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SUMMARY 

 This thesis aims to study the fabrication and characterization of low dimensional 

nanomaterials directly on Si. In this thesis, theoretical DFT simulations and experimental work 

were combined to study if a graphene layer would be stable atop a silicide and how the 2D layer 

properties may be affected. Further experimental studies looked at characterizing self-assembled 

Ni-Si quantum dots and Sn 2D layers on Si(111) substrates. Studying these low dimensional 

nanomaterials provides further insight into their fabrication and electrical properties for future 

applications.  

 The growth of 2D layers, such as graphene and silicene, have commonly been performed 

on metal foils or crystals such as Cu, Au, and Ag. However, these 2D layers must be transferred 

to a semiconducting substrate in order to fabricate a functioning device. This transfer process can 

be detrimental to the as-grown properties and may be a reason why the predicted properties of 

nanomaterials, such as graphene, have not been fully realized. Direct fabrication of a 2D layer on 

Si would eliminate this transfer process preserving the as-grown properties. Metal silicides may 

aid in this integration, by acting as a growth layer for 2D layers on top of Si substrates.  

 The silicene/NiSi2(111) interface was studied using DFT simulations to see if a silicene 

layer would be stable and how the silicide layer would affect the 2D layer band structure and 

density of states (DOS). The second set of DFT simulations analyzed if graphene on NiSi2(111) 

and Cu3Si(111) would also be stable as well as the silicides’ effects on the 2D layer band 

structure and DOS. These simulations showed that a silicene layer would be too strongly coupled 

to a NiSi2 layer thus necessitating the need to hydrogenate the silicide or silicene to decouple the 

layers electronically. In contrast, graphene is not strongly coupled to NiSi2 or Cu3Si resulting in 

the preservation of its freestanding properties.  
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 Subsequent experiments were performed to attempt the CVD growth of graphene with Cu 

and Ni silicides fabricated on Si(111) substrates. The silicides were formed after heating metal 

films on Si(111) during the CVD process before introducing a Ar/CH4 mixture alongside Ar/H2 

to grow graphene. No CVD graphene growth atop NiSi2 was observed. However, CVD grown 

graphene was successfully verified atop Cu3Si structures on Si(111). X-ray diffraction(XRD) 

was used to verify the composition of the Cu silicide to be η`-Cu3Si formed during the heating 

steps of the CVD process. Raman spectroscopy was used to verify the presence of 1-3 layers of 

graphene atop the Cu3Si structures of varying crystal quality along the surface of the sample.  

 The direct Si integration of even lower dimensional silicides nanostructures was explored 

through the self-assembly of Ni-Si ring structures. The √19×√19 and 1x1 Ni surface 

reconstructions atop Si(111) are made of these Ni-Si ring structures. The ring like structures 

behaved similar to quantum dots as studied through scanning tunneling spectroscopy (STS). 

Additionally, these Ni-Si ring QDs displayed NDR with a negative bias on the degenerately P 

doped which is a characteristic advantageous to QD transistor design.  

 Unlike most metals, Sn does not form a silicide due to its low solubility with Si. 2D 

layers of Sn are of interest due to its theorized topological insulator properties. Sub-monolayer 

deposition of Sn on Si(111) results in the formation of √3×√3 and 2√3×2√3 surface 

reconstruction phases. These 2D layers of Sn were studied using STM and STS at room 

temperature (295K) and low temperature (55K). At low temperature the 2√3 phase underwent a 

transition to a newly observed 4√3×2√3 phase which displayed a unique checkerboard 

conductance image pattern indicating charge ordering, and thus may display a full charge density 

wave (CDW), observed in topological insulators, at even lower temperatures.  
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CHAPTER 1  INTRODUCTION  

1.1 Background and motivation 

 Continuous demand for improvements to reduced electronic sizes, increased processor 

density, and faster performance of electronics have led researchers to study low dimensional 

nanomaterials for their electrical properties and sizes to achieve these criteria. Low dimensional 

nanomaterials are materials that have at least one critical dimension that is less than 1nm, for 

example one atomic layer in a two-dimensional (2D) film. Low dimensional nanomaterials 

include 2D atomic layers such as graphene, one-dimensional (1D) nanowire structures such as 

CNTs with diameters less than 1nm, and zero-dimensional (0D) structures such as Quantum Dots 

(QD) of a few atoms [1-4]. These specific examples of low dimensional structures are of 

particular interest in electronics applications due to their size and electrical properties as they 

display unique electrical characteristics suitable for electronics applications [1-4].  

For example, graphene has been considered a revolutionary material due to its ballistic 

electron transport, low electrical resistivity, high chemical stability, and potential for tuning the 

band gap [2, 5-19]. Desirable electrical properties of graphene include its high electron mobility 

ranging from 200,000-1,000,000 cm2/V·s [5-9] and large Fermi velocity of up to 2.6x106 m/s in 

suspended form [6, 8-14]. Researchers have also attempted to tailor the band gap of graphene by 

surface modification, substrate engineering, or by applying an external electrical field [12, 15-

19]. However, to utilize many of graphene’s unique properties, there still remain technical 

challenges to its integration in electronics. Current challenges include creating wafer scale 

graphene films of high quality and integration onto semiconductor substrates, such as Si, for 

device fabrication [20]. Integration onto Si substrates, in particular, is of interest since graphene 
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is commonly grown on metal foils and then physically transferred to a semiconducting substrate 

after etching away the metal using chemicals [21-24]. This transfer process can induce defects 

affecting graphene’s as-grown properties and may be a reason that it is difficult to achieve 

graphene’s predicted properties [24]. Silicides may provide a method for integrating graphene 

directly on Si without this transfer process. Silicides themselves are alloys of metal and Si and 

can be fabricated directly on Si substrates [25]. They are also compatible with Si based 

processing techniques and can be patterned in devices [26].  

In particular, Ni and Cu silicides have a long history in Si based electronics as contact 

materials and interconnects in CMOS technology [25, 27]. More recently Pt3Si has been used to 

grow large scale, high quality graphene flakes [28]. The stability of graphene and its ability to 

protect a silicide layer from oxidation has also been shown when used as capping layers for Ni-

Si, Fe-Si, and Co-Si silicides [29]. However, previous research of graphene growth atop silicides 

has only occurred using metal substrates in the graphene growth, followed by silicidation after 

the graphene has been grown [28, 29]. There remains a need to explore whether silicides 

fabricated directly atop Si substrates can also support direct graphene growth.    

 More recently, research on silicon based quantum computing [30], have further increased 

the demand for 0D and 1D nanomaterial research investigations for qubit design [31-33]. Thus, 

research on silicides that are 1D structures or quantum dots are of high interest due to their 

compatibility with current CMOS manufacturing [34-36]. Reducing the size of these self-

assembled QD structures to the atomic limit (a few atoms in a QD) results in structures that 

resemble those of molecular electronics [37]. However, QD research of silicides is still in 

relative infancy and there remain many challenges to their fabrication as well as identifying their 

properties.  
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 One particular challenge is controlled fabrication [38, 39]. Since the electronic properties 

of QDs are highly dependent on its size, controlling the size of the structure is important. At 

these small scales, self-assembly of QDs on Si substrates provides a method producing QD 

arrays [4, 39, 40]. However, there can be variances in the sizes of the self-assembled QD array. 

In addition, controlling the size and positioning of QDs within these arrays, and their resulting 

electrical properties still remains a challenge. Although some of these small structures at the 

atomic limit have been studied for QD applications, many other low dimensional structures metal 

silicides, such as Ni silicide atop Si have yet to be characterized for this application.  

Finally, the low dimensional properties of 2D Sn on Si are also of high interest because 

of its predicted behavior as a topological insulator [41, 42]. As mentioned, Sn does not form a 

silicide with Si [43].  In the past, surface reconstruction with Sn on Si(111) and Ge(111) were 

studied by researchers [44, 45].  Reconstructed √3×√3 Sn monolayers on semiconducting 

substrates Si(111) and Ge(111) have been researched and appear to exhibit superconducting 

characteristics at temperatures less than 4K [44, 45]. However, there are two possible 

reconstructions of Sn on Si(111), the  √3×√3 and 2√3×2√3.  While the √3×√3, has been explored 

in the past, the 2√3×2√3 reconstruction has not been extensively studied and it is unknown if it 

also displays charge ordering characteristics or other unique behaviors [46-48]. There remains a 

need to characterize other self-assembled silicide and metal structures at the bottom of the atomic 

limit, which may present unique electronic characteristics advantageous to those presented in 

current research.  

As discussed, low dimensional nanomaterials have unique electrical characteristics due to 

their size and have potential to be used as structures in new technologies such as quantum 
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electronics. However, many challenges still remain on what their fundamental properties are at 

low dimensions and how to directly fabricate them on Si platforms. 

1.2 Research goals and objectives 

The research goal is to fabricate low dimensional nanomaterials with tunable electronic 

properties directly on Si. To achieve this goal, the research objectives are to: 

i.) Use density functional theory (DFT) to study the properties of 2D films on 

silicides, where silicides would be epitaxial to a Si substrate. 

ii.) Demonstrate the fabrication of graphene on Si(111) using a silicide layer. 

iii.) Use self-assembly to directly fabricate metal silicide quantum structures on Si to 

study their electronic properties.  

iv.) Fabricate low dimensional Sn on Si using self-assembly methods and study their 

electronic properties. 

To address objective, (i.) DFT calculations were performed to study whether 2D layers 

such as graphene and silicene are stable atop silicides. The binding energy, band structure, and 

density of states (DOS) where calculated and these calculations were used to study how the 

silicide interface may affect the electrical properties of the 2D layer atop. Chapter 3 presents 

DFT simulations looking at the interface of silicene on NiSi2, and the interface of graphene with 

NiSi2 and Cu3Si. In addition, bulk Si(111) and NiSi2(111) have an extremely low lattice 

mismatch and are known to create a distinctly epitaxial interface [49-52]. Thus, a Si 2D film in 

the form of silicene on NiSi2(111) will be explored to study whether NiSi2(111) can be used in 

2D Si growth. Chapter 4.2 explores the stability of a silicene layer on NiSi2(111) and how the 
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interface affects the band structure, DOS, and Fermi velocity. Chapters 4.3 present similar 

interface effects of graphene on NiSi2 and graphene on Cu3Si.  

 Exploratory research on the direct fabrication of graphene on Si using silicides is 

presented in Chapter 5. This proof of concept experiment was performed to address objective 

(ii.) to use silicides to directly integrate graphene on Si substrates without the transfer method. 

NiSi2 and Cu3Si layers were formed on Si(111) through the surface phase reaction (SPR) 

method. Methane was used as the carbon source to react during the silicide layer during chemical 

vapor deposition (CVD) to form graphene. This method did not result in graphene growth on 

NiSi2. However, using a Cu3Si layer did result in 1-3 layers of graphene successfully grown and 

integrated on a Si(111) substrate. Silicide formation was verified using XRD, while graphene 

layer numbers, and crystal quality were verified using Raman spectroscopy.  

 Objective (iii.) was addressed by studying the quantum dot behavior self-assembled Ni-Si 

QDs on Si(111). The research was performed by reducing the dimensions of silicide systems to 

the atomic limit results and is presented in Chapter 6. Ni-Si QD structures on Si(111) form ring 

like structures similar to the √19×√19 reconstruction [53]. Using scanning tunneling microscopy 

(STM), the electronic properties of these Ni-Si rings were studied and found to display negative 

differential resistance (NDR) and quantum resonance not previously observed. The presence of 

NDR in these silicide structures indicates that they behave like individual quantum dots isolated 

from the Si substrate.  

 Objective (iv) is addressed by performing STM analysis of low dimensional Sn layers on 

Si(111). Sn does not form a silicide due to the low solubility between Sn and Si [43, 54] and is of 

particular interest due to its superconducting properties at temperatures below 4K [55-57]. Low 

dimensional Sn layers on Si(111) form √3×√3 [44, 58-60] and 2√3×2√3 [61-63] reconstructions 
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on Si(111). For simplicity, the √3×√3 and 2√3×√3 reconstructions will be referred to as √3 and 

2√3 respectively. Previous literature has conflicting viewpoints on whether the √3 reconstruction 

displays CDW characteristics at low temperature indicating superconductivity within a 2D layer 

on semiconducting substrates [64-66]. However, no published works are available on the 2√3 

reconstruction and whether it displays similar CDW behavior. Research presented in Chapter 7 

focuses on the 2√3 reconstruction and a new 4√3×2√3 reconstruction of the 2√3 phase at low 

temperature (55K) on Si(111). This new phase is of interest due to conductance and topology 

images indicating charge ordering. The presence of charge ordering within the 4√3 phase may 

indicate the possibility of a CDW at lower temperatures providing further evidence towards Sn 

monolayers of Si acting as a topological insulator. 
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CHAPTER 2 THEORETICAL METHODS 

2.1 Overview of Density Functional Theory 

Density Functional Theory (DFT) is a theoretical method to calculate the ground state 

energy of a many-body atomic system using a series of approximations [67]. The first 

approximation used is the Born-Oppenheimer approximation which takes advantage of the large 

difference in mass between electrons and nuclei to allow the electrons to be treated separately 

from the ions [67]. This reduces the Hamiltonian operator to terms operating on electronic wave 

functions, namely kinetic, plus electron-nuclei and electron-electron interactions. The 

Schrödinger equation can then be rewritten as equation 2.1. The Hamiltonian is represented by 

H, the energy by E, and the many-body electron wave function as Ψ.  

𝐻𝐻𝚿𝚿 = 𝐸𝐸𝚿𝚿   ref.[68]           (2.1) 
 

Explicitly, the many-electron Schrödinger equation is written as 

𝐻𝐻Ψ = ∑ �− ℏ2

2𝑚𝑚
∇𝑖𝑖2Ψ − 𝑍𝑍𝑒𝑒2 ∑ 1

|𝒓𝒓𝒊𝒊−𝑹𝑹|𝑅𝑅 Ψ� + 1
2
∑ 𝑒𝑒2

�𝒓𝒓𝒊𝒊−𝒓𝒓𝒋𝒋�
Ψ = 𝐸𝐸Ψ𝑖𝑖≠𝑗𝑗

𝑁𝑁
𝑖𝑖=1   ref.[68]   (2.2) 

 

where ħ, m, and Z represent Planck’s constant, the mass of an electron, and atomic number of the 

element respectively. The symbols r and R represent the electron and atom nuclei positions 

respectively. 

Since solving (2.2) with explicit many-body wavefunctions is monumentally challenging, 

the Density Functional Theory [69] approach is a mean-field solution that treats single-particle 

wavefunctions ψ instead. The resulting Kohn-Sham equation [70] is shown in equations 2.3 and 
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2.4. The first potential (V(r)) defines the potential energy due to electron interaction with atomic 

nuclei of the system. The second potential is a function the energy of a system due to Coulomb 

interactions with the mean field due to all other electrons, often referred to at the Hartree 

potential [67]. The third potential is referred to as the exchange-correlation potential which 

represents all remaining electron-electron interactions [69]. Instead of E in (2.2) which is the 

total energy of the system, ε is used to represent the single-particle energy eigenvalues. The V 

symbols in equations 2.3 and 2.4 represent potentials as a function of electron position r.  

�− ℏ2

2𝑚𝑚
∇2 + 𝑉𝑉(𝒓𝒓) + 𝑉𝑉𝐻𝐻(𝒓𝒓) + 𝑉𝑉𝑋𝑋𝑋𝑋(𝒓𝒓)�𝜓𝜓𝑖𝑖(𝒓𝒓) = 𝜀𝜀𝑖𝑖𝜓𝜓𝑖𝑖(𝒓𝒓)  ref.[67, 69, 70]   (2.3) 

�− ℏ2

2𝑚𝑚
∇2 + 𝑉𝑉𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 + 𝑉𝑉𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑒𝑒𝑒𝑒 + 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸ℎ𝐻𝐻𝐾𝐾𝑎𝑎𝑒𝑒−𝑋𝑋𝐾𝐾𝐻𝐻𝐻𝐻𝑒𝑒𝐶𝐶𝐻𝐻𝐻𝐻𝑖𝑖𝐾𝐾𝐾𝐾�𝜓𝜓𝑖𝑖(𝒓𝒓) = 𝜀𝜀𝑖𝑖𝜓𝜓𝑖𝑖(𝒓𝒓)  ref.[67, 69, 70] (2.4) 

In most practical DFT calculations, the Kohn-Sham equation is solved self-consistently to 

yield the total energy, electronic charge density, and single-particle energy eigenvalues of a 

many-body system, and other electronic and magnetic properties [69, 70]. Kohn-Sham theorems 

defined how these potentials and electron density of a system may be used to define the energy 

and electrical properties of a multibody system [69, 70]. DFT simulations define an estimated 

electron density of a multibody system and then calculate the electron density using the Kohn-

Sham equations. If the defined and calculated electron density match, then it is assumed that this 

is the ground state electron density and the total energy and other electrical and magnetic 

properties of a multibody system may be calculated [70].  

Defining the exchange-correlation (XC) functional of the Kohn-Sham equation is the 

most complex and time-consuming portion of DFT. The two most basic XC approximations are 

the Local Density Approximation (LDA) which depends only on electronic charge density at a 

point [71],straightforward electron density around an atom [71] and the Generalized Gradient 
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Approximation (GGA), which depends also on the local charge density gradient [72, 73]. Many 

alternative XC approximations and branches of existing XC approximations have and are 

currently being developed to better replicate the natural behavior of electrons.  

To simplify DFT calculations, core electrons are grouped together with atomic nuclei and 

treated with a pseudopotential [74]. Many kinds of pseudopotentials exist and alter the valence 

potentials used in DFT calculations in order to better replicate conditions in nature. The Projector 

Augmented Wave (PAW) approach is a generalization of the pseudopotential approach. PAW is 

commonly used and considered relatively accurate [75-77].  

From a surface science standpoint, DFT calculations themselves may be used to find the 

relaxed atomic positions in bulk crystals and surface slabs as well as the relaxed structure of 

nanomaterials [70, 78-80]. DFT has proven to be a valuable tool in predicting the electronic 

properties, such as band structure and Density of States (DOS), of low dimensional 2D layers, 

such as graphene, TMDs, and silicene [1, 17, 79, 81-84]. However, due to the use of 

approximations in DFT calculations, the results are just that, approximations. The accuracy of 

DFT results are highly dependent on the parameters used and has been used to accurately 

measure the binding energy between molecules and surfaces. Constant development and 

refinement of XC functions and pseudopotentials continues to improve the realistic accuracy of 

DFT results.  

2.2 DFT Parameters Used 

To address objective (i.), DFT simulations were performed with the Vienna Ab Initio 

Simulation Package (VASP) © [76, 85, 86]. The resulting output files from  VASP© calculations 

were analyzed using Quantum Wise Atomistic Tool Kit (ATK)© [87, 88], Vesta© [89] and 
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p4vasp© [90]. These programs were used to visualize, analyze, and output data. DFT 

calculations were used to determine the surface energy, binding energy of a 2D layer, stability 

and structure of a 2D layer on a silicide, the band structure, the DOS, and predicted STM images 

of a 2D layer on a silicide. Specifically, DFT calculations were used to determine the relaxed 

structure of silicene and graphene on a NiSi2(111) surface slab, and graphene on Cu3Si(111) as 

well as electronic properties of the 2D layer. The specific DFT calculations performed are 

detailed in Chapter 3. 

In this work, the Perdew-Burke-Ernzerhof (PBE) GGA exchange-correlation functional 

was used [73]. The GGA-PBE exchange correlation was used instead of LDA since it is the 

commonly used exchange correlation in metal silicides [91-93] and graphene [94, 95] DFT 

calculations. The Projected Augmented Wave (PAW) pseudopotentials were used, with PAW 

atom pseudo potentials supplied by VASP© [77]. Relaxations were performed with Gaussian 

smearing, DOS calculations were performed using tetrahedron method smearing with Blöchl 

corrections, and band structure calculations were performed with Methfessel-Paxton smearing. 

Smearing was used to smooth out the electron occupancy within partially filled energy bands of 

the system to improve the convergence of the calculations. The Gaussian, Methfessel-Paxton, 

and tetrahedron smearing methods use a Guassian, step, and linear functions respectively to fill 

those partially filled bands [67, 68].  

Atomic models were created using ATK© [87, 88] using the most common methods for 

simulating surface slabs with DFT [67]. Interface models between a 2D layer and silicide surface 

slab were created by straining the 2D layer over silicide surface so that the lattices aligned while 

maintaining a 2D layer lattice strain of less than 2%. Ionic relaxations were performed on bulk 

crystals, silicide surface slabs, and 2D layer and silicide surface slab interfaces with k-point 
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meshes varying from 4×4×1 to 14×14×1 depending on the cell size. Through these ionic 

relaxations, the total energy of the systems were determined and used to calculate surface energy, 

and binding energy of a relaxed 2D layer structure on a silicide. Relaxations of the surface slabs 

and interfaces were performed while keeping the cell size fixed. Surface slabs themselves were 

created with at least 8-9 layers with a minimum of 15 Å vacuum above the surface to prevent 

periodic interaction along the z-direction boundaries. The three topmost layers of the surface 

slabs were allowed to relax, while the remaining layers were kept fixed.  

Band structure and DOS calculations were performed with a higher k-point mesh density 

than ionic relaxations to maintain accuracy. Band structure calculations were performed over the 

common G-M-K-G path for hexagonal unit cells within the Brillouin zone and decomposed 

valence and atom contributions to the band structure and DOS was determined from the resulting 

simulations. The decomposed data was plotted to find the contributions of the 2D layer or 

silicide layer to the overall band structure and DOS. Simulated STM images were calculated to 

predict the charge density of 2D layer on silicide at different applied bias voltages to simulate the 

local density of states (LDOS) plots seen in topographical STM images. Simulated STM images 

were calculated using bias voltages from -2 to +2 consistent with normal experimental STM 

images taken within that range.  
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CHAPTER 3 EXPERIMENTAL METHODS 

3.1 Si Substrate Preparation 

3.1.1 Si substrate Sample Preparation for STM Experiments 

The sample preparation for Si substrates prepared for experiments performed in the 

Omicron™ Variable Temperature (VT) Ultra-high vacuum (UHV) STM is outlined first. Si 

samples were prepared from Si(111) wafers degenerately doped with As or B, with resistivities 

of 0.001-0.0006 Ω·cm were purchased from Virginia Semiconductor. These wafers were diced 

into sample strips of 10x3 mm. Samples doped by As or B were used for Chemical Vapor 

Deposition (CVD) or Electron beam (e-beam) deposition respectively.  

Before a Si sample was placed into a UHV chamber it was cleaned with solvents. Strips 

were cleaned using acetone then isopropyl alcohol before being mounted to a Direct Current 

(DC) Mo holder.  The DC holder was inserted into a load lock chamber of an Omicron™ VT 

STM and pumped down to a pressure on the order of 10-9 mbar before transfer into the UHV 

preparation chamber. Before a sample is transferred to the analysis chamber it must be degassed 

and flashed. The Si sample is degassed at 600°C for a minimum of 12 hours to remove any 

hydrocarbons from the surface. After the degas process, the sample is flash heated to 1200°C for 

30 seconds, then cooled slightly to 900°C for 90 seconds before letting it cool to room 

temperature. The flash heating process is performed 3-5 times to remove the native oxide from 

the Si surface allowing the sample to cool back to room temperature and the chamber pressure to 

return to within UHV range. Flash heating of the sample is repeated until there is little to no 

change in preparation chamber pressure signifying that no native oxide is being degassed from 

the sample.  
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3.1.2 Si Sample Preparation for CVD Experiments 

For Si samples used in CVD, the same diced 10×3 mm Si strips were first cleaned using 

acetone and IPA. The native oxide was then removed by using buffered oxide etch (BOE) (1:10, 

HF:(NH4F+H2O)) bath for 60-90 seconds until the Si surface became hydrophilic. After the BOE 

dip the samples were rinsed using de-ionized (DI) water for 120 seconds before being dried 

using N2. Once samples had been through a BOE process they were placed within the Lesker™ 

e-beam evaporator for metal deposition. 

3.2 Fabrication Methods 

3.2.1 Silicide Preparations 

Electron beam evaporation has been used in both the SPR and reactive deposition epitaxy 

(RDE) methods to fabricate silicides. Both methods require metal deposition on a Si substrate 

and heating the sample to induce silicidation. The difference between the two silicide fabrication 

methods is that RDE method requires that the metal deposition occur while simultaneously 

annealing the substrate [96-98]. The SPR method uses a sequential approach to deposition of the 

metal followed by annealing the sample after deposition is completed [99]. In this research, e-

beam evaporation was used to deposit Ni and Sn metal layers on the Si substrates in the 

Omicron™ VT UHV STM system. Within the UHV chamber, the e-beam deposition was 

coupled with direct current substrate heating to induce RDE silicide growth and self-assembly of 

the low dimensional Ni structures. The CVD process utilized an SPR method of silicide growth 

since the e-beam deposition was used to deposit thicker metal layers on Si, which is later heated 

during the CVD heating process.  
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3.2.2 E-Beam Evaporation  

Electron beam (e-beam) evaporation was used for thin film deposition of metals on Si in 

UHV systems [100]. E-beam evaporation is a physical vapor deposition method requiring the use 

of a high vacuum or UHV environment in order to operate [100]. To produce an electron beam, a 

potential is applied between the electron filament and the crucible holding the deposition source. 

The bombardment of electrons on the metal source (in this case Ni, Cu, or Sn) causes the source 

to heat and evaporate. The evaporation of the source material creates a plume of metal evaporant 

which travels to the sample whose surface is aligned with the opening of the evaporator and the 

center of the plume. A simplified schematic of electron beam evaporation may be seen in Figure 

1. The deposition rate using e-beam evaporation is directly related to the electron beam emission 

current. The stronger the electron beam emission current, the faster the electron bombardment of 

the source and faster heating/evaporation of the source. To control the emission current and 

subsequently the deposition rate two parameters may be directly controlled; the voltage potential 

between the electron filament and the crucible holding the source, and the electron filament 

current.  
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Figure 1 Simplified diagram of electron-beam evaporation onto a sample. The filament is heated 
by applying current IFilament. Due to the HV potential applied between the filament and crucible 
the electron beam generated is directed towards the crucible heating the metal source, Ni until it 
evaporates creating a plume which deposits onto a sample aligned with the evaporator’s opening.  

 

An Omicron™ EMF3 single source e-beam evaporator was used for metal evaporation 

on Si in the Omicron™ UHV system. The Omicron™ e-beam evaporator was operated in the 

preparation chamber of the UHV with chamber pressures kept around 10-9 mbar. For these 

experiments, the Ni and Sn sources were held in a W crucible. Since Sn reacts with W, a C liner 

was used to prevent Sn and W interaction. The purity of Ni and Sn sources was around 

99.9999% and 99.99% respectively. The following parameters were used for the e-beam 

evaporator: HV = 850-1000 V, Ifilament = 1.70-2.00 A, Iemission(flux) = 50-100 nA, PUHV < 10-9 

mbar. By controlling the HV and Ifilament, the flux of the evaporant can be controlled. The HV is 

kept static, while the Ifilament is altered to control the flux value. However, the HV may need to be 

changed depending on the source material to achieve flux values within the nA even μA range. 

The flux cannot be used to calculate the deposition thickness. A crystal quartz monitor is not 

installed within the UHV system where this specific e-beam evaporator was used. Deposition 



16 

 

thickness is estimated based upon the resulting surface reconstructions observed during 

topological STM images.    

A Lesker™ e-beam evaporation system was used for the metal deposition of samples 

used in the CVD. The Lesker™ e-beam system is a HV system that has a chamber pressure of 

around 10-7 mbar. Ni or Cu layers of 100-300 nm were deposited on Si substrates diced into 10x3 

mm samples sizes. Evaporation sources of Ni and Cu pellets of 99.999% purity purchased from 

Kurt J. Lesker Company™ were used. This system is operated by a single tool owner and uses a 

crystal quartz monitor to measure the deposition thickness.   

3.2.3 Chemical Vapor Deposition 

Chemical Vapor Deposition (CVD) has been used for 2D layer growth such as graphene 

[101] and Transition Metal Dichalcogenides (TMDs) [102] on various substrates. The basic 

principle of CVD involves the flow of gases into a heated chamber, which react over the 

substrate surface and/or decompose to form a desired material deposit [103]. Parameters that 

affect the depositions include the chamber pressure, gases used, substrates used, and 

temperatures. A conventional method of growing graphene on Cu and Ni foils using 

Atmospheric Pressure CVD (AP CVD) involves the flow of H2 and CH4 at a temperature of 

around 1000˚C for 30-60 minutes [101, 104]. The CH4 catalyzes on the metal surfaces leaving 

behind a carbon deposit, which forms into graphene due to the high temperature. The excess 

hydrogen from the reaction of the CH4 on the surface is carried out by the flow of H2.  

The CVD furnace used in this research was an MTI™ AP CVD furnace. A two-inch 

inner diameter alumina tube was used and an alumina boat was used to hold the sample during 

the entire process. In this research the tube was heated to temperatures between 800-1100˚C. 
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During the temperature ramp up, growth, and cool down stages, an Ar/H2 gas mixture was 

constantly flowed through the tube at 200 sccm. When the tube reached the desired maximum 

temperature for the growth stage, an Ar/CH4 mixture was flowed through the tube at 100 sccm 

for 60-90 minutes. Flow rate of the CH4 mixture controls the carbon concentration the sample is 

exposed to during the growth phase at maximum temperature during the CVD process. 

Increasing the flow rate and/or time of exposure of the CH4 mixture can increase the amount of 

C deposited on the sample. However, increasing the H2 mixture flow rate can be detrimental 

since it can act as an etchant to the surface after deposition when the flow of the CH4 mixture is 

stopped. After the growth stage, the methane mixture was stopped and only the Ar/H2 mixture 

was present during the cool down. Unlike some other graphene growth processes, pure H2 and 

CH4 gases were not used due to the location of the CVD furnace and safety regulations on the 

maximum mixture percentages that could be used. The mixtures of H2 and CH4 with Ar gas did 

not require the use of higher flowrates since the Ar/H2 and Ar/CH4 mixture percentages used 

maintained a similar H2:CH4 ratio during the graphene growth process. A simple schematic of 

the CVD process using the Ar/H2 and Ar/CH4 mixtures may be seen in Figure 2.  
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Figure 2 Simplified schematic of CVD setup using the two gas mixtures for graphene growth.  
 

3.3 Characterization Methods 

3.3.1 Scanning Tunneling Microscopy 

Scanning Tunneling Microscopy (STM) is a technique of using electron tunneling 

between a tip and sample to create atomic images of the surface and was first demonstrated in 

1982 by Binning et al. [105].  Using STM, the approximate atomic structure (not composition) 

and LDOS of surface structures may be studied. STM relies on the principle of electron 

tunneling. In an STM system, there is a sharp tip and sample separated by a vacuum. When a 

bias voltage potential is applied between the tip and the sample, the vacuum between the two 

acts as an energy barrier [106]. The direction of the applied voltage potential can be changed 

depending on the desired direction of electron tunneling. If the tip is approached towards the 

surface of the sample, eventually there will be close enough distance for electrons to tunnel from 
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the tip to the sample. This flow of electrons is referred to as the tunneling current. The two 

primary parameters of STM operation are the bias voltage (VBias) and tunneling current (I). The 

range of scans for VBias is typically within the range of -2 to +2 V [105]. If VBias is positive, 

electrons are tunneling from the tip to empty states sample. A simplified schematic of STM 

operation with VBias as positive is shown in Figure 3. If VBias is negative, electrons are tunneling 

from the filled states of the sample to the tip. Scanning at varying VBias produces a series of 

images at different energy levels. These images give a better understanding of the surface 

structure and surface states at specific energy levels.  

 
Figure 3 Simplified schematic of STM operation. A bias voltage (VBias) is applied between the 
tungsten tip (W) and the sample. In this diagram, a positive V is applied to the sample as the 
tunneling occurs from the tip to the sample. As the tip approaches the sample, when the distance 
is close enough, electrons will tunnel across the energy barrier due to the vacuum between the 
two (vacuum barrier).  

 

The STM used was an Omicron™ variable temperature AFM/STM system. A Stanford 

Instruments™ SR830 lock-in amplifier was used to amplify the current signals for 

measurements. The UHV analysis chamber housing the STM was held at 10-11 mbar. Tips were 
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electrochemically etched W and were flashed at high temperature once inserted into the UHV 

chamber housing the STM. Low temperature was achieved using a liquid He cryostat and the 

minimum temperature was 55K. Bias voltages between -2 to +2 V were applied during scanning. 

I-V and dI/dV spectra were usually taken over a similar bias range of -2 to +2 V. The current set 

point was varied between samples and scans in order to accentuate topological and conductance 

image data. However, in certain cases the tip current could affect the scan quality and cause a tip 

crash necessitating scans to be taken at low current setpoints (~100 mA). A starting setpoint 

during tip approach to the sample surface was 100 mA. Stable scans over atomic structures were 

normally performed using 200-500 mA current setpoints. Higher current setpoints decrease the 

tip to sample distance but also increase the measured signal intensity. If the sample surface was 

stable, the current setpoint was increased to 1 nA. However, it is noted that at this high current 

setpoint, there was a tendency for the tip to crash after only completing a partial scan. The 

rastered measurement of tip height while maintaining a constant current setpoint was used to 

generate a topographical image of the atomic surface. Simultaneous measurements of I-V and 

dI/dV over the same area were used to generate a complementary conductance image using the 

lock-in technique. The lock-in technique uses a lock-in amplifier to measure the signal strength 

under noise taking the AC portion of the tunneling current whose in-phase signal modulation that 

matches the VBias modulation directly equals dI/dV. The dI/dV data is known as the differential 

conductance and is proportional to the local density of states (LDOS). Plotting dI/dV data versus 

voltage may be used determine if low dimensional materials behave like quantum dots by 

plotting dI/dV vs. the VBias. In this experiment, STM was used to look at the atomic structure and 

LDOS associated with metal surface reconstructions over Si substrates. Specifically, STM was 

used to study at the structure and NDR behavior of Ni-Si ring structures self-assembled on 
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Si(111). It was also used to study the surface reconstruction, possible charge ordering, and band 

gap change of Sn monolayers at low temperature on Si(111). Gwyddion©, open source software 

was used to process STM topographic and conductance images. The details on how Gwiddion© 

is used to plane level, remove scarring, adjust for drift, and other image processing corrections 

may be found in the software manual and its cited literature [107, 108].  

3.3.2 Raman Spectroscopy 

The Raman effect was first observed in 1928 by C.V. Raman [109]. When light 

illuminates a sample surface some of the light is absorbed, scattered, and reflected. The photon 

excitation of a sample can result in phonon scattering due to the elasticity or inelasticity of bonds 

between atoms [109]. This phonon scattering can be detected by slight variations to the intensity 

and wavelength of scattered and reflected light known as the Raman shift. The signal of these 

wavelength shifts results in high intensity peaks at certain Raman shifts that can be associated 

with specific elements and compositions. A schematic of how Raman spectra are taken is shown 

Figure 4. In this research, objective (ii) was to perform a proof of concept graphene growth on 

silicides fabricated directly on Si substrates. Raman spectroscopy was used to verify and 

characterize graphene films and the underlying substrate. To verify the presence of graphene, 

Raman shift peaks in the 1200-3000 cm-1 range were analyzed, where peaks at around 1350, 

1580, 2750 cm-1 correspond to the D, G, and 2D carbon peaks [110, 111]. The presence of 

graphene is confirmed when there are G and 2D Raman peaks. A further analysis and 

explanation of the significance of these peaks is presented in Chapter 4. Raman spectroscopy 

was used in this experiment to verify the presence of graphene on silicides and to determine 

graphene crystal quality. It was also used to determine the composition of Ni-silicide on Ni 
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samples. It was not used to determine the composition Cu-silicide as it is considered Raman 

invisible, similar to pure Cu [101].  

 
Figure 4 Simplified schematic of Raman spectroscopy system. An incident laser is used to excite 
a sample. The reflected beam is detected by a spectrometer and the Raman shift is measured.  

 

Raman spectroscopy was performed using a Renishaw® inVia Raman microscope. This 

microscope has available laser wavelengths that span from the infrared (IR) to ultraviolet (UV). 

In this particular system, a 442 nm laser was the primary excitation source. A 442 nm laser was 

usually preferred over the 514 nm and 632 nm laser wavelengths due to the smaller background 

noise at higher Raman shifts. Graphene and other C based spectra peaks occur within higher 

Raman shifts thus the need for lower background noise over that range. An 1800 L/mm 

diffraction grating was used and at 100x magnification the laser spot size was approximately 0.2 
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μm. The maximum power of the 442 nm and 514 nm lasers are 23.7 mW and 13.71 mW 

respectively. To minimize sample heating the laser power was usually reduced to 5-10% of the 

maximum power. Dwell times were set at ten seconds to optimize the signal, yet not oversaturate 

the detector over strong peaks. Increasing the laser power too high can oversaturate the detector 

and the signal making the spectra taken too noisy. Similarly increasing the dwell time of the 

detector over certain Raman shifts can also oversaturate the detector, but can be used to increase 

the signal accentuating weak Raman peaks. Raman data was plotted using the Matlab® software. 

There is usually some curvature associated with the measured spectra due to optical effects. This 

background curvature was subtracted from the raw spectra to flatten the data for plotting. The 

method used for background correction is described in the Appendix.  

3.3.3 X-ray Diffraction 

It was discovered in 1912 that crystalline surfaces may act as diffraction grating for X-

rays [112, 113]. When an X-ray interacts with a crystalline surface at specific incident angles the 

sample can act like a diffraction grating to reflect X-rays and cause constructive interference 

with the incident X-ray intensity. A schematic of XRD operation is shown in Figure 5. The θ 

angle is the angle between the sample surface plane and the X-ray. A detector is stationed 

opposite of the X-ray source at the exact same θ angle to detect constructive diffracted X-rays. 

The diffracted X-rays are measured by the 2θ angle shown in the schematic. By sampling X-rays 

across a range of 2θ angles a spectra of diffracted X-ray intensities can be measured. The peaks 

and intensities of this spectra represent crystallographic planes present in the sample. In XRD 

systems, X-rays are generated and these incident X-rays are measured for intensity across a 2θ 

angle range. The parameters controlled are X-ray power, sample rotation (optional), and 2θ angle 

range. By controlling the X-ray power one can control the depth penetration of the X-rays at the 
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sample surface. Sample rotation can be used to increase the number of crystallographic planes 

the incident X-rays encounter, which may increase the signal strength in low dimensional 

structures of powders or islands. The 2θ range can be varied to target the specific peaks of 

known crystallographic planes for a sample. In this experiment, XRD was used to detect the 

crystallographic planes associated with NiSi2 and Cu3Si silicides fabricated on Si(111). X-ray 

power was not altered for these experiments since the sample substrate is Si(111) which has 

known XRD peaks which do not interfere with the expected silicide peaks.  

 

Figure 5 XRD diagram showing the relation between the 2θ angle and sample surface.  
 

 

The XRD measurements in this experiment were performed using the Bruker™ D2 

Phaser XRD machine. The X-ray power was set using a voltage of 30 kV and current of 100 mA. 

A 1 mm X-ray collimation slit was used and the 2θ range was varied to between 20-90˚ to 

capture the silicide XRD peaks. In the case of this experiment, the resulting silicide layer formed 

islands of varying sizes over the sample surface. The size and distribution of the islands made it 
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hard to achieve a static sample XRD spectrum so the silicides were treated as a “powder” by 

spinning the sample at 60 rpm. By spinning the sample the X-rays have a chance to reflect off a 

larger number of silicide islands’ crystallographic surfaces giving a stronger signal. Similar to 

Raman signals, there is normally some curvature to the measured XRD spectra due to optical 

effects. Background curvature was subtracted from the XRD spectra in the same manner as 

Raman spectra described in the Appendix.  
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CHAPTER 4 DENSITY FUNCTIONAL THEORY SIMULATIONS OF SILICENE AND 

GRAPHENE ON SILICIDES 

4.1 Introduction 

Metal silicides are technologically important for nanoelectronics fabrication due to 

possible direct growth and integration of low-dimensional materials on silicides and silicon. One 

example is the CVD growth of CNTs on Ni silicide for integration into MOSFET devices or Pt 

silicide for CVD grown graphene[28]. Here, we explore Ni silicides as a substrate for 2D Si 

films, commonly referred to as silicene, and NiSi2 and Cu3Si as a substrate for graphene. 

Silicides, such as Pt3Si [28] as well as Ni, Fe, and Co silicides [29], have been experimentally 

proven to support a graphene layer. However, these studies have not looked at how the interface 

may affect a 2D layer’s electrical properties through theoretical methods. Through these DFT 

simulations, the effects of the interface between the silicide and 2D layer on the 2D layer’s band 

structure and DOS were analyzed. Through this analysis one may understand how a silicide 

would affect electrical properties of low dimensional 2D layer integrated on a Si platform using 

silicides as a growth layer.  

4.2 Simulations of Silicene on NiSi2 

(This section was previously published as J.-Y. Cheng, M. K. Y. Chan, and C. M. Lilley, 

"Enabling direct silicene integration in electronics: First principles study of silicene on 

NiSi2(111)," Applied Physics Letters, vol. 109, p. 133111, 2016. Linked here.) 

Silicene is known to have a strong interaction with the metallic substrates used in 

fabrication methods [114-118]. One of the most common substrates for silicene growth is 

Ag(111) [114]. On Ag(111), the observed silicene layer is an adlayer of Si atoms precipitated 

http://aip.scitation.org/doi/citedby/10.1063/1.4963653
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from the bulk Ag substrate due to the low solubility of Si in Ag [119]. Bonding between the 

silicene and Ag results in strong coupling of the electronic band structure and density of states 

with the 2D layer. Thus, it is necessary to explore alternative substrates for silicene fabrication 

where silicene may be more easily uncoupled by doping methods or removed from the substrate. 

NiSi2 may be a viable substrate for silicene growth, having been used extensively for the 

crystallization of amorphous and hydrogenated Si [120-122]. As a substrate, NiSi2(111) is of 

particular interest due to its hexagonal-like structure similar to that of silicene. NiSi2(111) and 

Si(111) have a low lattice mismatch of less than 0.4% at room temperature [49] and form an 

epitaxial interface [123]. Thus, NiSi2(111) may be able to support a silicene layer. However, 

strong interactions may occur between silicene and NiSi2, altering the 2D layer’s electronic 

properties. To date, silicene has not been studied on NiSi2. Since the electronic properties of 

silicene are dependent on the interaction with the underlying substrate, it is important to 

computationally model the silicene/substrate interaction. Herein, a detailed study on the stability 

and electronic properties of silicene atop a NiSi2(111) substrate will be presented. Density 

Functional Theory (DFT) calculations were performed to determine whether silicene is stable 

atop NiSi2. The binding energies between silicene and the substrate were used to identify the 

type of interaction at the interface. Substrate effects on the electronic Density of States (DOS) 

and the band gap were then studied. Additionally, hydrogenation effects between the silicide 

substrate and the silicene layer were studied. The effects of hydrogenation on the binding 

energies of the system and electronic properties of the silicene were also explored. 

DFT calculations were performed using the Vienna Ab Initio Simulation Package 

(VASP©) [76, 85, 86]. The DFT methods were outlined in Chapter 2, and are detailed here for 

clarity. The PBE GGA exchange-correlation functional and the Projected Augmented Wave 
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(PAW) method was used, with PAW atom potentials supplied by VASP© [77]. The DFT-D2 

Grimme correction for van der Waals interactions was included in all calculations [124]. All 

DFT calculations were performed using a 1×1 supercell (1-2 atoms per layer). Larger 3×3 

supercell (9-16 atoms per layer) calculations were performed to check for long-range order. 

Energy cutoffs of 400 eV were used for all calculations. Reciprocal space was sampled using 

14×14×1 and 4×4×1 k-point grids for relaxation and 24×24×1 and 8×8×1 for density of states, 

for the 1×1 and 3×3 supercell respectively. Ionic relaxations were halted when forces are below 

0.05 eV/Å. Energy cutoffs and k-point mesh sizes were determined such that the total energy is 

converged to 0.02 eV/atom. Images of atomistic structures were produced using the VESTA© 

visualization tool [89]. For surface slab models, vertically symmetric NiSi2(111) surface slabs 

with Ni or Si surface terminations were created with eight to nine layers. The surface slab 

models contain at least 15 Å of vacuum between periodic images. A Si(111)-NiSi2(111) interface 

model was also considered, where periodic alternating slabs of Si(111) and NiSi2(111) were 

combined with a minimum of eight to nine layers for each material. The four layers on either 

side of the interface were allowed to relax, while the remaining layers were fixed in position 

during relaxation.  

The surface energy of the Ni- and Si-terminated NiSi2(111) surface models were 

compared to determine relative stability. Experimentally, Si-terminated NiSi2(111) surfaces are 

most common, as verified by ion scattering analysis and X-ray photoemission spectroscopy 

(XPS) experiments by other researchers [125]. Previous DFT calculations have shown that Ni-

terminated NiSi2(111) had a surface energy of 3.79 J/m2, compared to Si-terminated NiSi2(111) 

which had a surface energy of 1.37 J/m2. Due to the high surface energy, Ni-terminated 

NiSi2(111) is expected to be unstable and was not further considered in these simulations. 
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Henceforth, Si-terminated NiSi2(111) will be referred to as NiSi2. Hydrogen atoms were also 

added to the surface Si atoms to terminate the dangling bonds and such models will be referred 

to as H:NiSi2. The theoretical stability of H:silicene and H:NiSi2 was determined by calculating 

the binding energy ΔE of a hydrogen atom to each structure. DFT calculations of hydrogen on 

silicene resulted in a ΔE of -1.22 eV/(H atom), referenced to the energy of an isolated H2 

molecule. Due to the high binding energy of a hydrogen atom to silicene, it is assumed that a 

H:silicene layer would be stable and the hydrogen would not desorb during fabrication. 

Calculations of hydrogen on NiSi2 resulted in a ΔE of -0.21 eV/(H atom). The binding energy of 

a hydrogen atom to NiSi2 is low and the possibility of hydrogen desorption from a NiSi2 surface 

may depend on experimental conditions. 

Silicene was relaxed over NiSi2 or H:NiSi2 and hydrogenated silicene (H:silicene) was 

relaxed on NiSi2. The H:silicene model has hydrogen terminated silicon atoms on both sides of 

the silicene layer. After ionic relaxation, the resulting buckling heights, interatomic distance, and 

interfacial distance were measured and their values are shown in Table 1. The structures, bond 

lengths and distances are shown in Figure 6. Compared to free-standing silicene, silicene on 

NiSi2 (Fig. 1a) showed an increase in buckling height from 0.50 Å to 0.69 Å, accompanied by a 

small change in Si-Si interatomic distance from 2.25 Å to 2.31 Å. In comparison, silicene on 

H:NiSi2 (Figure 6b) had a buckling height of 0.61 Å and Si-Si distance of 2.28 Å. The H:silicene 

layer atop NiSi2 (Figure 6c) showed almost no change in buckling height and Si-Si distance 

compared to freestanding H:silicene. These results show that H:silicene retains the freestanding 

structure of H:silicene atop NiSi2 while silicene does not. 
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Figure 6 (a-c) Top and side view models of silicene on NiSi2, silicene on H:NiSi2 and H:silicene 
on NiSi2 respectively (d) Side view of the bulk Si(111)-NiSi2(111) interface. Red, green, blue, 
and silver atoms represent H, Si in the 2D layer, Si in NiSi2 slab, and Ni, respectively. In (d), 
blue and silver atoms represent Si and Ni respectively. 
 

 

Table 1 Summary of structural parameters of silicene and H:silicene, freestanding and atop NiSi2 
and H:NiSi2. 

System 
Buckling 
Height Δ 

(Å) 

Si-Si 
Interatomic 

Distance 
(Å) 

Interfacial 
Distance (Å) 

Freestanding Silicene 0.50 2.25 --- 
Silicene on NiSi2 slab 0.69 2.31 2.38 

Silicene on H:NiSi2 slab 0.61 2.28 1.86 
Freestanding H:Silicene 0.74 2.32 --- 
H:Silicene on NiSi2 slab 0.73 2.32 2.21 
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We investigated how strongly silicene or H:silicene binds (hence couples) to NiSi2 using 

DFT. The binding energies of the silicene layer were calculated from 𝐸𝐸𝑏𝑏𝑖𝑖𝐾𝐾𝑏𝑏 = (𝐸𝐸𝑠𝑠𝑠𝑠𝑏𝑏+2𝐷𝐷 −

𝐸𝐸𝑠𝑠𝑠𝑠𝑏𝑏 − 𝐸𝐸2𝐷𝐷)/𝑛𝑛 where Esub+2D is the total energy of the substrate plus 2D layer (silicene or 

H:silicene), Esub is the total energy of the substrate, E2D is the total energy of the 2D layer, and n 

is the number of atoms within the 2D layer. Ebind for silicene on NiSi2 was -0.33 eV/atom, 

indicating strong binding. This binding energy is similar to those of silicene atop metals such as 

Al (Ebind = -0.35 eV) and Mg (Ebind = -0.39 eV), calculated using DFT [126]. Hydrogenation was 

explored to decouple the 2D layer from the substrate. Thus, ionic relaxations of silicene atop 

H:NiSi2 and H:silicene atop NiSi2 were performed to study  hydrogenation effects on binding 

energy and the electronic properties. The calculated binding energies for silicene atop H:NiSi2 

and H:silicene atop NiSi2 were -0.074 eV/atom (-0.16 J/m2) and -0.044 eV/atom (-0.19 J/m2) 

respectively, indicating weak binding and decoupling of silicene from the substrate.  

The interfacial distance, buckling height, and interface energy of bulk Si(111) and 

NiSi2(111) was also calculated to compare with silicene on NiSi2 (Figure 6d). The interfacial 

distance from the simulations was measured from the topmost Ni layer in NiSi2 to the midpoint 

of the first and second Si layer of bulk Si(111) and measured 2.74 Å. The Si interatomic spacing 

measured from the simulations in the bulk Si(111) was 2.31 Å. To verify this model, the 

interfacial distance and Si interatomic spacing in bulk Si(111) was compared to experimentally 

measured values of 2.73 Å [127] and 2.34 Å [128] respectively and are found to be in close 

agreement. Also, the interfacial distance was measured between the nearest neighbor atomic 

layers of NiSi2 and bulk Si. Using this method, the interfacial distance was 2.39 Å and is close to 

the interfacial distance of 2.38 Å found for silicene and NiSi2 above. The bulk Si interatomic 

distance from the simulations was 2.31 Å and the buckling height at the interface was 0.69 Å and 
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also are close to the distance of 2.31 Å and buckling height of 0.69 Å for silicene on NiSi2 found 

above. The interface energy was calculated to be -2.24 J/m2 using the equation 𝐸𝐸𝑖𝑖𝐾𝐾𝐻𝐻𝑒𝑒𝐻𝐻𝑖𝑖𝐻𝐻𝐸𝐸𝑒𝑒 =

�𝐸𝐸𝑖𝑖𝐾𝐾𝐻𝐻 − 𝐸𝐸𝑆𝑆𝑖𝑖 𝑏𝑏𝑠𝑠𝐶𝐶𝑏𝑏 − 𝐸𝐸𝑁𝑁𝑖𝑖𝑆𝑆𝑖𝑖2 𝑏𝑏𝑠𝑠𝐶𝐶𝑏𝑏�/2𝐴𝐴. 𝐸𝐸𝑖𝑖𝐾𝐾𝐻𝐻, 𝐸𝐸𝑆𝑆𝑖𝑖 𝑏𝑏𝑠𝑠𝐶𝐶𝑏𝑏, and 𝐸𝐸𝑁𝑁𝑖𝑖𝑆𝑆𝑖𝑖2 𝑏𝑏𝑠𝑠𝐶𝐶𝑏𝑏 represent the total energy of the 

Si and NiSi2 interface, Si bulk, and NiSi2 bulk respectively, while A is the cross-sectional area. 

Due to the similarities in interfacial distance, interatomic distance, and buckling height, our 

results strongly suggest that the silicene layer on NiSi2 is relaxing towards the atomic positions 

of bulk Si at the Si(111)-NiSi2(111) interface.  

Simulated STM images were generated using partial charge density plots calculated in  

VASP©, generated at specific energy range relative to the Fermi energy. Figure 7 shows a 

charge density difference around the bonds between the 2D layer and substrate due to charge 

transfer from the NiSi2 substrate to the silicene layer. The high binding energies of silicene atop 

NiSi2 result in the significant change between the simulated STM images of freestanding silicene 

in Figure S2a and silicene atop NiSi2 in Figure S2b. The simulated STM image in Figure 8b no 

longer matches the hexagonal pattern from the freestanding silicene image in Figure 8a. In the 

hydrogenated cases for Figure 7b and Figure 7c, the charge difference density shows little charge 

transfer between the substrate and 2D layer. Figure 7b shows an intermediate amount of charge 

density difference compared to Figure 7a and c. Figure 7d for H:silicene on NiSi2 shows no 

charge transfer between the 2D layer and substrate in the charge density difference image and 

shows that there is less interaction between the 2D layer and the NiSi2 substrate when the 

substrate is hydrogenated. Also, when comparing the simulated STM images of freestanding 

silicene and silicene atop H:NiSi2 in Figure 8a and Figure 8c respectively, there are no 

discernable differences in the images. Similarly, there is no significant difference in the 
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simulated STM image of compared to freestanding H:silicene  and H:silicene on NiSi2 in Figure 

8d and Figure 8c respectively. 

 

 
Figure 7. Side view of the charge difference density plots. (a) Silicene on a NiSi2 slab, (b) 
silicene on a H:NiSi2 slab, (c) H:silicene on a NiSi2 slab. Red, green, blue, and silver atoms 
represent H, Si in 2D layer, Si in NiSi2, and Ni, respectively. Isosurface value was set at 0.015 
e/Å3 where yellow and light blue isosurfaces represent negative and positive charge density 
difference respectively.  
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Figure 8 Simulated STM images for (a) freestanding silicene, (b) silicene on a NiSi2 slab, (c) 
silicene on a H:NiSi2 slab, (d) freestanding H:silicene, (e) H:silicene on a NiSi2 slab. All images 
were simulated using a bias voltage of -2.0 V relative to the Fermi energy. A simulated bias 
voltage of -2.0 V was chosen due to the high DOS close to -2 eV for the simulated systems.  
 

The strong bonding of silicene on NiSi2 affects the band structure and DOS, shown in 

Figures 2b and 3b respectively. The band structure contribution from the silicene layer closely 

resembles that of bulk Si(111). The valence band maximum is seen above the Fermi level, 

around the K point in the Brillouin zone which, together with the high density of states around 

the Fermi energy (Fig. 2b and 3b), indicates that the 2D layer has metallic properties. The 

covalent bonding between the Si atoms from the 2D layer and the Si atoms along the surface of 

the NiSi2 slab couples silicene to NiSi2, rendering the silicene layer metallic.  

Silicene on H:NiSi2 had a slightly different band structure compared to freestanding 

silicene (Figure 9c-d). Hydrogenation of the NiSi2 surface lowers the magnitude of the binding 

energy with silicene, and preserves the silicene band structure, due to van der Waals instead of 
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covalent bonding. The Dirac cone around the K point in the reciprocal space disappears for 

silicene on H:NiSi2. Instead, parabolic valence and conduction bands around the K point in 

reciprocal space are observed, with a slight shift of 0.22 eV above the Fermi level. A zoomed-in 

comparison of the Dirac point and broadened bands of freestanding silicene and silicene on 

H:NiSi2, respectively, can be seen in Figure 2f. The band gap of silicene on H:NiSi2 at K is 0.14 

eV. This band gap is similar to that calculated for silicene on K-intercalated √7×√7 Ir, which has 

a band gap of 0.15 eV [126].  The disappearance of the Dirac cone and change in band gap may 

be due to the slight changes in the structure, including strain, buckling height, and Si-Si 

distances.  
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Figure 9 Band structures of (a) freestanding silicene, (b) silicene on H:NiSi2, (c) silicene on a 
NiSi2 slab, (d) freestanding H:silicene, (e) H:silicene on NiSi2. Solid grey lines in (b), (c), and (e) 
represent the band structure of the supercell including the 2D layer and substrate. Red markings 
in those subplots represents the band structure contribution of the silicene or H:silicene layer. (f) 
Zoomed view of freestanding silicene (red) and silicene on H:NiSi2 (blue) band structure around 
the K point in the Brillouin zone. The Fermi energy was set at 0 eV for all plots.  
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Although the band structure of silicene on H:NiSi2 resembles that of freestanding silicene 

(Figure 10a,c), there is an observable change in the DOS (Figure 10a,c).  In the DOS of the 

silicene layer, there is an increase in the DOS 0-2 eV below the Fermi energy. Broadened bands 

around the K point for silicene on H:NiSi2 are seen in the total DOS of the silicene layer 

indicating some substrate contribution from the metallic NiSi2 substrate despite hydrogenation.  

 



38 

 

 
Figure 10 Density of States (DOS) of (a) freestanding silicene, (b) freestanding H:silicene, (c) 
silicene on NiSi2, (d) silicene on a H:NiSi2, (e) H:silicene on NiSi2. Red and blue lines represent 
the 2D layer total DOS and total DOS of the supercell system (2D layer and substrate) 
respectively (DOS of silicene only). 
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A parabolic fit of the valence and conduction bands of silicene on H:NiSi2 around the K 

point in the Brillouin zone was used to calculate the carrier effective mass using the equation 

𝑚𝑚𝑒𝑒
∗ = ℏ2

𝑏𝑏2𝐸𝐸 𝑏𝑏𝑏𝑏2⁄  [68]. Silicene on H:NiSi2 had a calculated electron and hole effective mass of 

0.08m0, where m0 is the free electron mass. This value is similar to the effective mass of 0.082m0 

calculated for freestanding silicene under a vertically applied electric field of 1 V/Å [89]. The 

freestanding silicene band structure forms a linear dispersion around the K point in the Brillouin 

zone, where linear dispersions are characteristic of massless Dirac Fermions, and is consistent 

with published band structures[129-131]. The mean Fermi velocity in the M to K direction was 

calculated using 𝑣𝑣𝑖𝑖 = (𝑏𝑏𝐸𝐸 𝑏𝑏𝑏𝑏⁄ )
ℏ

, where vf = 0.52×106 m/s and vf = 0.39×106 m/s for freestanding 

silicene and silicene on H:NiSi2 respectively, which are comparable to the published silicene 

Fermi velocity of 0.54×106 m/s which is considered to represent near-ballistic electron transport 

[129]. 

Hydrogenating the silicene layer instead of the NiSi2 substrate also results in electronic 

decoupling, as seen in both the band structure (Figure 9e) and DOS (Figure 10e). The band 

structure of H:silicene on NiSi2 preserves the properties of freestanding H:silicene (see Figure 

9d-e). The indirect band gap of H:silicene on NiSi2 is 1.97 eV compared to 1.99 eV for 

freestanding H:silicene and is in agreement with the calculated  DFT indirect band gap of 2.0 eV 

for freestanding chair-like H:silicene [132] and in contrast to the Dirac point or small gap of 

silicene and silicene on H:NiSi2. There is also little change to the DOS of H:silicene when placed 

on NiSi2 (Figure 10d-e).  

We have used DFT to show that silicene on NiSi2 and H:NiSi2, and H:silicene on NiSi2, 

resulted in stable 2D Si formation with buckled hexagonal structures similar to freestanding 
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counterparts. Without hydrogen termination, the binding between silicene and NiSi2 results in a 

bulk-Si-like interfacial structure and strong binding. By hydrogenating the NiSi2 substrate, it was 

seen that the 2D electronic structure is preserved. The low binding energy and charge density 

plots show minimal interaction between silicene and H:NiSi2, and likewise for H:silicene on 

NiSi2. While freestanding silicene has a Dirac point with zero gap, hydrogenation of the substrate 

resulted in opening a gap of 0.14 eV for silicene on H:NiSi2. Conversely, the 2 eV indirect band 

gap of H:silicene is preserved on NiSi2. Additionally, electrons in silicene on H:NiSi2 were 

calculated to have a Fermi velocity of 0.39×106 m/s. These calculations show that silicene and 

H:silicene still retain electronic properties similar to their freestanding values on H:NiSi2 and 

NiSi2, respectively. The preservation of the unique 2D properties of silicene makes NiSi2 a 

promising substrate for silicene fabrication and integration into nanoelectronics. Future studies 

may look at doping or intercalation of other elements at the interface between silicene and other 

silicide substrates in order to tailor or decouple the electronic properties of silicene from 

substrates. The fabrication of silicene on NiSi2, H:silicene on NiSi2, and silicene on H:NiSi2 is 

ongoing research. 

4.3 Simulations of Graphene on NiSi2 and Cu3Si 

Silicides, such as Pt silicide, have been used to grow high quality graphene through CVD 

methods[28]. Many silicides may be fabricated directly on Si substrates and are compatible with 

Si based fabrication processes. Growing graphene directly on these silicides would provide a 

method of direct integration of graphene on Si substrates without the transfer process. The 

silicide growth layer aids in the formation of graphene and can be used as contacts and 

interconnects in device designs. Ni and Cu silicides are of particular interest due to their use as 

contact materials in CMOS designs [25, 27]. To utilize integrated graphene on silicides in 
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electronic devices any possible substrate contributions between the silicide layer and graphene 

must be explored. This work explores how the graphene/silicide interface affects the DOS and 

band structure of a single graphene layer.  

The DFT simulation parameters were nearly identical to those used for simulations of 

silicene on NiSi2. The methods were outlined in Chapter 2, and additional details are presented 

here for clarity. DFT calculations were performed VASP©  [76, 85, 86]. As with the previous 

silicene on silicide DFT simulations, the PBE GGA exchange-correlation function and the PAW  

method was used, with PAW atom potentials supplied by  VASP© [77]. The DFT-D2 Grimme 

correction for van der Waals interactions was included in all calculations[124]. DFT calculations 

were performed using a 1×1 supercell which included 8-9 layers within the surface slab and a 

minimum of 15 Å vacuum space above the graphene layer. Initial interface orientation was 

determined by matching the lattice spacing of the graphene layer to the silicide surface so that 

the initial lattice mismatch of the two is less than 2%. Energy cutoffs of 600 eV were used for all 

calculations involving NiSi2 or Cu3Si surfaces. K-point mesh sizes of 8×8×1 were used for the 

relaxations involving NiSi2 and Cu3Si surfaces. Both surfaces utilized K-point mesh sizes of 

12×12×1 for the band structure and density of states calculations. Relaxation simulations were 

performed with Gaussian smearing, DOS calculations were performed using tetrahedron method 

smearing with Blöchl corrections, and band structure calculations were performed with 

Methfessel-Paxton smearing. Band structure calculations included weighted band decomposition 

information to determine individual atom contributions to the total band structure. This band 

structure decomposition was used to visualize the contribution of the 2D layer to the overall band 

structure. Ionic relaxation of the systems were halted when forces are below 0.05 eV/Å. Energy 

cutoffs and k-point mesh sizes were determined such that the total energy is converged to 0.02 
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eV/atom. Images of atomistic structures were produced using the VESTA visualization tool [89]. 

Simulated STM images were generated using partial charge density plots calculated in VASP©, 

generated at specific energy range relative to the Fermi energy. Cells were not relaxed during 

ionic relaxation simulations for surface energy calculations.  

A Si terminated NiSi2(111) surface was used for Ni silicide simulations since the surface 

energy of Si-terminated NiSi2(111) was determined to have a more stable surface energy than 

Ni-terminated surfaces [133]. For Cu3Si(111) surfaces, the surface is terminated with both Si and 

Cu, but the surface energy of  a Cu3Si(111) surface has not been previously determined through 

DFT calculations to look at its stability. A symmetric surface slab was simulated through ionic 

relaxation and the total energy was compared to the bulk Cu3Si rhombehedral structure to get 

calculate a surface energy of 0.31 eV/Å2 (5.0 J/m^2). This Cu3Si surface is thus considered to be 

relatively stable and was used to form the Cu silicide surface slab for these simulations.  

The binding energy of graphene to NiSi2 or Cu3Si relate to how strongly the 2D layer is 

electronically coupled to the silicide layer. The binding energy of the graphene layer was 

calculated using the binding energy equation whose parameters are similar to those presented in 

Chapter 4.2. A binding energy of -0.05 eV/atom was calculated for graphene on NiSi2 and -0.06 

eV/atom for graphene on Cu3Si. The binding energy calculations take into account van der 

Waals forces since the relaxation simulations were performed using the DFT-D2 van der Waals 

corrections. The low binding energy between graphene and both silicides shows that the 

interaction at the interface is assumed to be due to van der Waals interaction. DFT simulations of 

graphene on pure metals such as Cu and Ni had calculated binding energies of -0.037 eV/atom 

and -0.038 eV/atom respectively [95, 134]. The larger binding energies in this work may be due 

to the compositional difference and surface termination of the metal silicide layers compared to 
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the pure metal layers used as a surface slab. The low binding energy atop NiSi2 and Cu3Si are 

associated with little to no substrate and graphene layer electronic interaction leading one to 

believe that substrate contributions to the electronic properties to the graphene layer are minimal.  

The interfacial distance between graphene on NiSi2(111) and Cu3Si(111) was calculated 

after relaxation simulations. Between graphene and the topmost layer in NiSi2 the interfacial 

distance is 3.12 Å. In the graphene on Cu3Si simulation the interfacial distance is 3.24 Å. The 

interfacial distance between graphene and Cu3Si or NiSi2 is similar to the interfacial distance of 

graphene on metallic substrates such as Cu(111) and Ni(111) of 3.58 Å and 3.50 Å respectively 

[95, 134]. These interfacial distances and low binding energy are thought to be due to van der 

Waals interaction at the interface.. The weak interaction between the graphene layer and the 

silicide layer may be seen in Figure 11 and Figure 12, which show the charge difference density 

of graphene on NiSi2 and graphene on Cu3Si respectively. The weak interaction may be observed 

by the concentration of charge difference density isosurfaces around the 2D layer and not 

between the graphene layer and silicide. Due to the charge concentration around the graphene 

layer atop both silicides, it is assumed that there is little to no charge transfer between the 2D 

layer and the silicide substrate.  
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Figure 11 Charge difference density plot of graphene on NiSi2. (a) Top view and (b) side view 
of graphene on NiSi2(111). Brown, blue, and grey atoms represent C, Si, and Ni atoms 
respectively. 
 

 
Figure 12 Charge difference density plot of graphene on Cu3Si. (a) Top view and (b) side view 
of graphene on Cu3Si(111). Brown, blue, and orange atoms represent C, Si, and Cu atoms 
respectively. 
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 Based upon the low binding energy and CDD plots, it is assumed that silicide has little to 

no effect on the electronic properties of the graphene layer. Graphene on NiSi2 retains linear 

bands around its Dirac point, but shows a shift of the Dirac point position to -0.46 eV below the 

Fermi level (where that Fermi level for the band structure and DOS was set to 0 eV) as seen in 

Figure 13. This shift of the Dirac point below the Fermi-level may indicate a shift of the 

graphene layer to n-type. This is different to the Dirac point shift of graphene atop Ni(111) 

which has a shift of +0.13 eV above the Fermi energy [134]. The difference in Dirac point shift 

may be due to the surface termination of the NiSi2(111) surface. A negative Dirac point shift of -

0.4 eV was calculated in graphene over Si terminated SiC(111) surface [135, 136]. The Si 

surface termination of NiSi2(111) may cause the negative Dirac point shift differing from the 

Ni(111) surface. The gap at the K point in the Brillouin zone is 2.8 meV, compared to 

freestanding graphene’s band gap of 0 eV. The non-zero DOS around the Fermi level indicate 

metallic characteristics due to the substrate contribution as the NiSi2 layer itself is metallic. 

However, the DOS of the graphene layer below the Fermi energy show there is a high 

concentration of electrons around -0.46 eV, which coincides with the Dirac point.  
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Figure 13 Band structure and DOS plot of the supercell (black) and decomposed graphene 
contribution (red) on NiSi2. The Fermi energy of both plots was set to 0 eV. 
 

 
Figure 14 Band structure and DOS plot of the supercell (black) and decomposed graphene 
contribution (red) on Cu3Si. The Fermi energy of both plots was set to 0 eV. 
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Band structure and DOS simulations of graphene on Cu3Si yielded similar results and can 

be seen in Figure 14. The band structure also shows a linear dispersion around the K point in the 

Brillouin zone, however the range of its linear dispersion is shorter than that of graphene on 

NiSi2. The Dirac point can still be observed in the band structure of the graphene layer 

contributions to the band structure shown by the red coloring of Figure 14. There is a shift of the 

Dirac point is -0.31 eV below the Fermi level. This shift in Dirac point is similar to the shift of 

the Dirac point of graphene on Cu(111) to -0.41 eV below the Fermi level [134].  

Analyzing the π and π* bands around the K point in reciprocal space reveals that the 

graphene layer on NiSi2 or Cu3Si retains linearity around the Dirac point. Linear dispersions are 

characteristic of massless Dirac Fermions. The massless Fermions of freestanding graphene from 

M to K in the Brillouin zone is in agreement with findings from other researchers who have 

simulated freestanding graphene [18, 81, 94, 137]. Due to this linearity, using the electron 

effective mass equation 𝑚𝑚𝑒𝑒
∗ = ℏ2

𝑏𝑏2𝐸𝐸 𝑏𝑏𝑏𝑏2⁄  yields an electron effective mass of 0 m0·kg [68]. 

Similarly, the calculated hole effective mass is also 0 m0·kg. Thus, the equation 𝑣𝑣𝑖𝑖 = (𝑏𝑏𝐸𝐸 𝑏𝑏𝑏𝑏⁄ )
ℏ

 

[68] was used to calculate the Fermi velocity in the M to K Brillouin direction, resulting in 

values of vf = 1.5×106 m/s in graphene atop NiSi2 and vf = 1.3×106 m/s in graphene atop Cu3Si. 

This is of the same order as other published graphene Fermi velocity values of 2.6×106 m/s and 

can be considered to have ballistic electron transport [10]. 

Density Functional Theory calculations were used to show that the interface between 

graphene and NiSi2(111) or graphene and Cu3Si(111) slabs may result in the graphene layer 

retaining its unique electronic properties, specifically its ballistic electron transport around the 

Dirac point. The low binding energy and charge density plots show minimal interaction between 
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the graphene and silicide surface. The shift of the valence band maximums below the Fermi 

energy indicates that graphene on a NiSi2 slab is now n-type. Additionally, electrons in graphene 

on a NiSi2 slab were calculated to have a Fermi velocity of 1.5×106 m/s. Similarly, for graphene 

on a Cu3Si slab was calculated to have a Fermi velocity of 1.3×106 m/s. These calculations show 

that graphene still retains electronic properties similar to its freestanding values atop these two 

silicides. The preservation of the unique 2D properties of graphene atop NiSi2 and Cu3Si shows 

promise for using either silicides for direct fabrication and integration into Si substrates for 

nanoelectronics. Future studies will look at doping or intercalation of other elements at the 

interface between graphene and a silicide surface in order to tailor the band gap. 

4.4 Concluding Remarks 

The first objective of this thesis was to use DFT simulations to study the properties of 2D 

films on silicides. DFT simulations on silicene on NiSi2 showed that although epitaxial to each 

other, silicene tends to buckle towards the bulk Si positions of the Si/NiSi2 interface. 

Additionally, the strong binding energy results in the silicene layer displaying highly metallic 

properties and losing 2D characteristics such as the linear bands around the Dirac point. In order 

to decouple a silicene layer from NiSi2, hydrogenation of the NiSi2 or the silicene layer itself was 

necessary. Hydrogenation resulted in the silicene or H:silicene layer retaining much of their 2D 

properties.  

Simulations of graphene on NiSi2 and Cu3Si did not require hydrogenation to decouple 

the 2D layer and silicide. This is due to the low binding energy of graphene to either silicide 

indicating that the interface interaction is due to Van der Waals bonding. The weak binding 

energy of graphene on NiSi2, in particular, can also be seen in the charge difference density plots 
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and the retention of linear bands around the Dirac point. Graphene was able to maintain a zero 

electron effective mass and essentially ballistic electron transport characteristics.   

Through these DFT simulations it was shown that silicides can have a minimal effect on 

the band structure and DOS of a graphene layer on silicides such as NiSi2 and Cu3Si. However, 

strong interaction between another 2D layer, such as silicene, and a silicide layer of NiSi2 can 

result in the 2D layer taking on metallic electrical characteristics of a silicide substrate. 

Depending on the 2D layer interaction with a silicide layer, low dimensional structures may 

retain their unique freestanding properties. Additionally, hydrogenation, using other silicide 

compositions, doping, or intercalation may be used to further tune the electrical properties of a 

2D layer. This reinforces the importance of surface termination to interface and substrate 

engineering on the electronic properties of the low dimensional layers.    



50 

 

CHAPTER 5 GRAPHENE GROWTH ON SILICIDES 

5.1 Introduction 

Metal silicides, such as Cu and Ni silicides, have been used extensively as CMOS 

contacts and interconnects, and more recently have been studied as QD contacts  However, 

technical challenges to utilizing silicides are their high oxidation and diffusion rates, that result 

in electrical and mechanical failure [138-140]. Graphene is of interest as an encapsulating layer 

for Ni, Fe, and Co silicides, as it has been shown to form a diffusion and oxidation barrier [29, 

141, 142]. In addition, direct fabrication methods of graphene on Si and silicide platforms have 

been studied [143, 144]. For direct fabrication on semiconductors, Ge(001)/Si(001) and Si(111) 

substrates have been used to show that graphene could be fabricated using CVD methods. 

However, the graphene quality and carbide formation required further improvement to each of 

those processes respectively. An intermediate layer, such as a silicide, epitaxially grown on a Si 

substrate may be advantageous to direct growth on semiconductors. CVD graphene growth with 

silicides, using Pt3Si, resulted in large graphene grain sizes and high quality single layer films 

[28, 29]. However, the CVD temperature resulted in a roughened surface that required transfer of 

the graphene for integration into a device. Thus, there is still a need to continue exploring the use 

of Si substrates and silicides for direct graphene fabrication and integration. Although, previous 

DFT simulations have shown that silicides such as NiSi2 and Cu3Si support a graphene layer, the 

experimental growth of graphene has not yet been attempted atop these silicides fabricated on Si 

substrates. This chapter addresses the proof of concept of using these silicides to fabricate 

graphene on Si.  
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5.2 CVD Graphene Growth on Cu3Si Fabricated on Si Substrates 

This research focused on directly growing graphene on a Si(111) crystal using Cu silicide 

as the catalytic surface. The goal is to demonstrate whether graphene can be grown directly on a 

Si substrate using a bulk CVD process while preventing silicon carbide formation. Ideally, 

metals that form silicides can be patterned and annealed on Si substrates to use as catalytic layers 

for direct graphene growth. Thus using a silicide, such as Cu silicide, for growth as well as 

electrical contacts would be of technological importance for future graphene on Si devices.  

Si wafers were purchased from Virgina Semiconductor. They are As doped (0.001-

0.0006 Ω·cm resistivity) with (111) orientation. Si(111) samples were dipped in a BOE solution 

for 2 minutes to remove any oxide. After the BOE solution they were rinsed in DI water and 

dried using N2. 100 nm of Cu was deposited on the Si(111) samples using e-beam deposition in a 

UHV chamber (~107 mbar).    

A MTI™ CVD furnace was used for the CVD growth. Ar/H2 (4.687 mole % H2) gas was 

flowed through the chamber at 200 sccm throughout the entire CVD process. Once the heated 

tube reached the temperature set point of 900˚C a mixture of Ar/CH4 (500.2 ppm CH4) was 

flowed into the chamber at 100 sccm for 60 minutes. A maximum temperature of 900˚C for the 

CVD process was chosen to stay under the SiC formation temperature. After 60 minutes the 

Ar/CH4 flow was stopped and the chamber was cooled back to room temperature while the 

Ar/H2 mixture was flowed through the tube. A graph of the process temperature and flow rate as 

function of time may be seen in Figure 15.  
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Figure 15 Representation of the standard CVD graphene growth on Cu foil process times, 
temperatures, and gas flows. Temperature and time axes are not to scale and are exaggerated for 
visual purposes.  

 

A Renishaw inVia Raman microscope was used to perform the Raman spectroscopy. 

Raman spectra were taken using a 442 nm laser with a 1800 L/mm grating, the maximum laser 

power was 35.1 mW. Measurements were taken with a laser power between 5-10% of the 

maximum power to minimize heating of the sample. Measurements were taken using a 

magnification of 100x, where the laser spot size at 100x magnification is 0.2 μm.  

A Bruker D2 Phaser XRD system was used for the XRD measurements. Samples were 

spun at a rate of 60 RPM during the measurements. Measurements were taken over 2θ range of 

10-90° with an X-ray power of 30 kV and 10 mA using a 1 mm slit.  

An optical microscopy image can be seen in Figure 16 alongside Raman intensity maps 

centered around the wavenumbers of 2750 cm-1, 1581 cm-1 and 1351 cm-1. These wavenumbers 

correspond to the 2D, G, and D carbon peaks [110, 111]. A map of the signal intensities at these 

three Raman wavenumbers may be seen in Figure 16b-d. The presence and sharp peak of the 2D 

peak is indicative of graphene. The peak intensity ratio of G to 2D may be used to estimate the 
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number of graphene layers present, and the D peak intensity correlates to the amount of disorder 

and defects present in the graphene or graphite layers [110]. G to 2D peak ratios of less than one 

indicate single layer graphene, ratios of around 1 indicate bilayer graphene, and ratios of around 

two indicate three or more graphene layers. Further increasing ratios of G to 2D peaks and 

broadening the 2D peak indicate the transition from graphene to graphite. In Figure 16e, one can 

see the approximate number of graphene layers over a scanned area based upon G to 2D ratios. 

Over the large triangular island roughly 1 layer of graphene is present, but individual 

wavenumber maps from Figure 16d show that there are a high number of defects over this 

particular structure due to the high D peak intensities. While scanning over the smaller islands, 

1-2 layers of graphene were found to be more common with a smaller number of defects. In 

some cases, copper silicide islands having up to 3 layers of graphene were found and are shown 

by the red colored areas.  
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Figure 16 Raman maps of the optical microscope image shown in (a). (b-d) show Raman maps 
of intensities centered around wavenumbers 2750 cm-1 (2D), 1581 cm-1 (G) and 1351 cm-1 (D) 
respectively. Color bars show the relative signal intensity in arbitrary units. Derived Raman map 
(e) indicates the approximate number of graphene layers based upon the G:2D Raman peak 
intensity ratio. 
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An example of the Raman point spectra over graphene on Cu3Si may be seen in Figure 

17b. A comparison of Raman spectra were taken over an annealed Cu3Si island without graphene 

(blue), over an annealed Cu3Si island covered graphene (red), over a bare Si area between 

graphene covered Cu3Si islands (green), and on a graphene covered Cu3Si island left in ambient 

conditions for 3 months (purple) and is shown in Figure 18a. The zoomed inset focusing on the 

graphene related Raman shift peaks is denoted by the dashed box, which is magnified and shown 

in Figure 18b. In all four spectra a Si peaks may be seen at 520 cm-1 and 2330 cm-1 due to the Si 

substrate. The broad peak at 250 cm-1 in the blue spectra, without graphene growth, is due to the 

formation of a CuSiO3 [145], most likely formed due to exposure to an ambient environment 

since Cu silicides and Si oxidize rapidly without an encapsulation layer [140, 146]. In the red 

spectra of the graphene covered Cu3Si island, the ratio of G:2D is about 0.8, indicating 1-2 layers 

of graphene. There is a small D peak present showing some defects in the graphenes. No SiC 

peaks were observed over the samples even after CVD processing using methane, however SiO2 

was observed over the bare Si surface between the islands at broad peaks close to 643, 808, and 

978 cm-1 [147, 148]. Annealing Cu on Si(111) without introducing the CH4 gas during the CVD 

process resulted in no C formation as seen in the blue spectra. Cu3Si, like Cu, is Raman invisible 

and no Cu related peaks were observed. Raman spectra were also taken after leaving a graphene 

coated sample out in ambient conditions for roughly three months. This measurement is shown 

by the green spectra. The G:2D ratio of the green spectra is roughly 0.5 indicating single layer 

graphene, with a D peak intensity also indicating the presence of defects. The spectra does not 

show the presence of any Cu oxides under the graphene coated Cu3Si islands despite being left 

exposed in an ambient environment. This shows that the graphene layer is effective in preventing 

the oxidation of the Cu3Si island it is covering.  
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Figure 17 Normalized Raman (a) and XRD (b) spectra corrected for background slope. Spectra 
in (a) were taken over annealed Cu3Si island without graphene (blue), over an annealed Cu3Si 
island covered graphene (red), over a bare Si area between graphene covered Cu3Si islands 
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Figure 18 Normalized Raman spectra over (a) 250 to 3200 cm-1 Raman shift and (b) a zoomed 
Raman shift plot around 1200 to 3200 cm-1 denoted by the dashed inset in (a). Spectra were 
corrected for background slope. Spectra were taken over an annealed Cu3Si island without 
graphene (blue), over an annealed Cu3Si island covered graphene (red), over a bare Si area 
between graphene covered Cu3Si islands (green), and over a graphene covered Cu3Si island left 
in ambient conditions for three months (purple).  
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The composition of Cu3Si islands was confirmed using XRD. It is assumed that a 

majority of the Cu was turned into a silicide of η’-Cu3Si composition due to the surface phase 

reaction formation method as the sample was heated to a maximum temperature of 900°C [149, 

150]. Crystallographic planes that match those of η’-Cu3Si may be seen in Figure 17a. Two 

definitive η’-Cu3Si planes are (-211) and (210) found at 2θ values of 44.9° and 45.2° respectively 

[151, 152]. Two other possible η’-Cu3Si planes present are (-120) and (-210) found at 42.9° and 

43.4° respectively [153]. In addition a Cu (111) peak was found at 42.4° which may be due to 

unreacted Cu on the Si(111) surface. This Cu peak may disappear if the sample is annealed for 

longer periods of time or a thinner layer of Cu is deposited.   

In this experiment graphene was successfully grown atop Cu3Si islands using CVD thus 

directly integrating graphene on a Si(111) substrate without the transfer process. The Cu3Si 

islands were formed during the CVD heating process and acted as a catalytic layer for graphene 

growth. Raman spectroscopy was used to confirm the presence of 1-3 layers of graphene of 

varying quality over the Cu3Si islands without the formation of SiC over the exposed Si substrate 

despite the high temperature growth. Graphene also prevented the oxidation of the Cu silicide 

island after being exposed to an ambient environment for three months. XRD measurements 

confirmed the formation of Cu3Si during the CVD process, specifically of the η’-Cu3Si 

composition. Future work will include electrically characterizing the graphene on silicides to 

further study the quality of graphene, altering the CVD process parameters to adjust the surface 

quality of the graphene layers on different Si substrate orientations, and growing graphene on 

lithographically patterned silicides. 
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5.3 Attempted CVD of Graphene on NiSi2 

 Attempts to directly grow graphene on NiSi2 using CVD were unsuccessful. Previous 

experiments of graphene on Ni silicides were performed on SiC substrates [154, 155]. Si 

substrates were coated in Ni and then heated. The diffusion of the Ni into the SiC and silicidation 

of Ni with Si in the substrate formed Ni silicides, which precipitated carbon towards the surface 

of the sample eventually forming graphene [154, 155]. The same CVD method for graphene 

growth on Cu3Si on Si(111)  was used for NiSi2 on Si(111) in our experiments. The growth 

temperature was set between 800-1000˚C and Ar/H2 and Ar/CH4 mixtures with the same flow 

rates and H2:CH4 ratio were used in this experiment. The formation of NiSi2 was verified through 

Raman spectroscopy by the presence of peaks at 220 cm-1 and 240 cm-1 shown in Figure 19. The 

CVD maximum process temperatures were lowered below the formation temperature of Ni 

carbide. Raman peaks confirm the presence of NiSi2 formed during the heating steps of the CVD 

process. Deposition of thicker initial Ni layers of 300 nm were attempted to see if a higher Ni 

content would aid in graphene formation. However, these thicker layers ended up delaminating 

from the Si substrate.  Raman peaks in Figure 19 are denoted by red triangles at 229, 284, 320, 

376 cm-1. These peaks align closely with those associated with NiSi2 at 232, 297 and 320 cm-1, 

and a broad double peak between 350-402 cm-1 .  
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Figure 19. Raman spectroscopy (514 nm laser, 13.71 mW power, 20 sec dwell time, 5 
acquisitions) of sample after CVD processing of Ni deposition on a Si(111) substrate. Peaks 
centered around 229, 294, and 320 cm-1 and a double peak centered around 376 cm-1 confirm the 
presence of NiSi2 formed during the heating process. No graphene peaks were observed over the 
sample.   
 

5.4 Ethylene Decomposition on Sub-Monolayer Surface Reconstructions of Ni √19x√19 

 Another attempt at growing graphene on Ni-silicide involved ethylene decomposition 

over sub-monolayer Ni √19×√19 surface reconstructions over a Si(111) substrate. Ethylene 

decomposition was performed within the preparation chamber of the Omicron™ STM system. 

Ethylene was leaked into the preparation chamber until the pressure rose to 10-6 mbar. This 

chamber pressure was maintained for 30 minutes while the Ni √19/Si(111) sample was heated 

using direct current to 600˚C in attempt to crack the ethylene molecules over the surface to 

deposit C. After the ethylene decomposition samples were analyzed using Raman spectroscopy 

ex situ from the Omicron™ UHV system. Raman spectroscopy again confirmed the presence of 
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NiSi2. The presence of NiSi2 versus the Ni-silicide surface reconstruction may be due to elevated 

temperatures and the high diffusion rate of Ni in Si causing these the formation of silicide 

crystals. Carbon peaks at 1363, 1594, and 2714 cm-1 show the presence of graphite. Graphite is 

confirmed due to the combined base of the D and G peak, as well as the D and G peak ratios to 

the 2D peak. Another marker of graphite is the presence of a D+G peak at 2972 cm-1 close to the 

2D peak representing the disorder of graphite layers. These are close to Raman shift peak 

positions at 1360, 1580, 2710, 2940 cm-1 and represent the carbon D, G, 2D, and D+G Raman 

peaks respectively [110, 111]. These four peaks are highlighted by the red triangle markers 

shown in Figure 20. Graphite Raman signatures at known D, G, and 2D peaks differ due to the 

presence of a D+G peak, as well as combination of the peak bases of the D and G peak, and the 

relative intensity of the D and G peak to the 2D peak.  
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Figure 20. Raman spectroscopy of sample after ethylene decomposition showing the presence of 
graphite (514 nm, 13.71 mw, 10 sec dwell). Red arrow markers are placed at the peaks centered 
over Raman shifts of 1363, 1594, 2714, and 2972 cm-1 which represent the D, G, 2D, and D+G 
peaks respectively.  
 

5.5 Concluding Remarks 

 Proof of concept experiments growing graphene directly on Si(111) using a Cu3Si were 

successful. Raman spectroscopy confirmed the presence of 1-3 layers of graphene of varying 

quality over the surface. XRD measurements confirmed the formation of Cu3Si. Other initial 

attempts of CVD grown graphene on NiSi2 were unsuccessful, however ethylene decomposition 

over Ni silicide monolayers did result in graphite formation. Cu3Si is the more promising 

material to use for graphene growth on Si. The higher ratio of metal to silicon in the Cu3Si 

composition may aid in the formation in graphene and should be explored further.   
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CHAPTER 6  CHARACTERIZATION OF SUB-MONOLAYER NI DEPOSITION ON 

SI(111) 

(This chapter was previously published as J.-Y. Cheng, B. L. Fisher, N. P. Guisinger, and C. M. 

Lilley, "Atomically manufactured nickel–silicon quantum dots displaying robust resonant 

tunneling and negative differential resistance," npj Quantum Materials, vol. 2, p. 25, 2017/05/22 

2017. Linked here.) 

6.1 Introduction 

There has been significant progress towards the utilization of an electron’s spin for the 

development of quantum bits (qubits) poised to revolutionize modern computers, where the 

orientation of the spin serves as the basis for “0” and “1” logic operations  A major challenge is 

scaling this technology towards meaningful quantum computation requiring the entanglement of 

multiple qubits with coherence times long enough for calculations to occur and simultaneously 

be measured [156-165]. Not surprisingly, materials are at the heart of this challenge, from the 

fabrication of the qubits to how the electron or nuclear spin interacts with the host material [32, 

166-169]. One of the most advantageous platforms has been developing solid-state qubit 

architectures using traditional semiconductors, where an entire industrial infrastructure exists and 

hybridization with conventional technology would be greatly beneficial. A predominant 

approach has been developing qubit systems with quantum dots using III-V semiconductor 

heterostructures, [31, 33, 170-172] where the lowered dimensionality is utilized for quantum 

confinement.  Significant advances have been made towards addressing the spin in these 

quantum dot structures that include fast optical control and all-electrical measurements. 

However, the qubit interaction with the nuclear spins, inherent in the III-V materials, reduces the 

coherence time and presents a significant challenge.  Alternatively, group IV semiconductors are 

https://www.nature.com/articles/s41535-017-0029-4
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quite attractive for qubit design because they can provide a spin-free environment, where 

electron spin coherence times have been measured on the order of seconds [30, 173, 174]. 

6.2 Ni Surface Reconstruction atop Si(111) 

 The utilization of Si, a zero nuclear spin material, has been the focus of several proposals 

as an optimal material for qubit design.  Kane et al. first described using the nuclear spins of 

phosphorous dopants arranged as an array within a silicon lattice for the development of a 

quantum computer [175]. Several experimental efforts are underway to fully develop qubit and 

quantum technologies based on phosphorous dopants [176-178]. A key to these efforts has been 

the utilization of STM to both fabricate and characterize the unique placement of single 

phosphorous donors on both Si and Ge surfaces.  Most impressive has been the placement of 

isolated phosphorous dopants within electronic contacts that can be macroscopically addressed 

[179, 180]. Although it is not practical to utilize the STM for large-scale qubit fabrication, it has 

proven to be a powerful tool for the development of proof-of-principle devices and local 

characterization of quantum structures and phenomena at the atomic-scale. 

 Rather than fabricate individual quantum structures with the STM, we are interested in 

exploring large-scale atomic manufacturing of alternative quantum dot structures that self-

assemble, consist of only a handful of atoms, and are integrated with a semiconductor substrate.  

The goal is to find a suitable “bottom-up” approach that is scalable for qubit design.  

Complimentary to STM fabrication of individual quantum structures between electrical contacts, 

scalability is envisioned by controlling the density of self-assembled quantum dots over an entire 

surface. This would allow for the patterning of contacts anywhere on the surface and with 

optimization result in the desired density of QDs (from one to many) to exist between the 

contacts. There has been significant research in the area of metal functionalization of silicon 
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surfaces in the context of thin film growth, metal silicides, and the modification of surface 

reconstructions [53, 181-183]. Guided by these efforts, this work investigated the submonolayer 

deposition of Ni on Si(111).  At these low coverages, the surface reconstruction is modified and 

two distinct Ni-Si clusters emerge that consist of either a “1×1” or “√19” quantum dot structure 

consisting of an ordered grouping of Ni and Si atoms. Here, report the investigation of quantum 

dot behavior and electron confinement in these Ni-Si atomic clusters.  Utilizing STS, resonant 

tunneling through quantized levels was observed at reproducible energies within the clusters and 

a larger peak spacing for the smaller clusters, as anticipated for shrinking dimensions.  

Furthermore, by degenerately doping (n-type) the host substrate, NDR was observed at negative 

sample bias.  Finally, at higher surface coverage the larger clusters form a uniform metal-silicon 

reconstruction across the surface with a complex electronic landscape.  This research presents a 

model system for large-scale distribution of atomic quantum dots for potential qubit design that 

are tunable between two distinct sizes with reproducible quantized energy levels and can be 

designed to exhibit NDR. 

A submonolayer of Ni was evaporated onto a Si(111) substrate to observe the initial 

formation of the atomic Ni-Si clusters, as illustrated in the STM image of Figure 21a. In the 

topographic STM images, obtained at a sample temperature of 55 K, we observe regions of clean 

Si(111) where the 7×7 surface reconstruction is unperturbed, thus verifying that we have 

submonolayer coverage.  The majority of the image shows Ni modification to the surface.  At 

low coverage the smaller 7 atom clusters are most prevalent.  These clusters topographically 

appear as small “donut” or “ring” like features in the topographic image as observed in Figure 

21b and are highlighted by yellow dashed circles within the zoomed inset.  We classify these as 

“1x1” clusters adopting the nomenclature from the literature where the Ni modification results in 
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a 1x1 ordering of the underlying Si atoms [184]. The structural model for our 1x1 clusters is 

schematically drawn in Figure 21b.  Looking closely at these STM images there are larger 

clusters that appear darker within the topographic image.  The STM is sensitive to the LDOS and 

the electronic difference in the larger clusters at this particular sample bias results in the clusters 

looking slightly depressed into the first layer of Si.  These clusters are classified as “√19” 

clusters and are highlighted by blue circles within the zoomed inset of Figure 1b.  Again we have 

adopted nomenclature from the literature where at higher surface coverage these larger clusters 

order across the surface and give rise to the reported √19×√19 Ni-Si surface reconstruction . The 

schematic of Figure 1b showing the spatially larger quantum dot clusters. 
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Figure 21 Atomic-scale imaging of Ni-Si clusters. (a) Topographic STM image showing 
submonolayer Ni coverage, where regions of pristine Si(111)-7×7 surface reconstruction are 
visible (Sample Bias +2.0V, Setpoint Current 100 pA).  Within the Ni restructured area there are 
predominately “ring-cluster” structures with the underlying reconstruction going 1x1. At the 
right corner boundary near clean Si(111), there are four unique dark ring structures. (b) Zoom in 
STM image of the ring-like structures reveals our two cluster formations (1×1 and √19).  The 
ball and stick schematics show the atomic arrangement of the Si atoms relative to the central Ni 
atoms.  The 1×1 clusters (circled in yellow) and the √19 clusters (circled in blue) consist of self-
assembled atomic clusters of Si and Ni. 
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 At this point, we can reproducibly fabricate distributions of these atomic Ni-Si clusters on 

the Si(111) surface, which are consistent with previous surface science studies [53, 181-183]. 

The true motivation and foundationally unique aspect of this study involves evaluating these 

atomic Ni-Si clusters as QD structures for potential qubit design.  These clusters must possess 

discrete energy levels resulting from quantum confinement due to the lowered dimensionality 

and energetically spaced to be technologically accessible. Because these clusters are comprised 

of only a handful of atoms, it is easy to think of these clusters as small inorganic molecules on 

the surface. With that analogy, our other concern is whether or not these clusters are 

electronically unique entities or if they are strongly coupled to the substrate.  Thinking of these 

clusters as QDs with electron confinement we would expect the peak spacing to increase, as the 

size of the cluster gets smaller, which is schematically illustrated in Figure 22a. 
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Figure 22 Resonance reveals quantum dot behavior in the atomic clusters. (a) Schematic 
diagram illustrating that the lowered dimensionality results in electron confinement within the 
clusters resulting in discrete quantized energy levels.  As the size of the quantum dot decreases, 
the peak spacing should increase and is consistent with what we observe. (b) I-V measurements 
made over the Ni-Si atomic cluster quantum dots, where the turn-on energies are greater for the 
smaller 1×1 cluster.  NDR is observed in both cluster structures at negative sample bias. (c) 
Averaged STS dI/dV spectra measured over the 1x1 clusters illustrated in the STM image inset.  
Clear resonance is observed with discrete energy levels in the cluster at positive and negative 
bias.  Negative conductance is observed and correlated with NDR observed in I-V. (d) Averaged 
STS spectra of the larger √19 clusters show similar resonance but with a smaller gap between 
energy levels as illustrated. (e) Schematic band diagrams showing (I) Equilibrium where the 
Fermi level aligns and is within the conduction band due to degenerate doping of the Si, (II) 
Resonance where the chemical potential shifts the band of electrons in the conduction band into 
alignment with discrete energy level, and (III) NDR where the chemical potentials shift until the 
discrete level falls within the forbidden gap and cannot contribute to tunneling. 
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 To probe the electronic structure of the 1×1 and √19 atomic quantum dots we utilized 

STS, where the STM probe is positioned over a cluster.  With the probe parked, the feedback is 

turned off and I-V measurements are taken, while simultaneously measuring the dI/dV with lock-

in techniques. The dI/dV is proportional to the LDOS. Figure 22b shows averaged I-V 

measurements taken over the two different clusters.  The flat region of zero current between the 

turn-on at negative and positive sample bias is a reflection of the Si band gap.  Qualitatively, we 

can see that the peak spacing is smaller over the √19 cluster in comparison to the slightly larger 

peak spacing observed for the smaller 1×1 cluster.  Both gaps appear larger than the intrinsic 

energy gap of the Si(111) substrate, which is 1.1 eV.  We also qualitatively observe the 

consistent onset of NDR at negative sample bias, which will be discussed in greater detail. 

 Figure 2c shows the dI/dV spectrum taken over the 1x1 clusters, illustrated in the 

topographic STM inset.  There is a tunneling resonance with a quantized energy level at positive 

bias that represents tunneling through the highest occupied energy level.  An almost symmetric 

resonance is observed at negative sample bias, where the electrons are tunneling through the 

lowest unoccupied quantized level.  The almost symmetric position of the energy level around 

the Fermi energy (zero sample bias) is consistent with reported STM measurements in different 

quantum dot systems [38, 185]. The symmetry may be coincidental because it is dictated by how 

the quantized levels within the quantum dot align at equilibrium, which can be influenced by 

interaction with the substrate.  The fact that resonance is observed at all through these levels 

suggests that the electronic structure of these clusters is to some extent decoupled from the host 

substrate.  The negative bias resonance peak is clearly depicted because it immediately drops to 

the observed NDR negative conductance.  It is resonance through this energy level that gives rise 

to the NDR and will be discussed further.  The dI/dV spectrum verifies that we are observing 
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resonant tunneling through discrete energy levels and our clusters are behaving as atomic 

quantum dots.  Measuring the distance between the two resonant peaks allows for a quantitative 

analysis of the energy level spacing plus twice the charging energy (Ec) of the the quantum dot 

structures [38, 185]. The 1×1 quantum dots have a consistent peak spacing of approximately 2.87 

eV.  

 The √19 structures display a similar resonance within the dI/dV spectrum, with a peak 

more clearly observed at positive bias illustrated in Figure 22d.  The positive bias peak does not 

drop to a negative value, which is expected. However, as with the 1x1 clusters, the √19 structures 

also display a drop to negative conductance after resonance with the negative bias peak.  The 

quantum dot peak spacing is 2.36 eV when measured between the resonant peaks and is smaller 

for the larger cluster as expected.  At negative sample bias NDR is occurring as we sweep from a 

state of “on-resonance” to “off-resonance” with our atomic quantum dot clusters and the 

degenerately doped substrate.  We intentionally utilized degenerately doped n-type Si(111) to 

help probe these structures.  The degenerate doping results in the Fermi level lying just within 

the conduction band, as illustrated in Figure 22e.  At equilibrium, the Fermi level is aligned 

between the tip and substrate and should be mid-gap of the quantum dot we are probing.  As we 

sweep the sample bias to negative values, the energy levels shift to a point in which the narrow 

band of electrons in the conduction band align with the lowest unoccupied level of the quantum 

dot structure resulting in “on-resonance”. As we sweep to larger negative values the energy shift 

“off-resonance”, the NDR only happens in this direction because the level of the quantum dot 

ends up in the forbidden gap of the semiconductor and can no longer participate in tunneling.  At 

positive bias, “on-resonance” occurs and, although there is a decrease in the dI/dV signal, the 
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energy level can still participate in tunneling.  These results are analogous to NDR observed in 

resonant tunneling of molecular orbitals on degenerately doped silicon [186, 187]. 

To further confirm our interpretation of the observed NDR behavior resulting from 

resonance through a discrete level of our quantum dot clusters, we explored the behavior as a 

function of tip spacing.  The further the tip is away from the quantum dot should result in a shift 

in the resonant energy and observed NDR. The shifting of the relative position of the energy 

levels is related to the potential drop within the gap, which is modified when moving the position 

of the STM tip. Figure 24a shows a topographic STM image of a √19 cluster that was probed as 

a function of tip position.  The colored dots represent the tip position to the corresponding dI/dV 

spectra plotted in Figure 24b. When the tip is positioned directly over the cluster we observe 

clear resonance through the discrete energy levels and the onset of NDR. As the tip is moved off 

of the cluster, the resonance shifts to higher negative values and the NDR is lost. In fact, it is 

transitioning to resonance through a nearby 1x1 cluster.  These results help to strengthen our 

interpretation of the NDR phenomena. 

These “off-resonance” peaks coincide with NDR events in the negative bias. A high 

dosage of Ni results in the prevalence of the √19x√19 reconstruction over the surface as seen in 

Figure 24a. The I-V and dI/dV spectra taken atop an individual √19 cluster is shown by the 

points in Figure 23a is shown in Figure 23b respectively. The on-off voltages for the high Ni 

dosage √19×√19 NDR event occurs between -1.51±0.01 V and -1.94±0.02 V.  These on-off 

voltages are similar to the on-off voltages of the low Ni dosage. One noticeable difference 

between the high and low Ni dosage measurements is the Peak Voltage Ratio (PVR) which is 

defined by the ratio of peak voltage of the NDR event (Vp) and the minimum voltage value of the 

NDR event (Vm). PVR is used to quantify the performance of comparable NDR electronics and 
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higher values are better [188]. The PVR is 0.69±0.03 for higher Ni dosages. This PVR is higher 

than that of the low Ni dosage, but is lower than the NDR events observed in other quantum 

structures on Si substrates [188-191]. The on-off voltages of Vp and Vm are relatively similar for 

each measurement, however there is almost no change to the PVR as the lateral tip to sample 

distance is changed when the tip is moved away from the ring feature. Additionally, there is 

almost no change in the on-off bias voltage and the PVR remains on the same order between 

high and low Ni dosages. Due to the low dependence of lateral tip to sample distance and Ni 

dosage on both on-off voltage and PVR local orbital symmetry matching as the NDR mechanism 

on Ni-silicide layers may be ruled out [190].   
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Figure 23 Spatial tip dependence on resonance through quantum dots. (a) STM image showing a 
line of spectra measured over a √19 cluster. (b) As the position of the STM tip moves, it shifts 
out of resonance and the negative conductance is lost illustrating a dependence on tip-cluster 
spacing. (c) The resonant energy for the clusters is extremely reproducible.  This histogram 
shows some statistical analysis of resonant peak energies and minima for the √19 cluster.  
Although we could benefit from more statistical data to reveal the exact distribution, the peak 
values lie within 100 meV and there is thermal broadening due to a room temperature tip. 
 

 One of the most encouraging results, when considering the potential application of these 

atomic quantum dots for qubit design, is the consistency of the energy level alignment with the 

substrate.  For numerous 1×1 and √19 clusters, we observe the resonance phenomena at the same 

energy values, mentioned as the Vp and Vm values. Figure 23c illustrates statistical distributions 

analyzed for several measurements made on √19 quantum dots.  Although a larger statistical 

ensemble would be preferred, this data shows a clear trend for uniform resonant peak and valley 

energy positions within our STS spectra. Ultimately, we are illustrating that these clusters can be 

viewed as atomic-scale quantum dots, but the clusters are randomly distributed on the surface.  
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There are clear advantages of the self-assembly aspect in the formation of these clusters.  Further 

work must be done to see if this route can be applied to the vision of Kane’s quantum computer 

or provide advantages or complement current experimental efforts with phosphorous atoms. 

 When the Ni coverage is increased on the surface, the √19 clusters become prevalent 

across the surface until a saturated √19 Ni surface reconstruction is reached, as illustrated in the 

topographic image of Figure 4a.  This Ni modified surface is stable, robust, and is essentially a 

tightly packed array of the individual √19 clusters (that were isolated at lower coverage).  As the 

clusters become tightly packed, the electronic structure of the surface is modified and the well-

defined resonance observed for the isolated and loosely spaced clusters becomes lost in the STS 

measurements. The rich electronic structure can be spatially imaged with STS conductance maps 

that are taken concurrently with the topographic data, as illustrated in Figure 24.  The top image, 

Figure 24b, is the topography and the bottom image, Figure 24c, is the spatial dI/dV conductance 

map that is proportional to the LDOS for the given imaging sample bias. We also observe very 

distinct patches of variation within the electronic structure that is visualized by the color scale for 

high to low values of LDOS.   
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Figure 24 Saturated surface coverage of √19 cluster self-assembly. (a) STM image showing 
domains of saturated Ni-Si √19 cluster formation, where they hexagonally arrange with domain 
boundaries visible within the image (Sample Bias -2 V, Setpoint Current 200 pA). (b) A zoomed 
in STM image shows a uniform array of √19 clusters with some defects and vacancies. (c) A 
spatial dI/dV map for the same area in (b) showing a rich electronic ordering within the tightly 
packed atomic quantum dot array (Sample Bias -2 V, Setpoint Current 200 pA).  (d) STS dI/dV 
spectra measured at different points over the tightly packed √19 clusters.  The peak at negative 
bias has broadened and we do not observe the presence of NDR.  (e) I-V measurements also 
confirm the loss of NDR and only a slight shoulder is observed.  As the clusters pack together 
tightly, we believe that the levels of the QD structures overlap and broaden the measured spectra. 
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The array of bright circular features corresponds to a network of linking atoms between 

the clusters.  By careful inspection of Figure 24c, the clusters themselves have a uniform circular 

LDOS with a slight brighter region directly at the center.  However, there are several patches of 

brighter contrast and some clusters that appear dark, while some of the bright circular regions of 

linking atoms are missing. We feel that the LDOS variation is in part due to missing atoms in the 

full √19 reconstruction, defects, and some adsorbates. The intriguing aspect is how uniform the 

LDOS are for patches of different clusters. A key component to qubit design is achieving 

entanglement between qubits so information can be transferred. To further explore this 

possibility, we performed STS measurements of the full √19 reconstruction that are plotted in 

Figure 24(d, e).  The STS measurements no longer display a sharp resonant peak and NDR is not 

observed at any position on this surface.  Instead, a broadened peak is observed at negative bias 

and no peak is observed at positive bias. The I-V curve in Figure 24e shows a slight shoulder at 

negative bias but no NDR.  We believe that the loss of resonance in our STS measurements is 

due to broadening of the levels as the clusters move closer together, which indicates that levels 

are overlapping and interacting.  These aspects are to be explored in further studies that can be 

performed with instrumentation at lower temperature to increase the energy resolution and 

spatial stability of the spectroscopy. 

6.3 Concluding Remarks 

In conclusion, STM and STS were utilized to investigate atomic-scale Ni-Si clusters on 

the Si(111) surface. The dI/dV measurements revealed resonant tunneling through discrete 

energy levels within the clusters.  Resonance through these levels suggests that the electronic 

structure of these clusters is only weakly coupled to the Si(111) substrate.  The clusters behave 

as quantum dots on the Si surface and consist of either (“1×1”) or (“√19”) atomic clusters.  We 
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intentionally explored Ni surface modification and cluster formation on degenerately doped n-

type Si(111), where the Fermi level lies within the conduction band.  The resonance with our 

highest unoccupied state with the atomic Ni-Si quantum dots resulted in NDR observed at 

negative sample bias in both I-V measurements and dI/dV spectra.  The peak spacing of the 

clusters increases as the size of the quantum dot decreases.  Further experiments should be run 

on more sophisticated low temperature instruments to increase the energy resolution. Overall, the 

self-assembly of Ni-Si clusters on the surface is a promising and intriguing platform for the 

development qubit and quantum technologies utilizing atomic-scale quantum dots self-assembled 

on a Si substrate. 
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CHAPTER 7  SN SURFACE RECONSTRUCTION ATOP SI(111) 

7.1 Introduction 

Early research of Sn on semiconductors was motivated by studying superconductive 

properties of Sn [56, 57]. More recently, there has been renewed interest in research on low 

dimensional Sn, e.g. as a 2-dimensional atomic layer, due to its predicted behavior as a 

topological insulator [192]. Researchers have studied Sn/Ge(111) and Pb/Si(111) monolayer 

systems and have found that they display charge ordering at lower temperatures [55, 57]. Charge 

ordering occurs as a material transitions to a superconducting state near its Curie temperature. 

Yet, there is an existing knowledge gap on the properties of Sn on Si(111). Previous research of 

Sn/Si(111) focused on √3×√3 and 2√3×2√3 surface reconstructions, which readily form on the 

Si(111) surface, and will be referred to as √3 and 2√3 respectively. Researchers found that the Sn 

√3 phase undergoes a metal-insulator transition at low temperature (<60K) [193-195]. However, 

several unanswered questions remain regarding the properties of the 2√3 phase. For example, 

there is an existing disagreement regarding the number of atoms in the unit cell of the Sn 2√3 

phase [63, 196-199], although there are two commonly proposed models. In addition, the 

electrical properties of low dimensional Sn 2√3 at low temperatures have not been fully 

characterized.  

7.2 Electronic Characterization of Sn Surface Reconstructions 

A new phase reconstruction of 4√3×2√3 was found to coexist with the 2√3 phase at low 

temperature (LT), referred to henceforth as 4√3. This new phase has been observed by Fangfei 

Ming et al. [200]. The unique structure and electronic characteristics of the 4√3 phase point 

towards charge ordering in Sn monolayers. Charge ordering has been shown to appear in other 

low dimensional layers [57, 64, 66]. It can precede the appearance of CDW in superconductors 
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and low dimensional topological insulators indicating a low temperature superconducting 

transition. Charge ordering shows similar characteristics to CDW such as the appearance of 

checkerboard or striped patterns in STM conductance images at low temperature that differ from 

room temperature observations. However, charge ordering differs from CDW in that the low 

temperature conductance image patterns may not display long-range periodicity. STM and STS 

studies were performed for the √3, 2√3, and 4√3 phases of Sn/Si(111) at room temperature 

(295K) and LT (55K). The 2√3 to 4√3 Sn/Si(111) reconstruction was found to exhibit charge 

ordering due to the checkerboard-like pattern in the conductance imaging of the new 4√3 phase 

reconstruction at LT. 

After monolayer deposition of Sn on Si(111), two surface reconstruction phases may be 

seen in STM images at room temperature. In Figure 1(a) the STM topography (orange shading) 

and conductance images (purple shading) show a 2√3 phase surrounded by the √3 phase. 

Zoomed in image of an isolated 2√3 phase can be seen in STM topography and conductance 

images in Figure 1(b). The green and yellow areas represent zoomed in views shown in Figure 

1(c) alongside line profiles and FFT images. From the line profiles it is apparent that the 2√3 

phase does indeed have two layers.  

The structure and number of atoms of the Sn/Si(111) 2√3 unit cell is still under dispute. 

The widely accepted 2√3 model consisting of 13 atoms was relaxed using the VASP© DFT 

software. This model was recreated based upon the models by Ichikawa and Cho [198] which 

were modeled after the 2√3 structure proposed by Törnevik et al. [48]. The initial bilayer can be 

seen in the top and side view of supplementary Figure 25a where the four top layer Sn atoms are 

colored red and green. After DFT relaxation the bilayer flattens out into a single Sn layer shown 

in Figure 25b. Instead of the bilayer structure of the 2√3 seen in experiments, the relaxed 
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simulation shows only a single Sn layer. Previous papers have mentioned that the 2√3 model is 

unstable and result in differing views on how many atoms truly exist in the Sn 2√3 unit cell 

[201]. However, comparing the approximate atomic distances of the dimer pairs to each other the 

accepted 13 atom model does not have the same atomic spacing as seen in the experimental 

images. Based upon the FFT images the average lattice spacing of the √3 phase was measured at 

1.18 ± 0.43 nm and the 2√3 phase was measured at 1.61 ± 0.20 nm. More work needs to be 

performed in order to generate an accurate atomic model of the unit cell.  

 

 
Figure 25 Top and side view of the 13 atom model proposed by Toernvik et al. (a) before DFT 
relaxation and (b) after DFT relaxation. Blue Atoms represent Si, whilst grey, red, and green 
atoms represent the 2√3x2√3 Sn layer. Red and Green atoms in (a) represent the higher height 
dimers in the unrelaxed model. Their positions after relaxation are shown in (b). 

 

At low temperature (~55K) a new phase was observed in the 2√3phase. This new 4√3 

phase can be seen in Figure 26b. This 4√3 phase is seen alongside the 2√3 phase at low 

temperature in Figure 26b and is outlined by white dashed lines to act as a guideline for the eye. 

The 4√3 phase appears as stripes within the 2√3 phase areas and can be seen more clearly in 

zoomed topography and conductance images in Figure 27b. The 4√3 phase is different than the 
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2√3 phase in that the top most dimer pair of the Sn bilayer structure follows alternating 

directions similar to a herringbone pattern. The striped areas of the 4√3 phase are even more 

distinct in STM conductance images. It was observed that the 2√3 to 4√3 transition is reversible 

upon allowing the sample to warm back up to room temperature.  

 

 
Figure 26 (a) Room temperature (295K) STM topography (orange color scale) and conductance 
image (purple color scale) of a 2√3 island surrounded by √3 reconstruction. (I=100pA, Vb=-1V) 
(b) Topography and conductance image of the 4√3 reconstruction alongside the 2√3 and √3 
reconstructions at LT. White dashed lines are guidelines for the eye highlighting the 4√3 areas. 
(I=250pA, Vb=1V) 

 

The room temperature phase of 2√3 has topological and conductance image FFT patterns 

that resemble each other closely in both size pattern and spacing of 2.7, 3.1, and 2.3 nm-1 shown 

in the Figure 27h. Although the FFT peaks match in spacing, the checkboard conductance image 

FFT is missing many of the other features present in the conductance image FFT pattern. The 

discrepancy between the two patterns indicates a change in the charge density around the atomic 
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structure further supporting the evidence of charge ordering. Conductance images of the 4√3 

phase in Figure 27b and Figure 27d show a checkerboard like pattern indicating that the phase is 

atomically, and electronically different than the room temperature 2√3 phase.  

 
Figure 27 Zoomed in view of the 2√3 and 4√3 phases at RT and LT. (a) Topography and 
conductance image of RT 2√3 reconstruction. (I=600pA, Vb=0.5V). (b) Topography and 
conductance image of 4√3 reconstruction alongside areas of 2√3. (I=1nA, Vb=1V) (c) Zoomed 
areas of the RT 2√3 phase from (a). (d) Zoomed areas of the LT 4√3 phase from (b). (e) FFT 
patterns of the topography and conductance image from (c) showing the spacings of the RT 2√3, 
which roughly correlate to the lattice parameters of the 2√3 unit cell. (f) FFT patterns of the 
topography and conductance images from (d) showing the spacings of the LT 4√3.  
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The transition of the 2√3 phase to the 4√3 is proposed in Figure 28a. The 2√3 phase at 

RT is believed to have two dimer pairs in the top Sn layer which rest at two slightly different 

heights as noted by their contrast difference in STM topography images. In Figure 28a the higher 

height atoms are denoted by solid black circles, whereas the lower height atoms still in the top 

layer are denote by the white circles. In the 4√3 at phase at LT the parallel dimer pairs are no 

longer present and instead alternating angled dimer pairs are seen. This forms a herringbone-like 

pattern with the angled dimer pairs at LT. The angled dimers may form to rocking/rotation of the 

parallel dimer pairs about their center allowing the cross bonding to form resulting in the angled 

dimers seen in the 4√3 phase. The periodicity and proposed formation of the 4√3 phase is similar 

to that proposed by Fangfei Ming et al. [200].  This may be supported by the slight height 

variation and atomic distances of the angled dimers seen in the line profiles plotted in Figure 

28b. It was also observed that the angled dimers are always present in pairs and occupies roughly 

twice the space as the room temperature 2√3 unit cell, which justify the 4√3×2√3 nomenclature 

used as noted by Weisong Tu et al. [201] and Fanfei Ming et al. [200]. The number of paired 

angled dimer columns as well as measured width of the 4√3 and spacing between 4√3 stripes 

may be seen in the supplementary histograms in Figure 29. However, only so much structural 

information of the 4√3 phase can be assumed through STM imaging. Future work will need to 

include low temperature LEED, XRD, and XPS in order to determine the actual atomic structure 

of the new phase.        
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Figure 28 (a) Possible example of the dimer pair transition of Sn atoms from RT to LT. The 
rhombus represents a proposed unit cell of the 2√3consisting of 13 atoms at room temperature. 
Filled circles represent the atom in the pair with the higher height value. Dashed lines are 
guidelines to separate the paired 4√3dimers. (b) Line profiles over the 2√3 and 4√3 phases. 
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Figure 29 (a) Histogram of the average width of the 4√3 pattern and (b) the average spacing 
between each stripe or areas of 4√3.  

 

A series of STS point spectra were taken over the different phases at RT(295K) and at LT 

(55K) to analyze the electronic change of the phases. Figure 30a and Figure 30b show magnified 

STM topography images of the √3 phase at RT and LT respectively as well as averaged STS 

dI/dV and I-V spectra around colored points indicated on the images. Similarly, Figure 30c and 

Figure 30d show the same information for the 2√3 phase at RT and concurrent 2√3 and 4√3 

phase at LT respectively. The measured band gap of the √3 phase at RT was approximately 

0.02±0.01 eV, whereas at LT the measured band gap was approximately 0.74±0.04 eV. These 

values do not match values found by other researchers shown in Table 2. One noticeable 

difference between this work and previous experiments is that the much of the dI/dV data and 

subsequent band gap calculations were derived from I-V data and not true dI/dV measurements.  
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Figure 30 STM topography image, dI/dV point spectroscopy plot, and logarithmic scale I-V 
point spectroscopy plot of (a) room temperature √3 phase (I=300 pA, Vb=-1.5 V) (b) low 
temperature √3 phase (I=500 pA, Vb=1 V) (c) room temperature 2√3 phase (I=600 pA, Vb=0.5 
V) (d) low temperature 2√3 and 4√3 phases (I=100 pA, Vb=1 V).  
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Table 2 Band gaps of the Sn √3 and 2√3 reconstructions on Si(111) 
Structure Band Gap (RT) Band Gap (LT 55K) Band gap Literature 

√3×√3 0.02 eV 0.37 eV 0.4-0.5 RT [59, 193], 0.2 
eV LT (5K) [44] 

2√3×2√3 0.74 eV 1.03 eV 0.8 eV RT [63] 
4√3×4√3 --- 1.03 eV --- 

 

At RT the measured band gap for the 2√3 was approximately 0.37±0.04 eV. At LT the 

measured band gap of the unreconstructed 2√3 areas was 1.03±0.2 eV. Over the 4√3 phase the 

band gap was measured to be nearly identical. There is no current work to compare the LT 4√3 

phase band gap to and no mention of the 4√3 outside of the work by W. Tu [201]. Decreasing the 

sample temperature to 55K resulted in an increase of the band gaps of the √3 phase and 2√3 

phase.  

Based upon STM and STS observations, it is thought that the LT phase change of 2√3 to 

4√3 is due to charge ordering. Other papers have suggested that the Sn √3 phase reconstruction 

under LT (5K and 60K) also undergoes charge ordering on Ge(111) substrates [64, 66]. The 

conductance images for the 4√3 phase seen in this work has the same characteristics as charge 

ordering seen over Sn/Ge(111) and Sn/Si(111). The periodicity of the 4√3 phase in the STS 

images indicates charge ordering due to the low periodicity and long range order of the 

conductance image patterns. Checkerboard-like patterns of the dI/dV conductance images of the 

4√3 phase are similar to observed charge ordering in metal-semiconductor interfaces. In Figure 

27d, the checkerboard pattern of the 4√3 phase in the conductance image can be seen alongside 

the more parallel pattern of the 2√3 phase even at LT. The conductance images of the 2√3 phase 

are nearly identical analyzed at RT or LT. FFT of the 4√3 checkerboard-like conductance image 

show a rhombus shaped pattern and can be seen in Figure 28a. Although the images have been 

processed to minimize or eliminate any image curvature and drift, the possibility remains that 
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some remain and affect the FFT, manifesting in the pattern as a rhombus instead of a possible 

diamond or rectangular shape. Regardless, the overall pattern of the conductance image is still 

similar to checkerboard-like images from two-dimensional materials that have displayed charge 

ordering [202, 203] and very similar to conductance imaging of the Pb/Ge(111) interface [65], 

and Sn/Ge(111) √3 phases [64, 66]. One may believe, that due to the similarity of these systems 

consisting entirely of group IV elements, charge ordering may also be present in the Sn/Si(111) 

system. No papers, thus far, have looked at charge ordering atop the Sn/Si(111) 4√3 

reconstruction. It is believed that this is a reconstruction of the 2√3 phase at LT. This physical 

reconstruction is thought to be the cause of the charge ordering in the 4√3 phase. Both 2√3 and 

4√3 phases coexist at LT as seen in multiple images. However, between these two phases, two 

distinct conductance image patterns can also be seen. An alternative cause to the appearance of a 

4√3 surface may be surface modulation from hole doping [201]. However, modulation hole 

doping does not address the apparent periodicity of the 4√3 phase nor effects on the conductance 

imaging. Further studies are needed in order to understand the exact structure of the 4√3 phase to 

elucidate the nature of the charge ordering. 

7.3 Concluding Remarks 

 As found in our DFT modeling, the currently accepted 13 atom 2√3 phase model is 

unstable after DFT relaxation. Thus, a new model for the room temperature 2√3 phase is needed. 

A newly observed LT phase transition of 2√3 to 4√3 was discovered and has been observed to 

exist simultaneously alongside 2√3 phases. This new reconstruction matches that observed by 

Fangfei Ming et al. [200]. The broken periodicity and short range order of the 4√3 phase 

indicates that the transition observed is not due to a CDW. However, this transition may be due 

to charge ordering since conductance images have shown the 4√3 phase to have a checkerboard 
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like pattern and charge ordering can indicate CDW at even lower temperatures. Thus, studies in 

the ~4K range will need to be performed on the 2√3 and 4√3 phases of Sn/Si(111) to see if a 

CDW may occur in these Sn reconstructions. Experimental temperatures below 55K may also 

affect the periodicity and long-range order of the 4√3 phase. Additional work using low 

temperature LEED and XPS will need to be performed to determine the true structure of the new 

4√3 phase in future work. If a CDW can be confirmed in Sn it will aid in the understanding of 

superconducting characteristics of single element monolayers.  
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CHAPTER 8  CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

8.1 Conclusions 

The research goal was to fabricate low dimensional nanomaterials with tunable electronic 

properties directly on Si. The first objective was to use DFT simulations to study the properties 

of 2D films on silicides, where silicides would be epitaxial to a Si substrate. The second 

objective was to see if graphene could be fabricated on Si using a silicide layer for 2D layer 

growth. The third objective was to use the self-assembly to directly fabricate metal silicide 

quantum structures on Si to study their lowest possible dimensional properties. And the fourth 

objective was to fabricate low dimensional Sn layers on Si using self-assembly methods and to 

study their electrical behavior. 

In this research the following tasks were performed: DFT simulations of silicene on NiSi2 

and grapheme on NiSi2 and Cu3Si. DFT simulations showed that silicene on NiSi2 is strongly 

coupled and the hydrogenation of the interface or silicene layer is necessary to decouple the 2D 

layer and silicide. By decoupling the silicene or H:silicene layer, the freestanding properties were 

mostly retained. The Dirac point of silicene on H:NiSi2 was no longer linear around the K point 

in the Brillouin zone and was shifted 0.22 eV above the Fermi energy possibly showing a shift to 

n-type, but parabolic fits used to calculate the electron effective mass and Fermi velocity of vf = 

0.39×106 m/s for freestanding silicene on H:NiSi2 which is on the same order of its predicted 

freestanding values. For graphene, DFT simulations show that a graphene layer is weakly 

coupled to either NiSi2 or Cu3Si, most likely through Van der Waals interaction. Since the 

graphene layer is decoupled it retained linear bands around the K point in the Brillouin zone. 

Although graphene retained linear bands around the Dirac point, there was a shift in the Dirac 

point below the Fermi energy of -0.46 eV atop NiSi2, showing a shift to p-type. Graphene atop 
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NiSi2 retained its freestanding Fermi velocity of vf =1.5x106 m/s. Graphene atop Cu3Si showed a 

low binding energy, but no Dirac point in the Band structure around the K point in reciprocal 

space. The DOS and band structure of graphene on Cu3Si is thought to show that the graphene 

layer is metallic like the silicide substrate, however this contradicts the low binding energy 

calculated at the interface. It was expected that graphene would retain its 2D characteristics 

above Cu3Si and future research will need to be performed to confirm if alternative 

pseudopotentials will need to be used in order to accurately simulate the system. These DFT 

simulations were used to address objective one to study the 2D layer properties atop a silicide 

surface. Using these simulations one may be able to further understand how silicides may affect 

the properties of a 2D layer if used to integrate a low dimensional structure, such as graphene or 

silicene, in nanoelectronics.  

Further studies attempted the direct growth of graphene on a Si substrate using a silicide 

for 2D layer growth. CVD was used to attempt graphene growth on NiSi2 and Cu3Si, although 

direct growth of graphene on NiSi2 was unsuccessful. However, graphene was successfully 

grown directly on Cu3Si structures using CVD. The formation of self-assembled Cu3Si structures 

on Si(111) was verified using XRD, and the presence of graphene was verified using Raman 

spectroscopy. Raman spectroscopy showed that the graphene layers were successfully grown on 

the Cu3Si structures. 1-3 layers of graphene were present over the Cu3Si structures or varying 

quality. And like graphene covered Ni, Fe, and Co silicides prevented oxidation of the Cu3Si 

layer after exposure to an ambient environment. Objective two was successfully met through this 

experiment by growing graphene directly on Si(111) substrate using a Cu3Si layer for graphene 

growth using CVD. Using this method graphene was directly integrated on a Si substrate without 

using the transfer method. Although the graphene’s electrical properties have yet to be 
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characterized, it is assumed that the as-grown properties are preserved. Thus, this method 

allowed one to use silicides to grow the low dimensional material graphene and hopefully 

preserve its electrical properties atop Si.  

Objective three was achieved by studying self-assembled atomic Ni-silicide ring like QD 

structures were studied using STM. These ring like structures are the result of sub-monolayer Ni 

reconstructions on Si(111). This ring structures have been observed in Ni surface reconstructions 

known as the √19×√19 and 1×1 [53, 183, 204]. STS spectra of these structures showed that the 

both displayed an NDR event in the negative bias voltage. The confinement of the NDR events 

over both structures to the negative bias voltage is most likely due to the n-type doping of the Si 

substrate [186]. The individual ring structures of √19×√19 and 1×1 were studied, but at higher Ni 

coverage, the √19 structure is prominent resulting in large areas of arrayed ring structures on the 

surface. Due to the self-assembly of these √19 ring structures on the surface large arrays of the 

Ni-Si QDs may be formed on Si(111). Even at higher coverage these √19 Ni-Si ring structure 

arrays still display NDR. Utilizing these self-assembled arrays of the Ni silicide QD rings may be 

a method of fabricating large scale arrays of QDs on Si platforms in the future.  

Objective four was to study low dimensional Sn layers self-assembled on a Si substrate. 

Sn monolayers were deposited on Si(111) and the two known surface reconstructions of √3 and 

2√3 were observed. However, upon lowering the sample temperature to 55K the 2√3 phase 

underwent a transition to a new 4√3 phase. This 4√3 phase has an altered 2√3 structure with 

short range periodicity and order and takes on a herringbone pattern. This 4√3 phase has a 

checkerboard like conductance pattern whose FFT pattern does not match that of the topological 

FFT pattern. The presence of the ordered conductance pattern and mismatching FFT over this 

low temperature 4√3 phase indicates some charge ordering. Additionally, the 4√3 phase has an 
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increase in band gap compared to the remaining 2√3 phase at low temperature. Studying the low 

temperature 4√3 phase opens up the debate again whether a CDW, observed in superconducting 

materials, would be present at Sn at even lower temperatures in the sub 4K range. The presence 

of charge ordering itself shows that Sn monolayers may display other superconducting 

characteristics.  

The research presented in the thesis has covered the DFT simulations of 2D layers on 

silicides, the growth of graphene directly on a Si substrate using a Cu3Si layer, the 

characterization of self-assembled Ni-Si QD ring structures on Si, and the characterization of low 

temperature charge ordering in a newly observed Sn 4√3×2√3 phase on Si(111). These tasks 

have addressed the four objectives outlined at the beginning of this work. This research showed 

that silicide layers themselves may support the direct growth and integration of a low 

dimensional structures, such as graphene, on Si substrates. The self-assembly of low dimensional 

Ni-Si QD structures and Sn 2D layers on Si(111) have further shown that at the these low 

dimensions materials have unique electronic properties which may be applied to future electronic 

applications. All of this research supports the goal of fabricating low dimensional nanomaterials 

with tunable electronic properties, such as metal-Si and metal silicide 2D layers and QDs, atop Si 

platforms.  

8.2 Future Work 

In this thesis, DFT simulations were used to study how the interface of a 2D layer and 

silicide would affect the electronic properties, such as the band structure. In order to utilize 

graphene in transistor based technology a band gap needs to be opened. Graphene on silicides 

seem to remain decoupled and retains its freestanding characteristic of no band gap. Alternative 

or modified pseudopotentials should be tested to see if they provide a more realistic electron 
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interaction between carbon and metal silicides. Future DFT studies simulating the intercalation 

of elements such as Ca, F, H, and O between graphene and a silicide layer may be used to see if a 

graphene layer’s electronic properties can be tuned.  

Silicides have been shown to have a high energy density in Li ion energy storage [205, 

206]. However, due to the high reactivity of silicides with oxygen and other chemical elements 

[138, 149, 207, 208], many silicide applications would require an encapsulation layer, such as 

graphene. Graphene has already proven to be an oxidation barrier for Ni, Co, and Fe silicides 

[29]. Due to graphene’s chemical stability it stands to reason to that a graphene encapsulation 

may protect a silicide layer from other harsh chemicals in applications such as energy storage. 

Graphene encapsulation of Si nanoparticles for energy storage has already been demonstrated, 

where graphene prevented Si oxidation and mechanically restrained lithiation expansion further 

increasing the maximum number of lithiation cycles [209-211]. Graphene coated silicides may 

also perform well for Li energy storage. DFT simulations on the lithiation and de-lithiation of 

graphene capped silicide surfaces may provide future insight into whether such a structure would 

be a viable anode for Li ion cells.  

Much work remains in the characterization of low dimensional metal-Si nanostructures. 

Although this work concentrated on Cu and Ni silicides, other silicide forming metals may 

display unique properties. Co, Fe and Ti are three examples of silicides, which present unique 

properties that have applications in QDs, photovoltaics, and energy storage [25, 206, 212]. Some 

of these metal silicides form similar ring like structures on Si observed here in Ni-Si. The 

characterization work of the Ni-Si ring structures in this thesis were carried out at room 

temperature. Further studies of this structure need to be carried out at lower temperatures to see 

how these QD structures will behave.  
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STM analysis of the 2√3 phase at low temperature provided new insight into possible 

charge ordering in the 4√3 phase on Si(111). This low temperature study was only performed at 

55K. Whereas other CDWs observed in the same temperature range are commonly found in 

complex cuprates [213]. The long range periodicity of the 4√3 phase may increase at  

temperatures less than 4K, which is the temperature when Sn supposedly becomes 

superconducting. There is no current work that analyzes whether a full CDW may occur in the 

4√3 phase at <4K. Additionally, if a CDW and superconducting characteristics present 

themselves, a superconducting gap may be measured using STS further confirming that these Sn 

monolayers on Si may undergo a superconducting transition and exhibit behavior as a 

topological insulator at LT. This work should also be coupled with DFT simulations to determine 

a more accurate model for the 2√3 unit cell as well as propose a model for the 4√3 unit cell.  

The exploration for a 2D layer of Sn, i.e. stanene, can also be expanded to utilizing other 

substrates. 2D group IV layers such as silicene, germanene, and graphene are commonly grown 

on metals such as Ag and Cu [131]. This is usually due to the low solubility of those group IV 

elements with the metal substrates/foils that they are grown on [131]. Sn is known to have little 

to no solubility with Si, whose properties were explored in this thesis, and Al. An Al(111) 

surface may provide a commensurate surface structure to support a stanene layer. Preliminary 

DFT calculations have shown that a stanene layer on Al(111) may be stable. Difficulties of using 

an Al(111) substrate would be the preparation of an Al crystal for use in a UHV system.  

The graphene growth on Cu-silicide presented in this thesis was performed using a 

scalable CVD method. Although this work proved that graphene could be successfully grown, 

the electrical properties of the as-grown graphene crystals on Cu3Si have yet to be studied. 

Future work should include the STM imaging and STS study of these as-grown graphene crystals 
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to see if the graphene to silicide interface matches that of the DFT simulations presented in this 

thesis. Since the Cu3Si structures were self-assembled into random island sizes and geometries, 

other future work should include growing graphene on patterned silicide areas. This would still 

provide direct integration of graphene on Si substrates, and provide a method for directing the 

graphene growth by using the patterned silicide area. Additionally, future research should 

explore whether graphene may be grown using CVD on other silicide surface.  

 Much of the future work recommended here would go towards a further understanding of 

low dimensional material integration on Si. These can advance technological developments into 

their integration and use for future technology.  
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APPENDIX A 

Background Correction 

Optical spectroscopy techniques such as Raman and XRD often have a curvature to the 

raw spectra due to the movement or rotation of optics or a detector during scanning. This results 

in data that has a linear or curvilinear skew. In this research, Matlab® software was used to 

perform background correction on both the Raman and XRD data before plotting. To perform a 

background correction, a polynomial function is fitted to the general shape of the spectra using a 

least squares method. Corrected data is then replotted after subtracting the fitted polynomial 

function from the raw data. An example of a Raman signal before and after background 

correction is shown in Figure 31.   

For example, if the data in Figure 31a is in a two column matrix. Area under the plotted 

intensity column is fitted to a set of squares using the Matlab® function “linspace” to create a 

least squares set of points. Those points are then used by the function “polyfit” to generate a 

matching polynomial function following background curve of the raw data. This polynomial 

function is then subtracted from the data to level the data, which maintains peak positions and 

intensity.   

 
Figure 31 Example of raw Raman spectra before (a) and after (b) background correction and 
normalization. 
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APPENDIX B 

Journal Policies Regarding the Reprint of Published Work 

- AIP Publishing which oversees Applied Physics Letters states in their “License to publish 

agreement” under author rights and permitted uses that the authors may re-use their own 

work as long as it is properly cited. 

 

 
- Nature Research grants authors permission to re-use their work within a thesis document as 

long as it is properly citied. Screenshot of Nature Research’s Author request is shown below. 
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