-Si layer as the initial reference configuration, the 

segregated a-Si interlayer produced by moving the Si atoms towards the interface 

between the Au-Si alloy and the c-Si surface as the intermediate, and the crystallization 

of the amorphous Si interlayer as the final. The formation energies for crystalline Si layer 

from the amorphous Si layer are 0.35 eV/(atom of c-Si surface) for the Si (111), 0.26 

eV/(atom of c-Si surface) for the Si (211), 0.25 eV/(atom of c-Si surface) for the Si (100), 

and 0.11 eV/(atom of c-Si surface) for the Si (110), respectively 

It should be noted that the formation of the amorphous Si layer on the Si (111) and Si 

(211) planes is thermodynamically exothermic with the energy gain of 0.20 and 0.14 

eV/(atom of c-Si surface), but endothermic on the Si (100) and Si (110) planes with 

energy barriers of 0.11 and 0.1 eV/(atom of c-Si surface), respectively. This implies that 

the Si (111) and Si (211) substrates easily absorb the Si atoms from the Au-Si alloy to 

make the amorphous Si layer before the crystallization, but it is predicted that the Si 

(100) and Si (110) planes need the energy barriers for the formation of a-Si interlayer 

before the crystallization. The earlier HRTEM observations [25,26] proved that an 

amorphous Au-Si intermixing layer exists at the Au/Si (100) interface phase as the stable 

interlayer phase, but no amorphous Au-Si interlayer is present at the Au/Si (111) 

interface phase due to the quick phase transition to crystalline. Unfortunately, no clear 
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evidences for the amorphous or crystal formation at the Au/Si (110) and Au/Si (211) 

interface were found in the previous experimental and theoretical studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Formation energetics of the c-Si layer from the amorphous Si interlayer 
between the Au/Si alloy layers and c-Si substrates: (a) Si (111) and (b) Si 
(100). 
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To investigate the bonding stability of the surface edge Si atoms in the c-Si surface, 

we quantitatively investigate the Si out-diffusion at the various temperatures [300K–

800K] by means of MEAM potential. The Au/Si interfaces are crucially reactive at the 

temperatures over 300K, showing that Au induces the bond breaking of the underlying Si 

atoms, catalyzes Si out-diffusion and tends to keep an intermixed Au-Si alloy. 

Practically, Si out-diffusion rate into the Au layer can explain the difference for the 

interfacial reactivity and the chemical stability of the c-Si surface atoms because each c-

Si surface plane has the different characteristics of its dangling bond as shown in Figure 

6.3 [(a)].  

The change of the temperatures shows a dramatic effect on the extent of the Si out-

diffusion of the c-Si surface planes as plotted in Figure 6.3 [(b)]. The selected snapshots 

for the Si out-diffusion of the Si (100) and Si (111) surfaces depending on the time and 

temperature variations are shown in Figure 6.3 [(c)]. The calculated results show that the 

(111) facet is less changeable than other facets at the interfaces. The Si (100) surface is 

largest for the out-diffusion. The out-diffusions of Si (110) and Si (211) are in between. 

Furthermore, it is interesting to note that the Si out-diffusion rates of Si (110) and Si 

(211) surfaces have the similar trend over the temperature of 700K.  

Our results are consistent with the earlier experimental studies [25-29]. The Si 

(100) surface has a 15 times stronger Si out-diffusion through the Au thin film than the Si 

(111) surface, and the Si (110) surface has 5 times stronger out-diffusion than the Si 

(111) surface. It is convinced that the presence of highly packed Si (111) surface led to 

the slow oxidation process with the smaller Si out-diffusion, while the growth of oxide is 

much more rapid on the Si (100) and (110) planes with the higher Si out-diffusion rate 

[29].  
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Figure 6.3 (a) Characteristics of surface dangling bond of c-Si planes, (b) Si out-diffusion 
rate into Au layer with the different Au/Si interface (100) and (111) and (c) 
the structural comparison of the out-diffusion during MEAM MD at the 
various temperatures 500 - 800K. 
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Figure 6.3 (a) Characteristics of surface dangling bond of c-Si planes, (b) Si out-diffusion 
rate into Au layer with the different Au/Si interface (100) and (111) and (c) 
the structural comparison of the out-diffusion during MEAM MD at the 
various temperatures 500 - 800K. 
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 83 

Interfacial faceting is the important thermodynamical phenomena to clearly explain 

the formation of the low-index crystallographic planes having a lower surface free 

energy. We used the MEAM potential to find the preferential interface facet in the pure 

amorphous Au matrix and in the Au-Si alloy matrix, which is assumed as an Au droplet 

during the single-crystal growth as shown in Figure 6.4. The model structure was 

generated using modified embedded atom method (MEAM) in the canonical ensemble at 

high temperatures (800K) in a periodic supercell corresponding to the 3,648 Si / Au 

atoms, which all atoms were held relaxed for all simulations. We found that the Si (111) 

plane is dominantly formed and slowly dissolved at the interface between the Au layer or 

Au-Si alloy and c-Si layer, which means the Si (111) facet is the most preferential and 

strain-released surface. The covalent bonding network of the Si (111) surface with a 

single lowest-free-energy in the Au droplet is believed to be favorable for keeping the Si 

atoms. 

 

 

 

 

 

 

 

Figure 6.4  Facet formation of crystalline Si in the pure Au matrix generated using 
MEAM potential in the canonical ensemble at the temperature (800K) 
consisting of 648 Si atoms and 3000 Au atoms. 

Based on the above results, to understand in detail the difference of the chemical 

bonding nature of each c-Si surface plane: (a) Si (100), (b) Si (110), (c) Si (111), and (d) 
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Si (211), we checked that the density of states of Au and Si atoms at the interfaces, which 

is acceptable to understand the chemical stability for surface edge atoms of c-Si plane 

during the SiNW crystallization. Figure 6.5 shows the comparison of partial density of 

states (PDOS) of Au and Si atoms in the different structures with : (a) only pure Au on 

the Si substrates, (b) segregated {Si} atoms near the substrates and (c) well-distributed 

Au-Si alloy on the substrates, respectively. The PDOSs of the Au atoms for the 

segregated amorphous {Si} region [(b)] and the Au atoms in the well-mixed Au-Si alloy 

[(c)] on the (111) surface reveal the large d-band shift from –2.3 eV to - 3.7 eV energy 

region in comparison to those of the pure Au layer on the Si substrate [(a)], while Au 

PDOSs on the (100), (110), and (211) surfaces show the d-band shift within the change of 

- 0.5 eV in the same conditions.   

The PDOSs for the edge Si atoms in the c-Si substrates with different structures of 

(a) pure Au layer and (b) segregated amorphous{Si} layer show the distinct variations 

below the Fermi level (Ef), which can be used as the fingerprint of the interaction of the 

Si valence electrons in the antibonding states with the 5d states of the pure Au atoms and 

in the bonding states with the 3p states of the amorphous Si atoms as shown in Figure 

6.6. The PDOS of Si atoms in the c-Si (111) substrate with the amorphous Si layer [(b)] 

shows the stronger bonding states in the region of –2.6 eV below the Fermi level in 

comparison to the -1.7 ~ -2.2 eV of other planes. Meanwhile, the PDOS of Si atoms with 

the pure Au layer [(a)] shows the higher peak of the antibonding near the Fermi level in 

comparison to that of other planes, which exits at the energy region of - 0.5 eV below the 

Fermi level. 

 The PDOS of Si atoms in the Si (111) surface shows the strong antibonding states 

with the 5d states of the pure Au atoms and in the strong bonding states with the 3p states 

of the amorphous Si atoms. The Si (111) surface plane with the lowest-free energy is 
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believed to have the higher ionicity compared to the other surfaces. So the diffusion of 

Au atoms into the Si (111) surface produces a large strain field and the elastic energy 

loss. These results indicate that Au atoms in the Au-Si alloy on the Si (111) planes easily 

diffuse out, leaving behind the a-{Si} interlayer on the c-Si (111) surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 Comparison of Local density of states (LDOS) of Au atoms in the different 
configurations with (a) Au atoms in pure Au layers on the c-Si substrate, (b) 
Au atoms with a-Si layer segregated on the c-Si substrates, and (c) Au atoms 
in the well-distributed Au-Si alloy on the substrates. 
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Figure 6.6 Comparison of LDOS for the edge Si atoms in the c-Si substrates with (a) pure 
Au layer on Si substrates and (b) segregated a-Si atoms near the c-Si 
substrates. 

6.3.2 INTERFACE FACETING AND SI NANOWIRE GROWTH DIRECTION  

For the sake of the determination of the growth orientations of SiNWs during the 

growth process, we investigate the crystallographic characteristics of the various model 
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structures of the interface between the Au/Si alloy catalyst and SiNW generated by the 

MEAM potential. In this work, we propose a general rule that the determining factor for 

the growth directions can be understood in terms of the angle combination between the 

stable interfacial plane and the flat surface of the growth direction in the Au droplet. For 

the (110)-oriented SiNW, one side of two Si (111) planes of a V-shaped image formed at 

the interface has the angle of 35.26° with the flat surface of the growth axis as shown in 

Figure 6.7. The asymmetric V-shaped image formed in the Au droplet of the (211)-

oriented SiNW shows two kinds of cross-sectional interfacial planes : one is the (111) 

plane with the side angle of 19.47° to the flat surface of the growth axis and the other is 

the (100) plane with the side angle of 54.94° to the growth axis. For the (111)-oriented 

SiNWs, the (111) plane at the Au-Si catalyst/SiNW interface is parallel to the flat surface 

of the growth axis in the Au droplet. This is perfectly consistent with the experimental 

HRTEM observation [8,30]. 

The angle as a result of the crystallographic combinations between the interfacial 

plane and the flat surface of the growth axis decreases with the increase of Au-Si catalyst 

diameter. The (111)-oriented SiNWs grow in a bigger-size catalyst with the parallel 

interface to the flat surface of the growth axis and the (110)-oriented SiNWs grow in a 

smaller-size one with the relatively big angle. Consequently, other low-index growth 

orientations can be predicted by controlling the angle between the interface plane and the 

flat surface of the growth axis. But since for the (100)-oriented SiNW, the corresponding 

angle between one of two symmetric (111) planes and the flat surface of the growth axis 

is 54.94°, it is geometrically hard to produce the (100)-oriented SiNW in the Au droplet. 

While only considering the crystallographic analysis of the interfaces in this study, we 

expect that the interfacial shapes like a V-shaped groove and a parallel plane are strongly 

correlated with the interfacial strain between Au droplet and Si substrate and the 
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diffusion mechanism of Si sources. A further investigation into the interfacial strain and 

the diffusion mechanism of Si atoms during the growth process is underway. 
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Figure 6.7 Cross-sectional views of the faceting configurations at the Au/Si interfaces for 
the generalized model for the SiNW growth orientations (a) (111), (b) (211), 
and (c) (110), respectively. 
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Figure 6.8 shows the sidewall facets of the SiNWs with the different growth 

orientations and the dome-like or pan-like interfacial facets formed in the Au droplet 

during the growth.  A (110)-oriented SiNW is bounded by well-defined four (111) and 

two (100) sidewalls, which is expected to have the surface reconstruction with the !-

bonded chains on the (111)-type surfaces and with the buckled dimers on the (100)-type 

surfaces to reduce the lattice strain. A (211)-oriented SiNW consists of two (111) and 

four (311) sidewalls. The unstable (311) surface with 2-coordinated and 3-coordinated Si 

surface atoms will be reconstructed into the dimer formations between the 2-coordinated 

surface atoms. A (111)-oriented SiNW has the round-type reconstructed sidewalls with 

the (110) and (211) facets in which the (211) surface has the similar reconstruction to the 

(311) surface.  

Taking a look at the cross-sectional structures of the interfacial phase after removing 

the Au droplet, we found that the interfacial configuration in the Au droplet has a dome-

like enclosure for the small diameter and a pan-like for the large diameter with the 

extended (111) interfacial planes. This is a direct evidence for the lateral growth of the 

(111) plane. In general, the sidewall structures of SiNWs are determined by the 

distribution of the Si atoms into the lowest-energy surface during the lateral propagation 

of the (111) plane at the dome-like or pan-like interface. This means that the growth 

direction is not driven by the surface energetics or the single lowest-free energy surfaces.  
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Figure 6.8  The observed sidewall facets of the SiNWs with the different growth 
orientations and the dome-like or pan-like interfacial facets. 
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6.4   SUMMARY 

We analyze the atomic structure and Si precipitation at the interface between Au-Si 

alloy and c-Si surfaces with (100), (110), (111) and (211) planes and examine the 

interface faceting and Si nanowire growth direction by using a combination of the 

MEAM potential and first principles quantum mechanical simulations. We found that Au 

and Si distributions at the interface between Au-Si alloy and c-Si are significantly 

influenced by the c-Si surface planes. The c-Si (111) and c-Si (211) surfaces at the 

interfaces predominantly have the Si-enriched phases, showing that the formations of the 

amorphous Si layer on the surface planes are thermodynamically exothermic with the 

energy gain of 0.20 and 0.14 eV/(atom of c-Si surface). Meanwhile, the Si (100) and Si 

(110) substrates preferentially form the Au-Si intermixing phases with the stable p-d 

hybridization, showing that the formations of the amorphous Si layer are endothermic 

with energy barriers of 0.11 and 0.1 eV/(atom of c-Si surface), respectively. 

The Si out-diffusion results on the different Si planes show that the (111) facet is 

less changeable than other facets at the interfaces. We found that the interfacial (111) 

plane in the pure Au system is dominantly formed and slowly dissolved, which means the 

(111) facet is the most preferential and strain-released surface at the Au/c-Si interface.  

The PDOS of surface edge Si atoms in the c-Si (111) plane shows the strong 

antibonding states with the 5d states of the pure Au atoms and in the strong bonding 

states with the 3p states of the amorphous Si atoms. The Si (111) surface plane with the 

lowest-free energy is believed to have the higher ionicity compared to the other surfaces. 

So the diffusion of Au atoms into the Si (111) surface produces a large strain field and 

the elastic energy loss. These results indicate that Au atoms in the Au-Si alloy on the Si 

(111) planes easily diffuse out, leaving behind the a-{Si} interlayer on the c-Si (111) 

surface. 



 92 

In this work, we also propose a general rule that the determining factor for the 

growth directions can be understood in terms of the angle combination between the stable 

interfacial plane and the flat surface of the growth direction in the Au droplet. For the 

(110)-oriented SiNW, one side of two Si (111) planes of a V-shaped image formed at the 

interface has the angle of 35.26° with the flat surface of the growth axis. The asymmetric 

V-shaped image formed in the Au droplet of the (211)-oriented SiNW shows two kinds 

of cross-sectional interfacial planes : one is the (111) plane with the side angle of 19.47° 

to the flat surface of the growth axis and the other is the (100) plane with the side angle 

of 54.94° to the growth axis. For the (111)-oriented SiNWs, the (111) plane at the Au-Si 

catalyst/SiNW interface is parallel to the flat surface of the growth axis in the Au droplet. 

It is geometrically hard to produce the (100)-oriented SiNW in the Au droplet with the 

corresponding angle of 54.94°. 
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Chapter 7:  Oxidation of the Au-Si Alloy 

7.1 INTRODUCTION 

Oxidation of the Au-Si alloy is an essential process to semiconductor physics and 

technology and to any application for functional structures. For this reason, many 

experimental and theoretical investigations have been carried out to gain atomistic 

understanding of the oxidation mechanism and structure-properties relationships on the 

Au-Si alloy surface and at the interface between metal-Si alloy and a-SiO2.  

For oxidations on the Si surface and at the Si/a-SiO2 interface, it is well known that 

the dissociation process of O2 on the Si surface is characterized by the donation of 

electrons from the surface Si atom into dioxygen and O2 molecules migrate from the a-

SiO2 surface towards the Si/SiO2 interface, keeping O2 triplet states, which are more 

stable than the singlet states by 0.2–0.4 eV, before the oxidation. The oxidation reaction 

is strongly exothermic releasing 7.3 eV per O2 molecule [1-3] and it is predicted to have 

low activation barriers (1.2 eV and 2.0 eV). The 1.2 eV and 2.0 eV activation barriers 

correspond to the diffusion and reaction processes under the various oxidation conditions. 

O2 molecules oxidize the Si-Si bonds at the interface almost spontaneously.  

The oxidation processes on the Au-Si alloy surface and at the Au-Si alloy/a-SiO2 

interface are believed to be analogous to those on the Si surface and at the Si/ a-SiO2 

interface in that the dissociation process of O2 on the Au-Si alloy is characterized by the 

donation of electrons from the Si atoms into O2 molecule and O2 molecules migrate from 

the a-SiO2 surface towards the interface and the oxidation reaction is strongly exothermic 

with low activation barriers. However, oxidations on the alloy and at the Au-Si/a-SiO2 

interface show different chemical affinity between the components as well as the 

different functional properties. Heating the Au/Si alloy system in contact with a-SiO2 at a 
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low temperature of 100 "C in ambient O2 leads to formation of thick a-SiO2 layers at the 

interface [4]. Since oxygen atoms preferentially bind with silicon atoms rather than Au 

atoms [5], the oxidizing processes at the Au-Si alloy systems will have a variety of 

structural and chemical variations, which can be exploited for advanced applications. 

Unfortunately, however, no theoretical and experimental studies for the atomic-scale 

understanding of the detailed mechanism of oxidation process at the Au-Si alloy/a-SiO2 

interfacial phase, lateral growth and final interfacial structures have been performed.  

In this work we first investigate the reaction of oxygen molecules with the Au-Si 

alloy surface and mechanisms underlying the Au-Si alloy oxidation using a combination 

of the Monte Carlo, the MEAM potential and the density functional calculations.  Our 

emphasis is on demonstrating i) a series of oxidation processes on the Au-Si alloy 

surface; ii) structural and chemical stabilities of oxygen atoms during oxidation; and iii) 

underlying mechanisms of the oxidation on the Au-Si alloy surface and at at the Si/ a-

SiO2 interface. 

7. 2    COMPUTATIONAL DETAILS 

We investigated the oxidation process at the Au-Si alloy catalyst/a-SiO2 using 

combined Monte Carlo, MEAM potential and density functional calculations. We first 

generated the a-SiO2 surface structure using the continuous random network (CRN) 

model [6-8] and the Au-Si alloy system using MEAM potential. We then combined an 

Au-Si alloy/a-SiO2 system within a given periodic supercell and refined this interfacial 

structure with careful volume optimization using first principles total energy 

minimization calculations. We finally annealed the interfacial structure using ab initio 

Molecular Dynamics (MD) within a Born-Oppenheimer framework within a time-scale 

of five picoseconds at 1000 K and five picoseconds at 300 K, followed by static structural 
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optimization. During the MD and static calculations, all atoms were relaxed to represent 

the realistic Au-Si alloy/ a-SiO2 interface.  

All atomic structures and energies reported herein were calculated within the 

generalized gradient approximation (PW91 [9]) to density functional theory (DFT) using 

the well established Vienna ab initio Simulation Package (VASP) [10-14]. A planewave 

basis set for valence electron states and Vanderbilt ultrasoft pseudopotentials for core-

electron interactions were employed.  A plane-wave cutoff energy of 350 eV was used 

for static calculations of structure and energetics.  The Brillouin zone integration was 

performed using one k-point (at Gamma). All atoms were fully relaxed using the 

conjugate gradient method until residual forces on constituent atoms become smaller than 

5#10-2 eV/ Å. 

7.3 RESULTS AND DISCUSSION 

7.3.1  Reaction of Oxygen Molecules with the Au-Si Alloy Surface 

 To study the reaction of oxygen molecules with the Au-Si alloys surface, we 

investigate a dissociative adsorption of oxygen molecules at the initial stage of oxidation 

by using a combination of the MEAM potential and first principles density functional 

calculations with a 98-atom Au-Si alloy periodic supercell. As evidenced in Figure 7.1, 

our AIMD reveals a mechanism to lead to spontaneous O2 dissociation on the Au-Si alloy 

surface. Initially, the molecule is quickly adsorbed on the Si atoms of the Au-Si alloy, 

where it dissociateds spontaneously and the two O atoms arrange on the most favorable 

adsorption sites. The dissociation is activated by electron donation from the surface 

atoms into the unoccupied states of the antibonding orbitals (!* and %*) of O2, whose 

ground state is a triplet with two unpaired electrons. Occupation of these orbitals leads to 

an increase of the O-O bond and to final splitting of the bond. 
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The dissociation process of O2 on the Au-Si alloy is characterized by increasing 

donation of electrons from the surface Si atom into the the !* antibonding orbitals and 

partial filling of the %* antibonding molecular orbital of dioxygen due to hybridization 

with the surface states. The stability with hybridization corresponds to a gradual sinking 

of the LUMO peak below the Fermi level. For comparison, the LDOS around a reactive 

site [indicated in Fig. 1(b)] shows pronounced peaks just below and just above the Fermi 

level, while the LDOS of the dissociated oxygen atoms is very flat up to -3 eV below the 

Fermi level [indicated in Figure. 1(c)].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1  (a) Dissociative adsorption of oxygen molecules at the initial stage of 
oxidation. Gold, blue and red balls denote Au, Si and oxygen atoms (b) 
Density of states for O2 states in gas phase, adsorption of O2 on the Au-Si 
alloy, and the dessociation of O2 on the Au-Si alloy. 
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We perform a series of consecutive AIMD simulations of the adsorption of 

oxygen molecules on the Au-Si surface, each time starting with a new O2 molecule 

placed near the relaxed surface obtained in the previous simulation [Figure 2(a)- 2(c)]. 

After the dissociative chemisorption of the first O2 molecule, a second molecule 

dissociates in the same way, and, at the end of the simulation, four O atoms are stably 

adsorbed in the surface Si sites because the interfacial oxygen atoms preferentially bind 

with Si atoms and weakly interact with Au atoms at the Au-Si alloy. When a third 

molecule approaches this system, after dissociation Si atoms are pulled out of the topmost 

surface layer, while the adsorbed O atoms remains stably incorporated underneath the 

topmost surface layer. This process is indicative of the nucleation of an oxide phase. In 

the simulation, the nucleation of oxide is found to start at even lower coverages (2-3 O2 

molecules). With a coverage of 1 ML SiO2, reactive sites are situated at the interface 

between the Au-Si alloy and oxide layer, but these will only become accessible to an 

incoming O2 molecule after it overcomes the energy barrier associated with the repulsion 

between the negatively charged O atoms of the oxide and the O2 molecule. 

 

 

 

 

 

 

 

 

Figure 7.2  A series of consecutive AIMD simulations for the oxidation on the Au-Si 
surface with a coverage of 1-2 ML SiO2 
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Figure 7.3 shows the initial interfacial structure obtained using a combination of 

Metropolis Monte Carlo, MEAM potential and first principles density functional 

calculations with a 186-atom Au-Si alloy/a-SiO2 ( Au-Si alloy of 75 atoms and a-SiO2 of 

111 atoms ) supercell. As evidenced in Figure.7.3(a), the interfacial oxygen atoms 

preferentially bind with Si atoms and weakly interact with Au atoms at the Au-Si alloy/a-

SiO2 interface.  

First, to gain the understanding for the bonding nature between components, we 

investigated the PDOS for the adsorption of Au atom and Si atom on the nonbridging 

oxygen (� Si-O•) using the Si5O9H7 cluster model [suggested in PRL 94, 213402]. As 

expected, the nonbridging oxygen (� Si-O•) interacts with the Si atoms at the lower 

energy below the Fermi level than Au atoms due to the difference of electronegativity 

between Si and Au. The PDOS shows the transfer of electron from oxygen atom towards 

the Au atom as indicated in Figure 7.3 (b). This is consistent with the previous 

observations [PRL 94, 213402 ].  

Au atoms show the weak reactivity on the regular silica surface site (Si-O-Si). In 

addition, Au atoms will diffuse extremely rapidly on the clean SiO2 surface and become 

more strongly bound in coalescence with other Au atoms or sticking at defects [PRL 94, 

213402]. The Au particle does not dissolve into SiO2, which means that the diffusion 

coefficient of Au in SiO2 is slower than that of SiO2 in Au [J.Electron Microscopy, 57, 

83; superlattices and Microstuructures 44, 588]. 
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Figure 7.3  Geometry of the Au-Si alloy/a-SiO2 interface. Gold, blue and red balls 
denote Au, Si and oxygen atoms (a). Density of states for Au and Si 
adsorption on the non-bridging oxygen � Si-O• site are shown (b). The Si 
suboxides are also shown at the interface. 
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7.3.2  Underlying mechanism of the Au-Si alloy oxidation 

Figure 7.4 depicts the main oxidation steps and DOS analysis of O2 states at the 

Au-Si alloy/a-SiO2 interface observed during the ABMD simulation.  Oxidation is first 

preceded by migration of O2 molecules from the a-SiO2 surface towards the interface. It 

is well-known that there are 1.1 to 1.65 eV energy barriers to transfer the molecule from a 

big void in bulk a-SiO2 to Au-Si alloy /a-SiO2 interface, which is analogous to that of Si / 

a-SiO2 interface [1-3]. In this stage, O2 triplet states are more stable than singlet states in 

the oxide. The PDOS for the O2 molecule incorporated in the oxide shows that the O2 

molecule does not form any bonds with Si-O-Si  atoms as indicated in the inset. 

In the vicinity of the interface, the approaching O2 molecule can get electrons 

from the interfacial silicon atoms, resulting in the negatively charged oxygen species with 

a peroxy-like meta stable structure Si-O-O-Si. This transition state is due to the 

interaction between 3p orbitals of interfacial Si atoms and partially occupied 2p orbital of 

one of the O2 molecule, leading to the dissociation of ! and !*orbitals in O2. The O-O 

bond length (1.50 Å) in the metastable structure becomes longer than that in the initial 

gas-phase structure (1.30 Å). The PDOS for the initial O2 molecule incorporated at the 

interface shows the more or less expanded p-type bonding states of O-O below the fermi 

level in comparison to the p states of O2 in the oxide as shown in Figure 7.4 (a). These 

results show that electrons are transferred from the Si substrate towards the O-O bonding. 

The accumulation of electrons around the O-O bond leads to the repulsion between the O 

atoms of O2, which enables the O-O bond to dissociate with a low energy barrier. 

Figure 7.4 (b) shows that antibonding states are strongly pronounced during the 

triplet-singlet conversion with the more expanded 2p states. Figure 7.4 (c) shows the 

distinct difference for the PDOS of two oxygen atoms. One oxygen with the over-

coordinated bonding shows the relatively unstable 2p states in the energy range of -3.5 



 102 

eV ~ -6 eV below the fermi level in comparison to the other oxygen atom with a Si-O-Si 

configuration and is expected to quickly move to the Si-Si bonds. Figure 7.4 (d) shows 

the stable 2p states of two oxygen atoms with the preferential Si-O-Si bonding network in 

the energy range between -3.5 eV and -6 eV below the fermi level. 

We found that the energy gain for the oxidation is 8.2 eV/ O2 molecule. An 

effective barrier for O2 to cross the interface and oxidize Si-Si bonds is 1.8 –2.05 eV [1-

3]. This is consistent with the previous results [1-3,16] that the oxidation reaction is 

strongly exothermic releasing 7.3 eV/O2 molecule and could be expected to have the low 

activation barriers (1.2 eV and 2.0 eV). This indicates that O2 molecules oxidize the 

interface Si-Si bonds almost spontaneously to make two Si-O-Si configurations. The 

oxygen incorporation into the Si-Si bond enhances the flexibility to the Si-O-Si structure 

leading to the strong bonding between Si atoms and neighboring bridging O atoms. 

Furthermore, a Si-O-Si network is energetically favored to lead to nucleation and growth 

of the activated Si species at the oxidizing interface. A key finding in the current work is 

that once an O2 molecule forms the Si-O-Si bonding network, this bonding network with 

the enhanced flexibility readily grabs Si atoms in the Au-Si alloy system. 
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Figure 7.4 The selected snapshots for the oxidation process of an O2 molecule at Au-Si 
alloy/a-SiO2 interface as a result of AIMD starting from (a) triplet state O2 
molecule, (b) singlet conversion from the triplet states of O2 molecule, (c) 
Si-O-Si transition states with the over-coordinated oxygen , and (d) the 
stable Si-O-Si formations. 

Oxygen in the a-SiO2 
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Figure 7.5 presents the calculated justification for the layer-by-layer oxidation by 

quantitatively analyzing two possible Si-O-Si bonds, which are formed by the O2 

incorporation into two Si-Si bonds at the interface. One case has the combination of the 

ionic states Si0-Si1+ and Si0-Si3+ for two Si-O-Si bonds. The other case has the 

combination of the ionic states Si0-Si1+ and Si0-Si1+. Our result shows the first case has the 

more large energy gain than the latter case by 0.74 eV. By the analysis of the suboxide 

energy panelties [17] [PRB 61,9899], the first combination has the Si suboxide states of 

Si0, Si4+ and two Si2+ leading to the total energy panelties of 1.02 eV. Meanwhile, the 

latter combination has the two Si1+ and two Si3+ suboxides with the total energy panelties 

of 1.42 eV.  

It is worth noting that the energy gap by the analysis of the suboxides energy 

penalties (0.40 eV) is smaller than our energy gap (0.74 eV). In this respect, it is strongly 

believed that the flexible Si-O-Si bonding network by the O2 incorporation into the Si-Si 

bonds at the interface may enhance the structural stability as releasing the strain towards 

the a-SiO2 layer. Furthermore, since the Si-O-Si bonding formation at the interface is 

more stable than that of in the Au-Si alloy, the subsequent oxidation at the interface can 

be prerequisite. 
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Figure 7.5. (a) initial interface structure (b) the combination of the ionic states Si0-Si1+ 
and Si0-Si1+ of Si atoms forming two Si-O-Si bonds is shared by 
incorporated O atoms gives rise to two Si1+ and  two Si3+ suboxides (c) the 
combination of the ionic states Si0-Si1+ and Si0-Si3+ gives rise to Si0, Si4+ and 
two Si2+ suboxides 

 

Table 7.1. Suboxide energy panelties (Ref : PRB 61,9899(2000)) 
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Figure 7.6 shows the selected snapshots as a result of AIMD for (a) well mixed 

initial Au-Si alloy, (b) oxidation reaction by forming Si-O-Si network with O2 

incorporation into Si-Si bonds, and (c) final pure Au layer formation. When the O2 

molecules move from the a-SiO2 surface towards the Au-Si alloy/a-SiO2 interface, Si 

atoms at the interface are oxidized to the Si-O-Si bonds and Si atoms in the Au-Si alloy 

diffuse in to the interface. Au atoms will diffuse out extremely rapidly from the interface 

and become more strongly bound in coalescence with other Au atoms. Then, the 

preferential ordering of longer Si-O-Si bridges induces the layer-by-layer oxidation at the 

interface. Sequentially, this Si-O-Si network formation enhances pushing out Au atoms 

from the interface and absorbing Si atoms in the Au-Si alloy. PDOS, with the results that 

the p-band centers of Si atoms in i) the a-SiO2 system, ii) the interface, and iii) the Au-Si 

alloy are –8.2 eV, -6.8 eV, and -5.8 eV ,respectively as shown in Figure 7.6, provides a 

good evidence for the favored nucleation of Si atoms at the interface.  

Finally, we expect that pure Au layer will be formed at the interface after the full-

fledged oxidation and the interfacial structures between the pure Au layer and a-SiO2 

layer will have the specific functional characteristics. A further investigation into the 

chemical properties of the final interface and the excess oxygen state at the interface is 

underway.  
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Figure 7.6. The snapshots for the formation of the pure Au layer after oxidation of Si 
atoms from the Au-Si alloy at the interface starting from (a) well mixed Au-
Si alloy, (b) proceeding oxidation by forming Si-O-Si network with O2 
molecule incorporation, and (c) final pure Au layer formation as a result of 
AIMD. 
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Conclusively, Figure.7.7 indicates the schematics for the formation of the oxide 

layer at the Si/Au interface [(a)] and the Au-Si alloy /a-SiO2 [(a)]. The formation of the 

oxide layer at the Si/Au interface [(a)] is initiated by the release of the silicon atoms from 

c-Si substrate and the subsequent migration of the Si atoms to the surface through the Au 

layer. At the surface, the silicon atoms react with oxygen to form the new a-SiO2 layer at 

the Au/a-SiO2 interface, which is analogous to the thermal oxidation process. Meanwhile, 

the formation of the oxide layer at the Au-Si alloy/a-SiO2 interface [(b)] is initiated by the 

preferential binding of the incorporated oxygen atoms with Si atoms in the alloy and the 

subsequent migration of the Si atoms to the interface based on the suboxide energy 

penalties. All silicon atoms react with oxygen to form the new a-SiO2 layer, finally 

leading to pure Au layer at the interface. In this study, we also propose the formation of a 

pure Au particle in the a-SiO2 cage, which can be used as the bio-related applications and 

the formation of nanoflowers on the Au surface with the oxidation mechanism.  
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Figure 7.7. (a) Model for the mechanism of a-SiO2 formation at the Si/Au interface   
(JAP 43,3643). (b) Model for the mechanism of a-SiO2 formation at the Au-
Si catalyst/ a-SiO2 interface 

 



 110 

7.4  SUMMARY 

We investigated the reaction of oxygen molecules on the Au-Si alloy surface and 

the underlying mechanisms of the Au-Si alloy oxidation using a combination of 

Metropolis Monte Carlo, MEAM potential and first principles density functional.  First, 

to study the reaction of oxygen molecules on the Au-Si alloys surface, we investigate a 

dissociative adsorption of oxygen molecules as an initial stage of oxidation on the Au-Si 

alloy surface. We found that the dissociation is activated by electron donation from the 

surface atoms into the unoccupied states of the antibonding orbitals (!* and %*) of O2, 

whose ground state is a triplet with two unpaired electrons. Occupation of these orbitals 

leads to an increase of the O-O bond and to final splitting of the bond. Then, we perform 

a series of consecutive AIMD simulations of the adsorption of oxygen molecules on the 

Au-Si surface to finally make the interfacial structure between Au-Si alloy and a-SiO2, 

which is reactive sites for the oxidation processes and accessible to an incoming O2 

molecule.  

The interfacial oxygen atoms preferentially bind with Si atoms and weakly interact 

with Au atoms at the Au-Si/a-SiO2 interface. Our result shows the exothermic energy 

gain for oxidation by 8.2 eV with a very small barrier (0.2 eV). This indicates that O2 

molecules oxidize the Si atoms at the interface almost spontaneously to make two Si-O-

Si configurations. We proved the layer-by-layer oxidation process to form the stable Si-

O-Si networking structures with the energy cost of suboxides. Basically, the PDOS 

analysis of oxygen atoms at the interface during oxidation provides overall good 

information to investigate the structural stability of the corresponding reactions. Finally, 

we interpret the underlying mechanisms of the Au-Si alloy oxidation, which can be used 

as the bio-related applications and the formation of nanoflowers. 

 



 111 

7.5  REFERENCES 

[1]  A.Bongiorno and A.Pasquarello, Phys. Rev. Lett.  93, 086102 (2004) 

[2] A.M.Stoncham, J.L.Gavartin, and A.L.Shluger, J.Phys.Condens.Matt.17,S2051 

(2005) 

[3]  T.Akiyama and H.Kageshima, Surf. Sci.576, L65 (2005). 

[4]  A.Hiraki, E.Lugujjo, and J.W.Mayer, J.Appl.Phys. 43, 3643 (1972), 

[5]  J.M.Antonietti, M.Michalski, U.Heiz, H.Jones, K.H.Lim, N.Rosch, A.Del Vitto, and 

G.Pacdhioni, Phys. Rev. Lett. 94,213402 (2005). 

[6]  K.O. Ng and D. Vanderbilt, Phys. Rev. B 59, 10132 - 10137 (1999) 

[7]  Y. Tu and J. Tersoff, Phys. Rev. Lett. 84, 4393 - 4396 (2000) 

[8]  F.Wooten, K.Winer, and D.Weaire, Phys. Rev. Lett. 54, 1392 - 1395 (1985) 

[9]  G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993). 

[10]  G. Kresse.and J. Furthmüller, Comput. Mater. Sci. 6, 15 (1996). 

[11]  G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996). 

[12]  J. Perdew, J. Chevary, S. Vosko, K. Jackson, M. Pederson, D. Singh, and 

C.Fiolhais, Phys. Rev. B 46, 6671 (1992). 

[13]  D. Vanderbilt, Phys. Rev. B 41, 7892 (1990).  

[14]  G. Kresse and J. Hafner, J. Phys. Condens. Matter. 6, 8245 (1994). 

[15]  J.M.Antonietti, M.Michalski, U.Heiz, H.Jones, K.H.Lim, N.Rosch, A.Del Vitto, 

and G.Pacdhioni, Phys. Rev. Lett. 94,213402 

[16]  L.Tsetseris and S.T.Pantelides, Phys. Rev. Lett.,97,116101 (2006) 

[17]  D.R.Hamann, Phys. Rev. B 61,9899 (2000). 

 

 

 



 112 

Chapter 8:  Behavior of Au Atoms on H-terminated Si(111) 

8.1  INTRODUCTION 

SiNW growth via the vapor-liquid-solid (VLS) process is fundamentally limited by 

the diffusion of gold from the Au-Si droplet that remains at the tip of the nanowire [1-3]. 

Hannon et al. [1] clearly proved by using ultrahigh vacuum electron microscopes that 

Au-Si droplets undergo Au out-diffusion, causing a change of their diameters. Due to the 

extremely low solubility of Au in the bulk Si, Au is expected to migrate over the Si 

substrate and up and down the nanowire sidewalls during the growth process. Insufficient 

supply of Si source to the Au-Si droplet enhances the migration of Au atoms on the 

sidewalls of nanowires and the Si surface. It has also been proved that Au particles 

precipitate on the sidewall of nanowires during cooling [4], and one monolayer of Au 

covers the surface and sidewall during the growth [1].  

Recently, Wu et al.,[5] proved by means of high-resolution transmission electron 

microscopy (HRTEM) that SiNWs grown with H2 carrier gas are single-crystalline, lack a 

visible amorphous oxide layer and feature a H-passivated surface, as observed in the Si 

thin-film growth [6]. This H termination of the SiNW surface is expected to restrict the 

mobility of Au atoms and change the nucleation densities of Au atoms at the process 

temperature [7]. The adsorption of Au on the H-terminated Si surface will introduce 

unique surface diffusion and the clustering formation because Au possesses unusual and 

diverse chemistries. In particular, hydrogen atoms will modify the cluster growth mode of 

the metal [8-13]. While earlier experimental and theoretical investigations have focused 

only on diffusion phenomena such as Ostwald ripening and the Gibbs-Thomson effect for 

Au on the Si surface during the growth, the underlying chemistry for the adsorption 
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structure and the diffusion and clustering mechanism of Au atoms on the H-terminated Si 

(111) surface, which is the sidewall facet of SiNWs of is still poorly known.  

In this study, we investigate the chemical bonding characteristics of Au adsorption, 

and the diffusion mechanism and formation stability of Au clusters on the H-terminated 

Si surface by using first principles quantum mechanical simulations. We present that the 

change of the electron density between Au clusters and Si substrate [14] may lead to the 

change in the adsorption stability for small gold clusters, and hydrogen may play a main 

role in controlling the mobility and the clustering of Au atoms on the H-terminated Si 

surface.  

8.2    COMPUTATIONAL DETAILS 

In this work, ab initio MD and static structural optimization were performed using 

the well established planewave program VASP (Vienna ab initio Simulation Package) 

[15-17].  We used the generalized gradient approximation (GGA) derived by Perdew 

and Wang (PW91) [18] to density functional theory (DFT).  A plane-wave basis set for 

valence electron states and Vanderbilt-type ultrasoft pseudopotentials [19,20] for core-

electron interactions were employed.  A plane-wave cutoff energy of 270 eV was used 

and the Brillouin zone integration was performed using a (2x2x1) mesh of k-points in the 

scheme of Monkhorst-Pack. The atomic structures, adsorption energies, and diffusion 

barriers of Au atom were mostly calculated using the 6 atomic layer (4x4) supercell slab 

that is separated from its periodic images by a vaccum space of 13!. The bottom-layer Si 

atoms are fixed and their dangling bonds are passivated by H atoms. The topmost five Si 

layers, H atoms and Au atoms are fully relaxed using the conjugate gradient method until 

residual forces on constituent atoms become smaller than 5#10-2 eV/ Å. We used the 

nudged elastic band method (21) with eight intermediated images in the search of 

diffusion pathways and barriers. 
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8.3  RESULTS AND DISCUSSION 

  8.3.1   Adsorption Structure 

Figure 8.1 shows the adsorption configurations of a neutral Au atom at four stable 

sites on H/Si(111); (a) onefold top site (T) in which Au is on top of a surface Si atom 

while replaced with H which is originally bonded to the surface Si atom, (b) twofold 

bridge (B) site in which Au is located above the middle of two Si surface atoms, (c) 

threefold filled site (F) in which Au is placed above the center of three Si surface atoms 

while having a first sublayer Si atom underneath, and (d) threefold hollow site (H) which 

is above a third sublayer Si atom.  The T site turns out to be the most favorable, 

followed by the B, F and H sites which are 0.25eV, 0.40 eV and 0.46 eV less favorable, 

respectively.  The Au adsorption energy (Ead) was calculated as Ead = E(Au/H-

terminated Si(111) surface) – E(H-terminated Si (111) surface) – E(Au), where E(Au/H-

terminated Si(111) surface), E(H-terminated Si (111) surface) and E(Au) are the total 

energies of the Au/H-terminated Si(111) adsorption system, the H-terminated Si surface, 

and the gas-phase Au atom, respectively. 

 

 

 

 

 

 

 

Figure 8.1 The adsorption configurations of a neutral Au atom from the stable sites on the 
H-terminated Si(111) surface ; (a) onefold top (T) site, (b)twofold bridge 
(B) site, (c) threefold filled (F) site. Threefold hollow (H) sites is not 
displayed, but this site is the near position of (c) threefold filled (F) site. 

Hollow site 
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Also, based on the energy gains for the binding and adsorption of all Au-H-Si 

species, a potential energy map is presented in Figure.8.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2 Potential energy map for Au-H-Si species based on the GGA total energies. 
The arrows indicate the respective energy gains for the complex molecular 
species. 

In addition, our spin-polarized DFT-GGA calculation predicts the energy cost of 

neutral Au-H liberation from the T site to be around 1.4 eV, i.e, !Si-Au-H ' !Si( + Au-

H (g), where dash (–) and dot (() indicate a Si-Si bond and an unpaired electron, 
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respectively.  The sizable adsorption energies may suggest that a neutral Au atom could 

stably exist on the H/Si(111) surface at moderate temperatures. 

 To understand the Au-Si bonding mechanism at the T site, we calculated density 

of states and charge density differences.  Figure 8.3 shows local density of states 

(LDOS) of the Si, H and Au atoms in !Si-Au-H [(a)] and Si and Au LDOS in !Si-Au 

[(b)].  The calculated results show that the bonding nature of the Au-H adsorption on Si 

surface can be viewed as partial covalent as well as ionic bonding as shown in Figure 8.3 

[(c)]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.3 Local density of states (LDOS) of (a) the Si, H and Au atoms in !Si-Au-H  
and Si and (b) Au LDOS in !Si-Au.  (c) charge density difference is 
presented in (c). 
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There is no the p-d hybridization between the Si p states and the Au d orbitals for the !Si-

Au-H. The PDOS for H corresponds to the polarized unpaired s-states of H leading to 

anion property. The PDOS for Si shows the unpaired P states of Si atom at the fermi 

level, which means the weak binding between Au-H and Si atom. For the case of Si and 

Au LDOS in !Si-Au, the strong main p-d hybridization between Si p electrons and the 

Au d electrons appears in the area of -3.5 ~ -4.3 eV.  

8.3.2   Diffusion and Clustering of Au Atom 

Next, we examine Au diffusion on the H/Si(111) surface.  Figure 8.4 shows a 

viable path that we have identified for Au diffusion starting from the most stable T site, 

along with an energy variation along the minimum energy path.  The results suggest that 

the Au diffusion may occur via a kick-out and kick-in mechanism.  First, the Au atom 

may depart from the T site while interacting with a neighboring Si atom, followed by 

reaction between the H and Si atoms bonded to the Au atom to restore the original Si-H 

bond.  The T ' B transformation is predicted to require overcoming a barrier of 0.5 eV.  

Then, the kicked-out Au atom at the B site may either migrate to an adjacent B site 

through a threefold F or H site or return to the T site.  According to our calculations, the 

F and H sites are likely to be rather unstable, such that Au at the threefold sites easily 

moves to the B site with nearly no barrier.  The barriers for the B ' F ' B and B ' H 

' B diffusion processes are thus predicted to be about 0.2 eV and 0.18 eV, respectively, 

which are smaller than 0.25 eV for the B ' T conversion.  This suggests that the 

kicked-out Au atom may undergo diffusion across the H-terminated Si surface with a 

small barrier of around 0.25 eV, until trapped at the T site by overcoming a barrier of 0.5 

eV.  Considering the barriers for the kick-out and kick-in processes, the overall 

activation energy of Au diffusion is estimated to be 0.5 eV.  The moderate energy cost 

implies that Au atoms can migrate freely on the H-terminated Si(111) surface without 
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disrupting Si-H bonds at temperatures far below the H decomposition temperature of 

around 450 oC, consistent with earlier experimental observations [7]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.4 Viable Au diffusion path starting from the most stable T site, along with an 
energy variation along the minimum energy path. 

Next, we estimate the formation energies for the aggregation of Au atoms with and 

without hydrogen presence on the Au particle as shown in Figure 8.5. We found the 

energy gains are 0.23, 0.36, 0.40, and 0.45 eV for the Au dimer, trimer, tetramer, and 

pentamer configurations in the absence of H, respectively. Hydrogen enhances Au 

clustering resulting in an increase of the formation energies of 0.81, 1.15, 2.27, and 1.37 

eV for the Au dimer, trimer, and tetramer configurations, respectively. The lowest-energy 
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configurations are linear, isotriangle, and rhombus planar structure for dimer, trimer, and 

tetramer, respectively.  

In this study, we take the Au2H2 (H-Au-Au-H), Au3H3 (H-Au-AuH-Au-H) and 

Au4H4 (H-Au-AuH-AuH-Au-H) configurations on the Si substrate as the starting 

structures in the presence of H. In these initial configurations, each Au has one hydrogen 

atom at the on-top position of the Si (111) surface. We employ the ab initio molecular 

dynamics method to find the Au clustering structures and the ground-state energy 

calculation to estimate the formation energy for the Au clusters obtained as a result of 

AIMD. Actually, however, in discussing the energetics of cluster formation, a direct 

comparison of the bond energies and the number of chemical bonds is desirable. But, in 

this study, since the bond energies depends on the combined cluster structures between 

Aun (n=2-4) cluster and H atoms, it is a subtle problem to correctly estimate the 

formation energies for the clustering configurations on the Si (111) surfaces.  

Unlike a single Au atom adsorbed on the H-terminated Si(111) surface, the dimer, 

trimer and tetramer configurations of Au atoms induce H segregation during the cluster 

formation of Au atoms, which means the Aun-Hn (n=2-4) complex systems have the 

direct bonds with the Si substrate. This phenomenon persists as more Au atoms aggregate 

to the cluster. The number of the segregated H atoms is related to the adsorption area and 

shape of a cluster, not the cluster size. In this respect, since H atoms have restricted 

mobility of Au atoms on the Si surface, it is important to investigate in detail this Aun-Hn 

(n=2-4) complex system, which can also be used as advanced applications for the catalyst 

business. Although we only considered a small number of the Aun-Hn (n=2-4) complex 

system in this study and we found one of the stable structures for the Aun-Hn (n=2-4) 

complex system as shown in Figure 8.6, we expect that the number of possible 

configurations will be enormous even in case of the small cluster. With the understanding 
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of the difference in bond strengths of Au-Si and H-Si and the concept of Au/H analogy, a 

further investigation to discover the most stable Aun-Hn (n=2-4) complex system is 

underway. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.5  Relative formation energy (in eV) for the clustering of Au atoms without H 
and with H assisted on the H-terminated Si (111) surface. as the starting 
structures in the presence of H, the Au2 (H-Au-Au-H), Au3 (H-Au-AuH-Au-
H) and Au4 (H-Au-AuH-AuH-Au-H) configurations on the Si substrate. 
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Figure 8.6  The selected configurations of (a) Au atom, (b) dimer, (c) trimer, and (d) 
tetramer of Aun-Hn (n=2-4) complex cluster.  

The charge transfer between Au atom and Si substrate could contribute mainly to 

stabilizing the adsorption of Au particles on the Si surface by virtue of spin pairing as 

demonstrated by the comparison of PDOS between the small supported and gas-phase as 

shown in Figure 8.7. The DOS (density of states) plots for Aun (n=1-4) clearly 

demonstrate that the spins of not only the even-numbered but also the odd-numbered 

particles are all paired on the H-terminated Si (111) surface in contrast to the gas-phase 

ones.  
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Figure 8.7 Comparison of PDOS between the small supported and gas-phase  
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When the Au coverage on the Si substrate is low, the strong interaction between the 

particle and the substrate is responsible for the two-dimensional (2D) growth. However, 

as the particle size increases, the metal-metal interaction becomes dominant over the 

particle-substrate interaction. This may in turn weaken the binding of particles to the 

substrate, leading to the 3D formation of Au clsuter. Figure 8.8 shows the PDOS 

comparison of Au5 cluster with the 2D and 3D configurations on the Si (111) substrate. 

This PDOS exhibits a significant difference in the d-band center between –2.91 eV of 2D 

configurations and -3.1 eV of 3D configurations. Figure 8.9 shows the serial snapshots of 

the preferential 3D structural formation for the relatively large Au5 particle as a result of 

the ab initio molecular dynamics at 300K. We found that hydrogen atoms play a role in 

enhancing the agglomeration of Au atoms for 3D structures.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.8 Comparison of LDOS between the 3D Au5 cluster and 2D Au5 cluster 
structures. 

d-band center: -2.907 

d-band center: -3.138 
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Figure 8.9 A series of snapshots for the 3D formation of Au cluster from 2D structures 
with the assistance of H atom obtained from AIMD simulations at 300K 

8.4   SUMMARY 

We first investigate the stable position of an Au atom on the H-terminated Si (111) 

surface by using the ab initio calculation. The T site turns out to be the most favorable, 
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followed by the B, F and H sites which are 0.25eV, 0.40 eV and 0.46 eV less favorable, 

respectively. In addition, our spin-polarized DFT-GGA calculation predicts the energy 

cost of neutral Au-H liberation from the T site to be around 1.4 eV, i.e, !Si-Au-H ' !Si( 

+ Au-H (g), where dash (–) and dot (() indicate a Si-Si bond and an unpaired electron, 

respectively.  The sizable adsorption energies may suggest that a neutral Au atom could 

stably exist on the H/Si(111) surface at moderate temperatures. 

The Au diffusion may occur via a kick-out and kick-in mechanism.  First, the Au 

atom may depart from the T site while interacting with a neighboring Si atom, followed 

by reaction between the H and Si atoms bonded to the Au atom to restore the original Si-

H bond.  The T ' B transformation is predicted to require overcoming a barrier of 0.5 

eV.  Then, the kicked-out Au atom at the B site may either migrate to an adjacent B site 

through a threefold F or H site or return to the T site.  

The charge transfer between Au atom and Si surface atom could contribute mainly 

to stabilizing the adsorption of Au particles on the Si surface by virtue of spin pairing as 

demonstrated by the comparison of PDOS between the small supported and gas-phase 

clusters. The significant change in the electronic structure of small Au particles on the Si 

surface determines the configurations of the clustering structure. We found the energy 

gains are 0.23, 0.36, 0.40, and 0.45 eV for the Au dimer, trimer, tetramer, and pentamer 

configurations in the absence of H, respectively. Hydrogen enhances Au clustering 

resulting in an increase of the formation energies of 0.81, 1.15, 2.27, and 1.37 eV for the 

Au dimer, trimer, and tetramer configurations, respectively. Hydrogen atoms play a role 

in weakening the interaction between the Au particle-Si substrate and enhancing the 

agglomeration of Au atoms that is preferential for 3D structures with increase of Au 

atoms. 
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Chapter 9:  Surface Chemistry of SiNW 

9.1    INTRODUCTION 

The selective functionalization of the SiNW surfaces with a small diameter (It is 

possible to fabricate the smallest SiNWs with a diameter of 1.3-7 nm [1]) has been 

attracting the increasing attention due to the varied applications [2-4]. In general, the 

(110)-oriented SiNW is reported as a better candidate for the surface functionalization 

because it has the relatively well-defined surface configuration and shows the unique 

chemical and electrical properties. Recently, the functionalization with the adsorption of 

the various organic species on the SiNW surfaces and with the impurity incorporations 

into the SiNW has been intensively studied to investigate the chemical and biological 

sensitivities [5-6] and to find the many possibilities for the future technological 

application [7-18]. It is also reported that the unique chemical property in the doped-Si 

surface offers a tangible potential for chemically controlled patterning of organic 

functional groups on well-defined surfaces [19].  

However, many earlier theoretical and experimental studies have focused on the 

morphological and electrical characteristics of the clean and H-terminated surface of the 

SiNWs with the various crystallographic orientations. Little is known about the details of 

underlying chemical bonding nature to make possible the surface functionalization of 

SiNWs. 

In this study, we will present the theoretical investigation of the chemical properties of 

the realistic clean and H-passivated surface of the SiNW grown along the (110) 

orientations including i) surface reconstruction of SiNWs in comparison to their planar 

counterparts; ii) non-local effect of polar molecules (H2O and NH3) and iii) the 

mechanism for the formation of molecular wires. 
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9.2    COMPUTATIONAL DETAILS 

All geometric structures and total energies are calculated using the plane wave basis 

pseudopotential method with the generalized gradient approximation (GGA) [20] to 

density functional theory (DFT) as implemented in the Vienna Ab-initio Simulation 

Package (VASP)[21-23]. We use Vanderbilt-type ultrasoft pseudopotentials [24-25] and 

plane wave basis sets with a cutoff energy of 300 eV. We check the convergence with 

changes in adsorption energy less than 0.02 eV (which is within a chemical accuracy, 1 

kcal/mol = 0.04eV). We made the unterminated and H-terminated SiNW oriented along 

(110) direction with 2.6 nm diameter consisting of 208 atoms for the surface 

reconstruction and dopant effect, and with 1.7 nm diameter consisting of 56 atoms for the 

band gap engineering. We used a (1#4#1) mesh of k points in the scheme of Monkhorst-

Pack for the Brillouin zone sampling [26]. The electron localization function (ELF) [25] 

is employed to analyze the nature of bonding and non-bonding interactions.  

9.3    RESULTS AND DISCUSSION 

9.3.1 SURFACE RECONSTRUCTION OF SILICON NANOWIRES 

Figure 9.1 shows the model structures with small diameter in the clean and H-

terminated SiNWs grown along the (110), (111), and (211) directions. A (110)-oriented 

SiNW has the relatively well-defined surface structure and the highest sensitivity to 

surface modification, which indicates much better candidate for sensor application than 

other orientations. A small (110)-oriented SiNW consisting of 208 atoms of a 2.6 nm 

diameter has a regular hexagonal structure with two (100)-type facets and four (111)-type 

facets. In this paper, we examine the surface reconstruction of SiNWs which shows the 

specific chemical properties. For the sake of reference, we also reviewed the 

reconstruction of planar Si (100) and Si(111) surfaces. 
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Figure 9.1  Prototypical structures with small diameters in the clean and H-terminated 
SiNW growth along the (110), (111), and (211) directions 

In terms of clean surface reconstruction, each Si atom on the bulk (111) and (100) 

surfaces of SiNWs contains one and two dangling bonds, respectively.  As illustrated in 

Figure 9.2, the (100) surface forms a 2#1 reconstruction where surface Si atoms are 

dimerized along the (110) direction to reduce the surface energy.  While the 

configuration of surface dimers is mainly determined by their dipole-dipole interactions 

and sublayer strain, they appear to remain alternatively buckled along a dimer row with 

antiphase correlation between dimer rows.  This leads to the well-ordered c(4#2) phase.   

110 111 211 
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Our DFT-GGA calculation in the SiNW c(4#2) surface shows a dimer bond length of 

2.33 Å and a dimer buckling angle of 18.6o, which is in good agreement with previous 

DFT calculations for the planar Si(100) c(4#2) surface [27-30]. On the (100) surface, 

dimer bucking brings about charge transfer from the buckled-down atom to the up atom, 

yielding electron-poor (electrophillic) and electron-rich (nucleophillic) states. The charge 

properties of SiNW can be used as the chemical and bio-sensor by controlling the surface 

characteristics with the organic molecules.  For the Si(111) planar surface, the DAS 

reconstruction (dimer-adatom-stacking fault) is generally accepted as the correct model 

[31-34]. The structural unit cell of the Si (111)-(7x7) model has quite a large 

reconstruction surface with a unit cell size of 26.9 Å, which means 49 times larger than 

the (1x1) unit cell of the bulk-terminated Si (111) surface. The surface reconstruction of 

Si (111) plane involves the four topmost layers. Unlike the relatively bigger planar (111) 

surface reconstruction, the four (111)-type facets of the small SiNW (<10nm) can be 

reconstructed to the !-bonded chains in the (110) direction to reduce the lattice strain 

with a !-bond length of 2.29 Å. These buckled !-bonded chains on the reconstructed 

(111) facets of the SiNW turn out to be responsible for the metallic character of the small 

SiNWs. As shown in Figure 9.3, the strain map for the bare SiNW shows the lattice strain 

in the (111) facet and (100) facet, and (111)/(100) interface and (111)/(111) interface. To 

release the surface strain, the SiNW is reconfigured with the 5-, 6-, and 7-member lateral 

combinations at the (100) surface, (111) surface, the (111)/(111) interface and the 

(111)/(100) interface in the cross-sectional view.  
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Figure 9.2 (a) The stable (110) surface reconstructions and (b) the strain maps for the 
bare SiNWs and H-terminated SiNWs along (110) direction. 
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Figure 9.3 On the (100) surface, dimer bucking brings about charge transfer from the 
buckled-down atom to the up atom, yielding electron-poor (electrophillic) and 
electron-rich (nucleophillic) states. Buckled !-bonded chains on the (111) 
surface turn out to be responsible for the metallic character of the small SiNWs. 
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9.3.2 COMPARISON TO PLANAR SURFACES : H2O AND NH3 ADSORPTION 

As shown in Figure 9.4, we investigated the various adsorption sites of H
2
O molecule 

on the (100) and (111) facets of the clean SiNW surface grown along (110) direction with 

the 2.6 nm diameter of 208 atoms. It is well known that the electronic structures of 

semiconductor surfaces are determinant for H2O adsorption sites. In this respect, we first 

checked two dimer sites for H2O adsorption on SiNW-(100) surface: d1) and  d2) dimer-

bucked down sites with the dangling bond optimization. The oxygen lone-pair electrons 

in H2O would interact with the electrophilic down site of the surface dimer easily.  

From our DFT-GGA calculation, we found that the two dimer sites of the SiNW-(100) 

surface show the different H2O adsorption energies and the different chemical properties 

in comparison with the planar dimers. One down dimer site d1) at the (100) facet adjacent 

to SiNW-(111) surface is a relatively weak adsorption energy of 0.60 eV and the other 

inner down dimer site  d2) has the adsorption energy of 0.65 eV. These adsorption 

energy values are slightly smaller than the planar case of 0.7 eV. The surface strain of the 

SiNW (111) surface contributes to the energy differences during H2O adsorption on the 

SiNW-(100) surface. Particularly, the Si surface atoms with !-bonded chains on the 

SiNW-(111) surface show the instability with H2O adsorption, leading to the reduction in 

the adsorption energy for H2O molecule. One O-H bond length of H
2
O that points to the 

buckled-up atom in the inter and intra dimers at the site d1) is similar to that of the site 

d2). But the bond length between Si and O at the site d1) is elongated about 0.02 Å larger 

than that of the site d2) due to the structural reconstruction of the adsorbed Si atom. Then, 

we checked the varied adsorption sites for H2O molecule on the SiNW-(111) surface. The 

surface adsorption sites with !-bonding chain mode are not favorable for H2O with the 

energy gain of 0.1 – 0.2 eV.  The preferential site for the H2O adsorption is the 

(111)/(111) interface with the energy gain of 0.68 eV, showing the electrostatic 
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interaction between the positively charged H atoms and the buckled-up Si atoms. The 

energetics and structural properties are summarized in Table 9.1. 

 

 

 

 

 

 

 

 

Figure 9.4 The various adsorption sites of H
2
O molecule on the (100) and (111) facets of 

the clean SiNW surface grown along (110) direction with the 2.6 nm diameter 
of 208 atoms. 

Table 9.1. The energetics and structural properties for H2O adsorption on the (001) and 
(111) facet of SiNW.  

 

 

 

 

 

 

 

 

 

 

Ead(eV) dSi-Si(¡Ê ) dSi-O(¡Ê ) dO-H(¡Ê ) dH-O-H(¡Æ)

1) 0.68 2.35 2.06 1.01(0.99) 110.1

2) 0.25 2.34 2.10 1.00(1.01) 108.9

3) 0.20 2.29 2.20 1.00(1.00) 107.6

4) 0.25 2.31 2.10 1.01(1.01) 104.9

5) 0.60 2.36 2.02 1.02(1.00) 108.0

6) 0.65 2.38 2.00 1.02(0.99) 111.4
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In general, the surface characteristics of the clean SiNW-(001) surface is analogous 

to that of the planar Si (100) surface in that buckled-up and buckled-down atoms are 

charged negatively and positively, respectively. Therefore, the electrostatic interaction 

between surface atoms and adsorbates may play a certain role in determining adsorption 

properties. Next, we have examined the adsorption of small polar molecules, H2O and 

NH3 on the SiNW-(100) surface in comparison to the planar surface [36,37]   to 

understand the non-local effect including: (i) surface polarization change, (ii) adsorbate-

induced charge delocalization, (iii) adsorbate-adsorbate repulsion, and (iv) hydrogen 

bonding,.  

For the lowest-energy structures at the coverage of 0.5 ML, each O–H bond of H2O 

is directed to the buckled-up atom of either the host or an adjacent dimer, as shown in 

Figure 9.5. Similarly the N–H bonds of NH3 points to the buckled-up atoms of the host 

and neighboring dimers, as shown in Figure 9.6. This is apparently attributed to the 

electrostatic attraction between the positively charged H atoms and negatively charged 

buckled-up Si atoms.  

Our calculations clearly demonstrate that the orientation of adjacent bare dimers along 

a row can influence the adsorption properties of polar molecules by altering the 

adsorbate-surface electrostatic interaction and adsorbate-induced charge delocalization. 

The molecular adsorption of H2O and NH3 on the SiNW-(001) surface involves charge 

delocalization to adjacent dimers along a row. Thus, the presence of adsorbates at 

adjacent dimers may influence the molecular adsorption properties. The nonlocal effect 

turns out to be primarily responsible for the significant reduction of adsorbate surface 

binding when neighboring dimers along a row are occupied. The electropillic buckled-

down atoms are likely to inhibit the charge delocalization to adjacent dimers when they 

exist at the same side as adsorbate along a row.  
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For the 1.0 ML molecular adsorption, the adsorption energy per adsorbate decreases 

by 0.1 eV and 0.13 eV for H2O and NH3, respectively. The reduction of H2O-surface 

binding is about 0.03 eV smaller than the NH3 case. This can be explained by the 

increased H…Si electrostatic attraction with the buckled-up Si atom of an adjacent dimer. 

In view of this, the adsorption energy reduction resulting from the inhibition of 

adsorbate-induced charge delocalizationd is about twice as large in NH3, compared to 

H2O, i.e., 0.2 eV per adsorbate. This energy reduction on the SiNW surface is similar to 

the planar Si (100) surface. This may not be surprising given that the former involves 

about twice the amount of adsorbate-surface charge transfer than the latter at low 

coverage. 

Considering the small O….H hydrogen bond energy of 0.05 eV per H2O, the energy 

gain by the H….Si electrostatic attraction is about 0.15 eV per adsorbate. Thus, the 

significant adsorption energy difference of 0.3 eV per adsorbate for NH3 cannot be 

explained excluding adsorbate-adsorbate repulsion. Note that the H….H distance 

between adsorbed NH3 molecules at the 1.0 ML, is only 1.9 Å whereas, in the H2O case, 

H….H is relatively far longer. These results suggest the strong adsorbate-adsorbate 

repulsion could arise when NH3 molecules and H2O molecules are consecutively placed 

at the same side of dimers along a row. As a result, at the 1.0 ML full coverage, the 

zigzag structure yields stronger adsorbate-surface binding for both NH3 and H2O 

adsorption. The adsorbate-adsorbate repulsive interaction appears to be insignificant 

when these molecules are placed alternatively at the opposite side of dimers along a row. 
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Figure 9.5 The adsorption energies of the H2O molecules on the SiNW surface in 
comparison with the planar structures at 0.5 ML coverage and at the 1.0 ML 
full coverage 
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Figure 9.6 The adsorption energies of the NH3 molecules on the SiNW surface in 
comparison with the planar structures at 0.5 ML coverage and at the 1.0 ML 
full coverage 

P-assisted chain reaction : Finally, we will discuss in detail each step (P surface 

incorporation, selective H2 desorption, organic molecule adsorption and chain reaction, 

reaction termination) for a P-assisted chain reaction mechanism with the self-directed 

growth of 1D molecular wire on the SiNW-(100) surfaces. This is also analogous to the 

planar case. The chain formation mechanism was first proposed by Linton et al. [19] and 

was elaborated for styrene line growth by Lopinski et al. [38]. For example, the 

adsorption of styrene on the SiNW (100) surface with a lone pair on P and a dangling 
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bond causes the breaking of the styrene C=C double bond into the C–C ! bond (to form 

one C–Si bond ) and one C radical. The adsorbed styrene with a C radical is stabilized by 

H abstraction from an adjacent Si–Si dimer. The H-empty P site (with a lone pair) is 

rather inactive toward styrene adsorption. The newly created adjacent Si dangling bond 

reacts with another styrene molecule, followed by H abstraction from a neighboring 

dimer to generate another new Si dangling bond. By repeating adsorption and abstraction, 

the growth of one-dimensional styrene lines proceeds. Finally, the chain reaction can be 

terminated by abstracting H on the P side of a monohydride Si–P heterodimer (H–Si–P–

H) as shown in Figure 9.8.  

We found that P atoms preferably substitute for surface Si atoms and form Si–P 

heterodimers with an energy gain of about 1.6 eV per P atom [39]. We first calculate 

hydrogen desorption on the H-passivated SiNW-(100) surface and on P-incorporated 

SiNW-(100) surface including: (i) intradimer desorption of H atoms on the same dimer 

and (ii) interdimer desorption of H atoms on the same side of two adjacent dimers. The 

desorption behavior on the P-incorporated SiNW-(100) surface distinctly differs from 

that on the clean surface. H2 desorption barriers of 1.84 eV (intradimer desorption) and 

1.40 eV (interdimer desorption) are significantly lower than 2.51 and 2.44 eV for the 

corresponding barriers on the P-free surface.  

For the sake of the possibility of selective H2 desorption, the interdimer route will be 

the lowest barrier by controlling the substrate temperature. The weak H–P interaction 

tends to facilitate atomic H desorption while leaving the H-empty P with a lone electron 

pair. The desorption barrier is predicted to be 1.78 eV. In fact, the weak H–P binding is 

primarily responsible for the significant reduction in barrier for associative H2 

desosorption on the local surface. As a result, the SiNW-(100) surface with a lone pair on 
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P and a dangling bond on Si is chemically very active and will greatly promote an 

organic-surface reaction at the local surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.7 The chain formation mechanism 
by repeating adsorption and 
abstraction leading to the growth 
of one-dimensional styrene lines 
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9.4   SUMMARY 

We investigate the surface chemistry and reconstruction of the SiNW with the 

(110) growth direction by using the ab initio calculation. On the (100) surface, dimer 

bucking brings about charge transfer from the buckled-down atom to the up atom, 

yielding electron-poor (electrophillic) and electron-rich (nucleophillic) states. Unlike the 

relatively bigger planar (111) surface reconstruction, the four (111)-type facets of the 

small SiNW (<10nm) can be reconstructed to the !-bonded chains in the (110) direction 

to reduce the lattice strain with a !-bond length of 2.29 Å. These buckled !-bonded 

chains on the reconstructed (111) facets of the SiNW turn out to be responsible for the 

metallic character of the small SiNWs. 

   In general, the surface characteristics of the clean SiNW-(001) surface is 

analogous to that of the planar Si (100) surface in that buckled-up and buckled-down 

atoms are charged negatively and positively, respectively. Therefore, the electrostatic 

interaction between surface atoms and adsorbates may play a certain role in determining 

adsorption properties. The preferential sites for the H2O adsorption are the (100) surface 

and the (111)/(111) interface with the energy gain of 0.65-0.68 eV, showing the 

electrostatic interaction between the positively charged H atoms and the buckled-up Si 

atoms. The strong adsorbate-adsorbate repulsion could arise when NH3 molecules and 

H2O molecules are consecutively placed at the same side of dimers along a row. As a 

result, at the 1.0 ML full coverage, the p(2x2) zigzag structure yields stronger adsorbate-

surface binding than the p(2x1) aligned structure for both NH3 and H2O adsorption. The 

adsorbate-adsorbate repulsive interaction appears to be insignificant when these 

molecules are placed alternatively at the opposite side of dimers along a row. 

Finally, we examined in detail each step (P surface incorporation, selective H2 

desorption, organic molecule adsorption and chain reaction, reaction termination) for a P-
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assisted chain reaction mechanism with the self-directed growth of 1D molecular wire on 

the SiNW-(100) surfaces. This is also analogous to the planar case. Conclusively, the 

chemical and structural properties of the SiNWs have the comparable trends in 

comparison to the planar surface. 
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