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Semi-conductor industry relies heavily on silicon (Si). However, Si is not a direct-band 

gap semi-conductor. Consequently, Si does not possess great versatility for multi-functional 

applications in comparison with the direct band-gap III-V semi-conductors such as GaAs. To 

bridge this gap, what is ideally required is a semi-conductor material system that is based on 

silicon, but has significantly greater versatility. 

While sparsely studied, the semi-conducting silicides material systems offer great 

potential. Thus, I focused on the growth and structural characterization of ruthenium silicide 

and osmium silicide material systems. I also characterized iron silicon germanide films using 

extended x-ray absorption fine structure (EXAFS) to reveal phase, semi-conducting behavior, 

and to calculate nearest neighbor distances. The choice of these silicides material systems was 

due to their theoretically predicted and/or experimentally reported direct band gaps. However, 

the challenge was the existence of more than one stable phase/stoichiometric ratio of these 

materials. In order to possess the greatest control over the growth process, molecular beam 

epitaxy (MBE) has been employed. Structural and film quality comparisons of as-grown versus 

annealed films of ruthenium silicide are presented. Structural characterization and film quality 

of MBE grown ruthenium silicide and osmium silicide films via in situ and ex situ techniques 

have been done using reflection high energy electron diffraction, scanning tunneling 

microscopy, atomic force microscopy, cross-sectional scanning electron microscopy, x-ray 

photoelectron spectroscopy, and micro Raman spectroscopy. This is the first attempt, to the 



best of our knowledge, to grow osmium silicide thin films on Si(100) via the template method 

and compare it with the regular MBE growth method. The pros and cons of using the MBE 

template method for osmium silicide growth are discussed, as well as the structural differences 

of the as-grown versus annealed films. Future perspectives include further studies on other 

semi-conducting silicides material systems in terms of growth optimization and 

characterization. 
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CHAPTER 1 

PHYSICS OF SEMI-CONDUCTOR SILICIDES 

In this chapter, we discuss the physics of what, why, and how of the semi-conductor 

material systems of choice in this work. Just like every piece of art has a story, every state-of-

the-art research and study has its story. The physical background and the motivation behind 

this work are in section 1.1. In section 1.2, the general material aspects of the silicides of choice 

are presented, in terms of crystal structure, lattice parameters, space groups, inter-atomic 

distances, density … etc. Section 1.3 focuses on the thermodynamics of silicidation of these 

silicides, their phase diagrams, and how the different stable and meta-stable phases transform, 

transition, and exist. Kinetics of silicidation is in section 1.4. Most interestingly, the basic 

physical quantities and relationships of the quantum mechanics of an electron, electronic band 

structure, and the theoretical and experimental reports of band-gap natures and the band-gap 

energy values of the silicides of choice is spread out in chapter 2. 

 

1.1 Physical Background, Story, and Motivation 

The semi-conductor industry heavily relies on silicon for most of its applications due to 

the low cost of the material and the advanced manufacturing technology and processes that 

are readily available for silicon. However, life is not perfect and so is silicon. As shown in Figure 

1.1, silicon has an indirect band-gap. Consequently, Si as a material doesn’t possess great 

versatility for multifunctional applications in comparison with the direct band-gap III-V semi-

conductors such as GaAs. Considering momentum, the photon emission/absorption requires 

conservation of energy and momentum (wave number). Chapter 2 has further explanation 
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about the origin and the physics of the electronic band structure of semi-conductors and the 

differences between direct and indirect bandgaps from a physical perspective. 

 

Figure 1.1 Energy vs. momentum (wave number) showing the indirect band-gap of Si vs. 
the direct band-gap of GaAs 

 

 At this point, one can articulate the statement of the problem and the motivation. In 

essence, what is ideally required is a Si based semi-conductor material system that possesses a 

direct-band gap and therefore has significantly greater versatility. This would certainly be 

instrumental to certain important semi-conductor industry applications such as optical contacts 

for silicon-based integrated circuits, fiber optics, and thermal sensing in the near infrared 

region, etc. A lot of research has been employed to bridge this gap using various approaches. 

However, one approach that has not been extensively studied is the semi-conducting silicides 

material systems.1 
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Semi-conducting silicides and their associated germanides offer significant potential to 

realize these goals. Silicides are not all semi-conducting. To the contrary, there are more than 

one hundred and eighty (180) silicides which are chemical compounds of silicon with different 

metals. Generally, most silicides are metallic with high thermal stability, resistance to oxidation, 

and low resistivity. These properties result in the extensive use of silicides for interconnections 

and contacts – Ohmic contacts and Schottky barriers – in silicon-based integrated circuits. 

However, only a few are semi-conducting. There are around a dozen semi-conducting silicides 

with band-gaps ranging from 0.07 to 2.3 eV with the possibility of ternary silicides. Some of the 

semi-conducting silicides are direct/quasi-direct band-gap semi-conductors. These semi-

conductor silicides include: (i) β-FeSi2 which has a direct (quasi-direct) band-gap of around 0.8 

eV;2 (ii) Ru2Si3 which has a band-gap ranging from 0.44 to 1.1 eV according to experimental 

results, and a direct band-gap at 0.4 eV according to theoretical predictions; (iii) Os2Si3 which 

has an experimentally reported band-gap of 0.95 and 2.3 eV depending on the source; and (iv) 

OsSi2 which has a direct band-gap of 1.8 eV according to experimental data.3 It is worth 

mentioning that most of the semi-conducting silicides have been sparsely studied except for β-

FeSi2 due to reports of light emission, as it has been used to produce light emitting diodes.4 

Semi-conducting silicides may provide additional choices to III–V and II–VI material systems for 

optoelectronic and multi-functional applications. However, the ultimate usefulness of these 

materials will depend on the ability to control the phase and alloy content of the metal silicide.  

For instance, there are three stoichiometries for iron silicide: Fe2Si, FeSi, and FeSi2 where FeSi2 

also has three known phases. Therefore, the growth of crystalline materials under ultra-high 

vacuum (UHV) conditions, which is known as molecular beam epitaxy (MBE), generally gives the 
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greatest control of the crystalline phase of that material. Since there are multiple stable crystal 

structures for most of the metal silicides, growth of heterostructures and super-lattices by MBE 

shows the greatest promise. This technique also can be used to perform band-gap engineering 

(tuning of the band-gap of a semiconductor by substitutionally alloying one of the constituent 

elements with a different element). More in depth information about MBE, its growth methods, 

and equipment used is in the subsequent chapters of this study. Table 1.1 shows condensed 

basic information about the various semi-conducting silicides and their band-gaps while 

grouping them into different groups based on their structure and space group. Table 1.2 shows 

the semi-conducting silicides and their germanide counter parts. In Table 1.1, Group A and 

group C, namely, Fe-Si (β-FeSi2), Ru-Si (Ru2Si3), and Os-Si (OsSi2 and Os2Si3) semi-conductor 

systems will be further presented and discussed in terms of general material aspects, 

thermodynamics and kinetics of silicidation, electronic band structure, and molecular beam 

epitaxial growth and structural characterization. 
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Group Phase Structure 
Space 
Group Lattice Lattice Parameters 

Experimental 
Bandgap 

Type of 
Bandgap 

(Experimental) 
Theoretical 

Bandgap 

Type of 
Bandgap 

(Theoretical) 
     a b c     

A β-FeSi2 β-FeSi2 Cmca Orthorhombic 0.98792 0.77991 0.78388 0.87 Direct 0.78 Quasi-direct 
 OsSi2 β-FeSi2 Cmca Orthorhombic 1.0150 0.8117 0.8223 1.4  0.95 Indirect 
        1.8  1.14 Direct 
            

B CrSi2 CrSi2 P6222 Hexagonal 0.4431  0.6364 0.35 Indirect 0.21-0.38 Indirect 
        0.5 Direct 0.37-0.47 Indirect 
        0.67 Indirect   
        0.98 Direct   
 MoSi2 CrSi2 P6222 Hexagonal 0.4642  0.6529 0.07 Indirect   
 WSi2 CrSi2 P6222 Hexagonal 0.4614  0.6414 0.07 Indirect   
            

C Ru2Si3 Ru2Si3 Pbcn Orthorhombic 1.1057 0.8934 0.5533 0.44  0.40 Direct 
        0.7    
        1.09    
 Os2Si3 Ru2Si3 Pbcn Orthorhombic 1.1124 0.8932 0.5570 2.3    
        0.95 Direct   
            

D OsSi FeSi P213 Cubic 0.4729   0.34    
 Os2Si3 Ru2Si3 Pbcn Orthorhombic 1.1124 0.8932 0.5570 2.3    
        0.95 Direct   
 OsSi2 β-FeSi2 Cmca Orthorhombic 1.0150 0.8117 0.8223 1.4  0.95 Indirect 
        1.8  1.14 Direct 
            

E Ir3Si5  P21/C Monoclinic 0.6406 1.4162 1.1553 1.2 Direct   
 Mg2Si CaF2 Fm3m Cubic 0.63512   0.78 Indirect   
 BaSi2 BaSi2 Pnma Orthorhombic 0.892 0.680 1.158 0.48    
        1.3    
Table 1.1 Condensed basic information of the semi-conducting silicides5, adapted from Borisenko2 showing the silicides of 

choice in this work. 
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Phase Structure Space Group Lattice 
β-FeSi2 β-FeSi2 Cmca Orthorhombic 
β-FeGe2 β-FeSi2 Cmca Orthorhombic 
BaSi2 BaSi2 Pnma Orthorhombic 
BaGe2 BaSi2 Pnma Orthorhombic 
Ru2Si3 Ru2Si3 Pcbn Orthorhombic 
Ru2Ge3  Pcbn Orthorhombic 
Os2Si3 Ru2Si3 Pbcn Orthorhombic 
Os2Ge3 Ru2Si3 Pbcn Orthorhombic 
OsSi2 β-FeSi2 Cmca Orthorhombic 
OsGe2 OsGe2 C2/m Monoclinic (β=119010’) 

Table 1.2 Semi-conducting silicides and their germanide counter parts.2 Many of the 
silicides are of similar structure and space group as their germanides. 

 
 
 
 
1.2 General Material Aspects 

1.2.1 Fe-Si (β-FeSi2) Semi-conductor Material System 

This semi-conductor silicide belongs to the Cmca space group. It has an orthorhombic 

crystal structure.6 It remains stable up to around 960 0C. The primitive cell of the crystalline 

structure of β-FeSi2 contains 24 atoms. It is a base-centered orthorhombic structure. Its density 

is 4.93 g/cm3.7 There are two sets of 8 iron and 16 silicon atoms grouped together, namely Fe-1, 

Fe-2, Si-1, and Si-2. These two sets have slightly different distances. The range of distances 

between the Fe-1 and Si atoms is between 0.234 and 0.239 nm, and the distances between the 

Fe-2 and Si atoms are between 0.234 and 0.244 nm. The angles of the Si--Fe-1--Si range from 

62.50 to 99.50 while the angles of the Si--Fe-2--Si range from 61.80 to 99.50. Table 1.3 shows the 

atomic positions in the β-FeSi2 primitive cell, and Table 1.4 shows the nearest-neighbor 

interatomic distances. 
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Atom Inequivalent Site x-value y-value z-value 
Fe-1 8d 0.21465 0.0 0.0 
Fe-2 8f 0.0 0.19139 0.81504 
Si-1 16g 0.37177 0.27465 0.44880 
Si-2 16g 0.12729 0.04499 0.27392 

Table 1.3 Atomic positions in orthorhombic FeSi2,6 primitive translation vectors are used. 
 

 

Atom Fe-1 Fe-2 Si-1 Si-2 
Fe-1 0.3957 0.2967 0.2338 0.2339 
Fe-2  0.4022 0.2333 0.2335 
Si-1   0.2529 0.2499 
Si-2    0.2449 

Table 1.4 Nearest-neighbor interatomic distances in units of nm in the orthorhombic β-
FeSi2 for a=0.9863, b=0.7791, c=0.7833 nm.2 

 
 

1.2.2 Ru-Si (Ru2Si3) Semi-conductor Material System 

 Ru2Si3 is of the orthorhombic structure and the Pbcn space group below the 

temperature of 10000C. Around 10000C it undergoes a phase transition to a tetragonal 

structure of the P4�c2 space group after the Si atoms displace from their positions 

corresponding to the Pbcn symmetry and pass through an intermediate orthorhombic Pb2n 

configuration. This transition is reversible. We are concerned with the orthorhombic Ru2Si3 of 

the Pbcn space group in the scope of this study. Its density is 6.96 g/cm3.8 It is worth 

mentioning that orthorhombic Ru2Si3 belongs to the chimney-ladder compounds,8 with a large 

and complex unit cell composed of 16 Ru atoms and 24 Si atoms – a total of 40 atoms. There 

are three sets of ruthenium and silicon atoms (Ru-1, Ru-2, Ru-3, Si-1, Si-2, Si-3). Figure 1.2 

shows the plane projections of atoms in the unit cell (The numbers inside the circles indicates 

the atomic site distance from the plane in the perpendicular direction). 
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Figure 1.2 Projections of orthorhombic Ru2Si3 unit cell on the xy, xz, and yz planes.8 The 
numbers inside the circles indicates the atomic site distance from the plane in the 

perpendicular direction. 
  

 Every ruthenium and silicon atom has four ruthenium atoms as its neighbor. The 

average distance between the ruthenium and the silicon neighbors with respect to the three 

silicon sites (Si-1, Si-2, and Si-3) is 0.242, 0.245, and 0.242 nm respectively. It appears that the 

nearest neighbor distances between ruthenium and silicon and between silicon and silicon are 
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of the same order in the orthorhombic Ru2Si3. However, there is no fixed bond length between 

the ruthenium atoms. Table 1.5 shows the atomic positions in the primitive cell, and Table 1.6 

shows the nearest neighbor interatomic distances. 

 

Atom Inequivalent Site X-value Y-value Z-value 
Ru-1 8d 0.2472 0.1864 0.2401 
Ru-2 4c 0.0 0.0451 0.25 
Ru-3 4c 0.0 0.5748 0.25 
Si-1 8d 0.4275 0.2841 0.4537 
Si-2 8d 0.3253 0.4350 0.0934 
Si-3 8d 0.1366 0.3994 0.3946 

Table 1.5 Atomic positions in orthorhombic Ru2Si3 (in units of the primitive translational 
vectors).8 

 

Atom Ru-1 Ru-2 Ru-3 Si-1 Si-2 Si-3 
Ru-1 0.2991 0.3011 0.2968 0.2476 0.2375 0.2418 
Ru-2  0.2881 0.4202 0.2379 0.2334 0.3597 
Ru-3   0.3072 0.2326 0.3852 0.2319 
Si-1    0.2766 0.2659 0.2956 
Si-2     0.3000 0.2689 
Si-3      0.3299 

Table 1.6 Nearest neighbor interatomic distances in orthorhombic Ru2Si3, in units of nm, 
for a=1.1436 nm, b=0.9238 nm, and c=0.5716 nm. 

 

 

1.2.3 Os-Si (Os2Si3 and OsSi2) Semi-conductor Material System 

 Os2Si3: The structure of this semi-conducting silicide is orthorhombic and its space group 

is the Pbcn. It is iso-structural to the Ru2Si3.8 However, there are no accurate data on its atomic 

positions. It has eight formula units in its unit cell. Its lattice parameters are a=1.1124 nm, 

b=0.8932 nm, and c=0.5570 nm [Ref B1.13]. Its density is 11.15 g/cm3.9 
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 OsSi2: The structure of this semi-conducting silicide is also orthorhombic and its space 

group is the Cmca. It is iso-structural to the β-FeSi2 [Ref B1.40]. Its density is 9.66 g/cm3.9 Table 

1.7 shows the atomic positions in its primitive cell and Table 1.8 shows the nearest neighbor 

interatomic distances. 

 

Atom Inequivalent Site X-value Y-value z-value 
Os-1 8d 0.2142 0.0 0.0 
Os-2 8f 0.0 0.1881 0.1812 
Si-1 16g 0.3699 0.2208 0.0597 
Si-2 16g 0.1280 0.0534 0.7252 

Table 1.7 Atomic positions in the orthorhombic OsSi2 in units of the primitive translational 
vectors.10 

 
 

Atom Os-1 Os-2 Si-1 Si-2 
Os-1 0.4175 0.3046 0.2439 0.2462 
Os-2  0.2442 0.2493 0.2474 
Si-1   0.2641 0.2547 
Si-2    0.2510 

Table 1.8 Nearest neighbor interatomic distances in units of nm in orthorhombic OsSi2, for 
a=1.014 nm, b=0.811 nm, c=0.822 nm. 

 

 

1.3 Thermodynamics of Silicidation 

Before dwelling into the phase diagrams of the silicides of choice and the existence of 

the various phases of these silicides at different temperatures and their level of stability, it is 

essential to stress the fact that the silicide formation in general can be described by a chemical 

reaction between silicon (Si) and metal (M). This chemical reaction can be shown using the 

following chemical notation and scheme:2 

10 



nM + mSi = MnSim 

The reaction above is also termed a direct reaction. Other than direct reactions, silicides 

can also form due to chemical reactions between either the metal or silicon with an existing 

silicide phase. Consequently, the chemical reaction can be shown using the following extended 

chemical notations and schema:2 

 

M + Si M3Si + Si  M2Si + Si M5Si3 + Si MSi + Si MSi2 

M + Si M2Si + Si  M5Si3 + Si MSi + Si MSi2 

M + Si M5Si3 + Si MSi + Si MSi2 

M + Si MSi + Si  MSi2 

M + Si MSi2 

 

1.3.1 Fe-Si (β-FeSi2) Semi-conductor Material System 

 The Fe-Si material system phase diagram is quite a complex one due to the presence of 

various phases within the metal-rich and silicon-rich regions. There are four main phases that 

are present in this system, namely Fe3Si, Fe5Si3, FeSi, and FeSi2. The Fe3Si is a metal-rich phase. 

The Fe5Si3 is an intermediate phase. The FeSi is a monosilicide. The FeSi2 is a disilicide. The 

disilicide FeSi2 has three known phases,7,11 namely the tetragonal α-FeSi2, the orthorhombic β-

FeSi2, and the cubic γ-FeSi2. Both the α-FeSi2, and the γ-FeSi2 are metallic leaving the 

orthorhombic β-FeSi2 to be the only semi-conductor phase of the Fe-Si system. It is worth 

mentioning that the metallic α-FeSi2 phase is only stable at higher temperatures of around 950 

0C till the melting point. The semi-conducting β-FeSi2 phase can be formed from the high-
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temperature metallic phase below 950 0C following this scheme:7 

α-FeSi2           β-FeSi2 + Si 

 Also, the β-FeSi2 phase can transition into the α-FeSi2 above 970 0C following this 

scheme:6 

β-FeSi2          α-FeSi2 + FeSi 

 It is of interest to know that the semi-conducting β-FeSi2 phase is stoichiometric and 

stable at temperatures below 950 0C while the metallic cubic γ-FeSi2 is meta-stable appearing 

only at low temperatures.7 Table 1.9 shows the parameters of thermodynamics of silicidation in 

the Fe-Si system, and Figure 1.3 shows the phase diagram of the Fe-Si system.12 

 

Thermodynamic Parameter Fe Fe3Si Fe5Si3 FeSi FeSi2 

Melting point 
Tm(0C) a 1538 1240 1203 1410 1212 

      
Enthalpy of melting 

(kJ/mole)b  57.01  70.41 88.70 

      
Enthalpy of formation 
 (kJ/mole of atoms)c  25.8 30.6d 39.3 30.6 

Table 1.9 Parameters of thermodynamics of silicidation in the Fe-Si material system. 
aReference 12. bReference 7. cReference 13. dReference 14 
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Figure 1.3 The phase diagram of the Fe-Si material system.12 Temperature (0C) vs. Atomic 
per cent silicon. It shows the complexity and the various phases of the Fe-Si system. 

13 



1.3.2 Ru-Si (Ru2Si3) Semi-conductor Material System 

 The phase diagram of this material system is shown in Figure 1.4. The phase diagram12 

together with earlier studies7 shows the formation of the metal-rich and intermediate phases 

such as Ru2Si, Ru5Si3, Ru4Si3, the monosilicide RuSi, as well as the most stable silicon-rich phase 

Ru2Si3. The Ru2Si3 phase crystallizes below 1000 0C. It has an orthorhombic lattice with a Pbcn 

space group.15 This Ru2Si3 phase is a semi-conducting phase that can transform into a 

tetragonal structure of the same stoichiometry at higher temperatures. 

 

1.3.3 Os-Si (Os2Si3 and OsSi2) Semi-conductor Material System 

 This material system has three stable phases, namely the disilicide OsSi2, the 

monosilicide OsSi, and the Silicon-rich Os2Si3 phase. It is worth mentioning that the disilicide 

OsSi2 phase has an orthorhombic structure. There is also a metastable OsSi2 phase that has a 

monoclinic structure as shown in the phase diagram in Figure 1.5. 
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Figure 1.4 The phase diagram of the Ru-Si material system.12 It shows its most stable 
silicon-rich phase Ru2Si3 which crystallizes below 1000 0C. 
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Figure 1.5 The phase diagram of the Os-Si material system.12 It shows its three stable 
phases, namely the disilicide OsSi2, the monosilicide OsSi, and the Silicon-rich Os2Si3 phase. 
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1.4 Kinetics of Silicidation 

Needless to mention, that lowering the free energy of any system is the way for such a 

system to reach a state of equilibrium. In the world of thin films, heating of such system makes 

its atoms move, diffuse, and react with one another to form chemical compounds; especially if 

these thin film were originally formed at low temperatures (room temperature or below). 

Consequently, certain phases of a particular system can nucleate first before others. Silicides 

are no different in this regard. Thin silicide films can form by the simultaneous co-deposition of 

the metal and silicon atoms, such simultaneous co-deposition result in the existence interfaces 

between the virgin agglomerated grains inside the film. Certainly, raising the temperature of 

this system would allow solid state reactions to happen at these interfaces resulting in the 

production of such silicide. Also, thin silicide films can form through layer-by-layer deposition of 

the metal and the silicon resulting in the existence of interfaces between the pure metal layer 

and the silicon film and between the metal film and the silicon substrate. 

As illustrated in section 1.3, the phase diagram of a metal-silicon system has many 

stable phases. Therefore, to predict (theoretically) or to find out (experimentally) which of 

these phases nucleates first, and which ones form later, is definitely an interesting matter. In 

the next few sections, the silicides of choice in this study will be discussed. 

 

1.4.1 Fe-Si (β-FeSi2) Semi-conductor Material System 

According to the most reliable published data about thin film structures in this metal-

silicon material system, for example,16 the monosilicide FeSi is the phase that nucleates and 

grows at first. The disilicide β-FeSi2 phase grows from the monosilicide FeSi in the temperature 
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range17 of 450-530 0C through a process that is nucleation-controlled.18,19 Then, the disilicide β-

FeSi2 further grows via a process that is primarily diffusion-controlled. Heating up the iron 

silicide thin film structure to above 900 0C initiates the transformation of the semi-conducting 

disilicide β-FeSi2 into its disilicide metallic phase α- FeSi2.20-23 Also in cases of rapid thermal 

processing the same general sequence of phase changes and transformation is conserved, 

19,23,24 as shown in the following example of chemical notation and scheme: 

Fe/Si        FeSi       FeSi2 

Table 1.10 shows the growth parameters of the iron silicide phases on different silicon 

substrates, the temperature range of their formation, and their respective activation energies 

from the mentioned and tabulated references. 

 

Phase Substrate Temperature range 
(0C) 

Activation energy 
Ea (eV) References 

FeSi 
Si(100) 450-525 1.67 25 
Si(111) 290-410 1.5 16 
Si(111) 500-625** 1.36 24 

β-FeSi2 
Si(111) 450-530 1.8 16 
Si-amorphous 525-625 1.5 26 
Si(111) 675-750** 2.3* 24 

Table 1.10 The growth parameters of Fe-Si material system. * Shows the value from the 
experimental data in the reference. ** Shows the value by rapid thermal processing 
 

 

1.4.2 Ru-Si (Ru2Si3) Semi-conductor Material System 

Starting out with a pure ruthenium film and a silicon substrate, the pure metal film gets 

converted into the silicide when processed at 485-500 0C. Diffusion is the mechanism 

controlling the growth of this silicide layer. The mobile species during the thin silicide film 
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formation are mostly silicon atoms.27 This silicide phase is the semi-conducting Ru2Si3. It is also 

worth mentioning that this is the only silicide phase produced when annealing a pure 

ruthenium metal film on a silicon substrate through the whole temperature range of 375-1000 

0C.28-30 According to Petersson et al., the activation energy is 1.8 eV, in the temperature range 

of 375-450 0C.28 

 

1.4.3 Os-Si (Os2Si3 and OsSi2) Semi-conductor Material System 

Starting out with an osmium film and a silicon substrate, the silicon-rich di-osmium tri-

silicide Os2Si3 phase is formed at first at a temperature of 600 0C where the growth process is 

limited to diffusion.28,31 The activation energy is 1.8 eV in the temperature range of 450-525 0C. 

In the temperature range of 730-750 0C, Os2Si3 transforms into OsSi2. However, interestingly 

enough, according to Chang et al. both silicide phases do exist in a multiphase silicide layer 

even after annealing at 1000 0C due to the pure osmium metal film being contaminated with 

oxygen.31 It is worth mentioning that there is an osmium metal atom motion in temperature 

range of 750-1000 0C.28 However, silicon atoms are mostly the mobile species in the formation 

of both of these silicide phases, namely Os2Si3 and OsSi2. The problem with this metal-silicon 

material system is that the osmium films do not adhere well to the silicon and consequently 

peel off if the pure osmium film is thicker than 30 nm. 
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CHAPTER 2 

ELECTRONIC BAND STRUCTURE OF SEMI-CONDUCTORS 

2.1 Theoretical Considerations 

Silicon is an indirect band-gap semi-conductor. However, some of the semi-conducting 

silicides are direct band-gap semi-conductors. While the previous statement seems very simple 

and straight forward, it is actually a striking fact, observation, and the main motivation behind 

the study of these silicides of choice. Before dwelling into the electronic band structure of the 

selected silicides in the following sub-sections, a brief mention of a few of the very basic 

physical quantities in the quantum mechanics of electrons, how a band structure appears from 

the periodic assembly of atoms in a solid, the differences between conductors, insulators, and 

semi-conductors, and the essential need for theoretical simulation methods are discussed. 

Standard textbooks have expanded details.32-36 

The time-independent Schrodinger equation reads: 

HΨn(r) = EnΨn(r) 

where H is the Hamiltonian operator of an electron, Ψn is the wave function of an electron in an 

eigen-state n, En is the eigen value of the energy of an electron. The Hamiltonian operator H has 

both the kinetic energy term and the potential energy term: 

H = P2/2m + V(r) 

where P is the momentum of an electron, and V(r) is the potential energy term. 

According to Pauli’s exclusion principle and the principles of quantum mechanics, a 

maximum of two electrons of opposite spin (spin up and spin down) can occupy an eigen-state. 

The eigen values of the energy as a function of the wave vector k, are the energy bands, and 
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the En(k) function is called the electronic band structure of the crystal, where the wave vector k 

= P/h�. 

In order to better illustrate this, the energy spectrum of the lithium (Li) atom, Li 

molecule, and Li solid are shown in Figure 2.1.  

 

Figure 2.1 The energy spectrum of Li from an atom (a), to a molecule (b), to a solid (c)37. 
 

The Li atom has three electrons. At low temperatures these three electrons are 

distributed in the 1S and the 2S states in the following manner, as shown in Figure 2.1 (a)37: 

2 electrons occupy the 1S state 

The third electron occupies the 2S state 

Figure 2.1 (b) shows the energy spectrum of the Li2 molecule in which the energy states 

split into doublets of slightly different energies from each other, as a result of the interaction 

between the individual Li atoms. As more Li atoms come together and interact, further splitting 

of the energy states occurs. So, in a solid in which there are many atoms, of the order of 1023, 

the quantum states split many times that the supposedly discrete quantized energy spectrum 

looks like a continuous energy spectrum due to the very small difference in energy between the 

split quantum states within that level37. At this point, one can start speaking about the origin of 

the band gap, since all of these energy states En mentioned earlier collectively make up a series 
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of energy bands, each of which are separated by a gap. Now, as far as the bulk material’s 

energy band structure or the electronic band structure of the crystal En(k), it is the energy, E(k) 

of the electron states as a function of the wave vector, (k). 

It is worth mentioning that En(k) normally does not have a simple analytical solution or 

form and thus the need for the use of quantum mechanical calculations and theoretical 

simulation methods such as the Linear Muffin-Tin Orbitals (LMTO) method and others in order 

to illustrate the band structure2. 

Based on the band structure, materials in general are divided, more or less, into three 

types in terms of their electrical behavior and nature. Materials can be conductors, insulators, 

or semi-conductors depending on the band structure and how full/empty particular bands are, 

since the very reason for electron flow is the existence and accessibility of an empty state to a 

previously bound electron. Fully conducting materials (metals) allow free electron flow (electric 

current) upon applying an electric field. On the contrary, insulators resist the flow of electrons. 

As a matter of fact, the difference in resistivities between a good conductor and a good 

insulator is rather striking. The electrical resistivity of a pure metal is around 10-10 ohm.cm at a 

temperature of 1 K, while that of a good insulator is around 1022 ohm.cm. Such a drastic 

difference of 1032 can be the widest among all common physical properties of solids38. 

Figure 2.2 shows the band structure and the differences in electrons distribution in the 

bands between fully conducting materials (metals or conductors), insulators, and semi-

conductors. Metals, as shown in Figure 2.2 (a), have electrons that are partially occupying one 

of the bands which mean that one band is partially full. This is the key reason why the highly 

energetic electrons need only a small amount of energy to enter and occupy new energy states 
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and consequently move freely about the solid37. Whereas in insulators, as shown in Figure 2.2 

(b), electrons fully occupy one band which is called the valence band leaving the band above it 

in energy which is called the conduction band completely empty. The fundamental energy gap, 

also called band gap, between the top of the valence band and the bottom of the conduction 

band is too wide for electrons to easily jump across which is the key reason why insulators 

resist the flow of electrons even upon applying an electric field.  

 

Figure 2.2 The distribution of electrons in the bands of (a) a metal, (b) an insulator, and (c) 
a semiconductor37. 

 

 In semi-conductors however, it is interesting since semi-conductors are just like 

insulators37 in the sense that the valence band is full of electrons while the conduction band is 

completely empty at absolute zero temperature38, but the fundamental energy gap is not too 

wide to prevent electron from jumping across as shown in Figure 2.2 (c). Apart from narrow-

band gap and wide-band gap semi-conductors, the band gap of a semi-conductor is normally 
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around 1 eV. Since the band gap of semi-conductors is small enough and as the temperature of 

the semi-conductor is raised, electrons become thermally excited and jump across from the 

valence band to the conduction band. When that happens, both the valence band (now with 

electrons and holes) and the conduction band (now with electrons) become partially full and 

hence the semi-conductor material now behaves as a conductor38. 

The band gap is the difference in energy between the lowest point in the conduction 

band, called the conduction band edge, and the highest point in the valence band, called the 

valence band edge38. If the valence band edge and the conduction band edge are at the same 

point in k-space, then the band gap is a direct band gap. On the contrary, an indirect band gap 

is when the valence band edge and the conduction band edge are not at the same point in k-

space. Figure 2.3 (a) and (b) illustrate this difference respectively39. 

 

Figure 2.3 (a) 
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Figure 2.3 (b) 

Figure 2.3 Energy vs. momentum in (a) a direct gap semiconductor and (b) an indirect gap 
semiconductor with a conduction band valley at k = <000>39. 

 

One of the best ways to measure the band gap is optical absorption38. In direct band 

gaps, there is a direct absorption process in which there are three types of matter are involved, 

a photon, an electron and a hole. A photon is absorbed by the crystal creating an electron in the 

conduction band and a hole in the valence band. In this case, the band gap:  

Eg = h�ωg 

Where Eg is the band gap measured and ωg is the frequency of the threshold for 

continuous optical absorption. Figure 2.4 clearly shows that. 
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Figure 2.4 A direct band gap in which the lowest point in the conduction band is at the 
same k-value as the highest point in the valence band. A direct optical transition is vertically 

drawn without any significant change in k, since the photon has a very small wave vector. The 
threshold frequency ωg for absorption by the direct transition determines the energy gap Eg = 

h�ωg. The figure and caption are adapted from Kittel38. 
 

However, in an indirect band gap, there is an indirect absorption process as shown in 

Figure 2.5. The lowest point in the conduction band and the highest point in the valence band 

are separated by a substantial wave vector kc38. Here, there are more than three types of 

matter are involved, a photon, an electron, a hole, and a phonon. Due to conservation laws, a 

direct photon transition at the energy of the minimum gap cannot satisfy the requirement to 

conserve the wave vector since the photon wave vectors are negligible38. So, a phonon of wave 

vector K and frequency Ω is created38 satisfying the following: 

K(photon) = kc + K ≈ 038 

h�ω = Eg + h� Ω38 

It is worth noting that the phonon energy h� Ω is much less than Eg38 The phonon energy 

is generally around 0.01 to 0.03 eV. The possibility of having a phonon absorbed in the process 
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of photon absorption can occur if the temperature is high enough that the phonon is thermally 

excited within the crystal38. 

 

Figure 2.5 An indirect band gap in which the band edges of the conduction and valence 
bands are widely separated in k-space involve indirect transition which includes a photon as 
well as a phonon. The threshold energy for the indirect process is greater than the true band 

gap. The absorption threshold for the indirect transition between the band edges is at h�ω = Eg + 
h� Ω where Ω is the frequency of an emitted phonon of wave vector K = -kc. At higher 

temperatures phonons are already present; if a phonon is absorbed along with a photon, the 
threshold energy is h�ω = Eg - h� Ω. The figure and caption is adapted from Kittel38. 
 

 

2.2 Fe-Si (β-FeSi2) Semi-conductor Material System 

The semi-conducting β-FeSi2 silicide is the most studied semiconducting silicide due to 

the prospects of this material for optoelectronic applications due to the assumption that it has 

a direct band-gap of around 0.8 eV. While there are a lot of data on this, it is still difficult to 

define the exact nature and value of β-FeSi2 silicide’s energy gap clearly. According to Filonov et 

al., the band structure of this material is shown in Figure 2.6, as calculated by the Linear Muffin-

Tin Orbitals (LMTO) method.40 In this calculation an input of a base-centered orthorhombic unit 
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cell with a Pbcn space group had been used for the β-FeSi2.40 

 Sometimes one can speak in terms of a quasi-direct band-gap when speaking about the 

nature of the band-gap in the β-FeSi2 band structure, because there is a direct band-gap at the 

Λ point which is in the middle between the Γ and the Z points as one can point out in the band 

structure in Figure 2.6. The energy value of this direct gap is 0.742 eV. However, at the Y point, 

there is also a conduction band minimum which is only 8 meV higher than the one at the Λ 

point, which corresponds to a direct gap of 0.82 eV at the Y point. Consequently, due to the 

small difference in energy of the conduction band minima at the Y and Λ points, it becomes not 

easy to exactly characterize and define the nature of the gap. Hence, one can speak in terms of 

a quasi-direct band-gap. It is worthwhile mentioning that theoretical calculations of the nature 

and value of the energy gap of this material vary amongst each other as published in 

references41-45 other than the one above by Filonov et al.40 which is a good representation of 

the band structure, especially taking into consideration the nature and values of the energy 

gaps reported experimentally which are mentioned below. 
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Figure 2.6 The electronic band structure of β-FeSi2 as calculated by the LMTO method,40 
showing the direct/quasi-direct nature of its bandgap. 

 

Experimental reports of band-gap energy values and nature of β-FeSi2 also vary quite a bit 

amongst each other. For example, optical absorption measurements confirmed the direct 
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transition in the range of 0.7-1.0 eV. Also, experimentally, Filonov et al. shows indirect 

absorption edge energies in the range of 0.53-0.81 eV.40 Additionally, optical data show direct 

energy gaps of 0.89 eV according to Ozvold et al.,46 0.90 eV according to Giannini et al.,47 0.92 

eV according to Lefki et al.48 Resistivity measurements show the energy gap values of 0.98 eV 

according to Isoda et al.,49 0.88±0.04 eV according to Ware et al.,50 and 0.95 eV according to 

Kojima et al.51 

 At this point, the band-gap value and nature of β-FeSi2 according to the vast majority of 

the theoretical and experimental studies, report that there is a direct energy gap of 0.87 eV. 

 

2.3 Ru-Si (Ru2Si3) Semi-conductor Material System 

 As outlined in section 1.2.2, Ru2Si3 is part of a family known as the Chimney-Ladder 

compounds. These materials exist in two phases: (i) a low temperature orthorhombic structure 

with a Pbcn space group; (ii) and a high temperature tetragonal structure with a P4�c2 space 

group.52 The low temperature orthorhombic structures are studied more due to their prospects 

for applications. As for orthorhombic Ru2Si3, it is a direct band-gap semi-conductor according to 

Wolf et al., Henrion et al., and Filonov et al.53-55 Figure 2.7 shows the band structures.55 
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Figure 2.7 (a) The band structures of orthorhombic Ru2Si3, as calculated by the LMTO 
method,55 showing its clear direct transition at the Γ point. (b) The band structures of 

orthorhombic Ru2Ge3, as calculated by the LMTO method.55 
 

While Figure 2.7 shows the band structures for both orthorhombic Ru2Si3, and Ru2Ge3 

for comparison purposes,55 this work is only focused on and concerned with Ru2Si3. As indicated 

in Figure 2.7 (a), there is a direct transition at the Γ point. Table 2.1 shows the band-gap energy 

values and their nature for orthorhombic Ru2Si3 as calculated theoretically by the LMTO and the 

Full-Potential Linear Augmented-Plane-Waves (FLAPW) methods, and experimentally by 
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temperature dependent Resistivity measurements. Both theoretical calculations and 

experimental observations are according to the mentioned and tabulated references in the 

table. It is worth mentioning that the high-energy tetragonal Ru2Si3 has an experimental 

(Resistivity measurements) band-gap of 0.44 eV.52 

 

Theoretical Calculations 
Experimental 

Temperature Dependent 
Resistivity Measurements 

Method Eg  (eV) References Eg (eV) References 
LMTO 0.41-direct Filonov et 

al.55 
0.70 Susz et al.52 

LMTO 0.42-direct Henrion et 
al.54 

1.08 Vining et al.56 

FLAPW 0.42-direct Wolf et al.53 1.19 Ohta et al.57 
Table 2.1 Bang gaps nature and energy value in orthorhombic Ru2Si3 

 

 

2.4 Os-Si (Os2Si3 and OsSi2) Semi-conductor Material System 

 Os2Si3 is iso-structural to orthorhombic Ru2Si3. It belongs to the same Pbcn space group. 

Its band structure is also similar to that of orthorhombic Ru2Si3, as shown in Figure 2.7 (a). 

According to theoretical calculations using the LMTO method,55 it is a direct band-gap semi-

conductor with a direct transition at the Γ point. The energy value of this theoretical band-gap 

is 0.95 eV. Experimentally, according to temperature dependent resistivity measurements, it is 

a semi-conductor which has a band-gap58 of 2.3 eV which is not only the highest among all 

semi-conductor silicides, putting orthorhombic Os2Si3 as a wide-band-gap semi-conductor, but 

also it is more than twice as much as the theoretically calculated one, as mentioned above. 
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 OsSi2 is iso-structural to orthorhombic β-FeSi2. It belongs to the Cmca space group. 

Theoretical calculations by the LMTO method42 of this material’s band-gap identified it as a 

semi-conductor with an indirect gap of 0.06 eV. However, other theoretical calculations by the 

same LMTO method,59 finds it to have an indirect band-gap of 0.95 eV and a direct transition at 

the Y point, with an energy gap value of 1.14 eV. Figure 2.8 shows the band structure of OsSi2 as 

calculated by the LMTO method.59 

 The later theoretical calculations by Filonov et al. are closer to the experimentally 

reported band-gaps of this material.59 Experimental reports identify this material as a semi-

conductor over a wide temperature range. Electrical and optical measurements show that 

energy gap is 1.4 eV according to Schellenberg et al.,58 and 2.0 eV according to Mason et al.3 

Table 2.2 shows the band-gaps nature and energy values of OsSi2 as reported from theoretical 

calculations and experimental results with the tabulated reference for each one. 

  

LMTO calculations 
Optical (Reflectance) 

measurements at room 
temperature 

Temperature dependent 
Resistivity measurements 

Eg (eV) References Eg (eV) References Eg (eV) References 
0.06-indirect 42 2.0 3 1.8 3 
0.95-indirect 59   1.4 58 
1.14-direct 59     

Table 2.2 Band-gaps nature and energy values of OsSi2 as reported from theoretical 
calculations and experimental results. 
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Figure 2.8 The band structure of OsSi2 as calculated by the LMTO method,59 showing a 
direct transition at the Y point. 
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CHAPTER 3 

TECHNIQUES AND THEIR FOUNDATION 

3.1 Molecular Beam Epitaxy 

Molecular beam epitaxy (MBE) is a technique used for the growth of high quality 

epitaxial layers60. MBE was developed by Alfred (Al) Cho of Bell Laboratories in the late 1960’s. 

The most important key factor that differentiates MBE from other growth methods is the fact 

that it allows for precise control of the growth of a single crystal layer in a non-equilibrium 

environment inside what is called the MBE chamber. The term non-equilibrium environment, 

from a physics perspective, means that the nature of the MBE growth method is not limited by 

thermodynamic equilibrium. This fact is contrary to how other growth methods such as liquid 

phase epitaxy and vapor phase epitaxy are, in which growth proceeds in accordance to 

thermodynamic equilibrium61. In other words, MBE is distinct from other vacuum deposition 

methods and techniques because of the incomparable precision allowed through manipulating 

the various growth conditions5 regardless of thermodynamic equilibrium. 

MBE was first used for the growth of gallium arsenide (GaAs) epitaxial layers and later 

through the years, it became a preferred growth method in industry as well as academia. MBE 

is employed for the growth of many materials including metallic, semi-conducting, and 

insulating materials as well as high quality multi-layer devices5.  

The process by which different elements are deposited on the substrate is evaporation. 

Evaporation of the elements from their respective sources can be either via heating the 

effusion cells containing the desired elements, or by directing an electron beam (e-beam) onto 

the source containing the desired elements causing their evaporation. A schematic diagram for 
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an MBE growth chamber with one Knudsen effusion cell and one e-beam evaporator for Si is 

shown in Figure 3.1. 

The elements/compounds are evaporated into atomic or molecular beams directed at 

the substrate. The substrate is temperature controlled crystalline material. All of this occurs in 

an ultra-high vacuum (UHV) environment inside the MBE chamber5. These incident beams of 

atoms or molecules on the crystalline substrate continue its crystal structure making up an 

epitaxial layer. If the crystal structure of the new epitaxial layer is the same as that of the 

substrate, then the process is called homoepitaxy. Whereas, if the crystal structure of the new 

epitaxial layer is different from that of the substrate, then the process is called heteroepitaxy5. 
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Figure 3.1 A schematic diagram for an MBE growth chamber with one Knudsen effusion cell 
and one e-beam evaporator5 

 

Heteroepitaxy involves such important considerations such as lattice mismatch and 

strained layers. This depends on whether the grown epitaxial layer is coherent or incoherent 

with the substrate. Also, there are several MBE growth modes but primarily there are three 

main growth modes: (a) island-like growth which is termed Volmer-Weber mode, (b) layer-by-
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layer growth which is termed Frank van der Merwe growth mode, and (c) layer-plus-island 

growth which is termed the Stranski-Krastanov (SK) growth mode which is a mixture of the two 

previous growth modes. Figure 3.2 illustrates these growth modes at various amounts of 

surface coverage (Θ). The Volmer-Weber mode is simply where the bonding of the film is 

stronger than the bonding to the surface of the substrate resulting in the island-like growth5. 

The Frank van der Merwe growth mode results in single layers being formed and filled before a 

new layer is started. This is because the epitaxial film preferentially bonds to the substrate. If it 

happens and molecules start new layers before the previous layer is complete, these molecules 

are able to move around and relocate themselves into the previous unfilled layer, due to 

thermal energy39.  

 

Figure 3.2 Schematic diagram of the three primary modes of epitaxial growth: (a) Frank van 
der Merwe (layer-by-layer), (b) Stranski-Krastanov (layer-plus-island), and (c) Volmer-Weber 

(island-like growth)). Θ is the number of monolayers (ML)62 
 

 

The Stranski-Krastanov growth mode is an interesting combination of both of the 

previous growth modes where at the beginning, layer-by-layer growth occurs, but due to the 
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film strain being high, this results in subsequent island growth at or after what is commonly 

referred to as the critical thickness or critical height is achieved. This is due to the elastic energy 

being accumulated in the growing film. At that particular critical thickness, the free energy of 

the film can be lowered if the film breaks into isolated islands, so the tension resulting from the 

accumulated elastic energy can be relaxed laterally. This critical height/thickness depends on 

several physical aspects such as the size of the lattice mismatch, Young's moduli, and surface 

tensions. The mode of MBE growth of a certain material system depends on the many 

adjustments to the growth conditions that can be controlled. One has to remember that MBE is 

very distinct from other vacuum deposition techniques due its extremely slow growth rate in an 

UHV environment while allowing for the precise control over virtually all of the growth 

conditions. 

 

3.2 Reflection High Energy Electron Diffraction 

Reflection high energy electron diffraction (RHEED) is a standard in situ technique for 

monitoring MBE growth due to its natural compatibility with MBE63. RHEED is a distinguished 

technique as it is a strictly surface sensitive characterization technique using electrons with high 

energy, whereas low energy electron diffraction (LEED) for example, is also a surface sensitive 

characterization technique using low energy electrons. Therefore, RHEED is extensively used to 

determine two-dimensional versus three-dimensional epitaxial growth, periodicity, and surface 

roughness63.  

There are three main components of a basic RHEED system64 and they are: (a) an 

electron source (gun), (b) a photo-luminescent detector screen and (c) a sample with a clean 
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surface. The idea is quite simple; a high energy electron beam is generated by the RHEED 

electron gun whereby this electron beam strikes the surface of the sample at a grazing (low) 

angle to the crystal surface, causing it to diffract with the surface atoms. The diffraction pattern 

is viewed on a display screen. This diffraction pattern provides direct information about the 

surface reconstruction as well as the shape of the surface. Surface reconstruction analysis via 

RHEED is explained later in this section. 

It should be noted that energy of the electron beam generated by the RHEED gun is 

typically between 5-100 keV. The angle of incidence of the high energy electron beam onto the 

sample crystalline surface is less than 30. Because of the small angle of incidence, the 

component of the electron momentum perpendicular to the crystal surface is small, resulting in 

the electrons interacting only with the very surface of the sample (the first one or two atomic 

layers). In other words, the grazing angle of the incident electrons on the crystal surface allows 

them to escape the bulk of the sample and to reach the detector. Consequently, the atoms at 

the sample surface diffract (scatter) these incident electrons due to the wave-like properties of 

electrons. 

The diffracted electrons undergo constructive interference at specific angles. The 

diffracted electron waves created by constructive interference hit the screen, creating specific 

diffraction patterns according to the particular surface features of the sample. The factors 

affecting the pattern of the diffracted electron include the crystal structure, spacing of the 

atoms at the sample surface and the wavelength of the incident electrons. If the electrons 

interact with a two-dimensional lattice, this results in the extension of the reciprocal lattice 

points into rods, which are perpendicular to the real surface63. These rods are often termed, 
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streaks. However, if the electrons interact with three-dimensional (rough or hillock-like surface) 

then the diffraction pattern would remain as points and would not be extended into streaks. 

Thus, a streaked diffraction pattern on the RHEED screen is indicative of a two-dimensional 

growth and surface while a dotty pattern indicates three dimensional growth and surface.  

RHEED can be used to observe reconstructions of crystalline surfaces63. Reconstruction 

of a surface is the reordering of the surface atoms within the outer layers. This reordering can 

change the periodicity of the outer layer, and hence a change in the reciprocal lattice rods and 

modification in the diffraction pattern shown on the RHEED screen. If the surface reconstructs 

to a lower symmetry than the bulk crystal, then this will create extra diffraction lines in the 

viewed RHEED pattern. In that case, images of the RHEED pattern at different azimuths need to 

be observed in order to determine surface symmetry. Figure 3.4 shows a RHEED pattern for Si 

buffer layer during MBE growth illustrating a typical Si 2x1-reconstruction. 

 

 
 
Figure 3.3 RHEED pattern for Si buffer layer during MBE growth illustrating a typical Si 2x1-

reconstruction 
 

3.3 X-ray Absorption Spectroscopy / X-ray Absorption Fine Structure 

X-ray absorption spectroscopy (XAS)65,66 is a unique structural technique which is 
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extensively used to determine the local structure of a material system whether these materials 

are solids (condensed matter), liquids, or gases. Determination of the local structure of a 

material system is with respect it to its local geometry, such as local coordination of atoms and 

nearest neighbor distances, as well as local electronic structure, such as phase and metallic 

versus semi-conducting behavior, etc. XAS is also very sensitive to elemental selectivity due to 

the physical premise upon which XAS operates, which is explained later in this section. XAS 

employs a tunable x-ray source that can provide intense x-ray beams, and hence XAS are most 

likely to be conducted at synchrotron facilities. The method to tune the photon energy of the 

used x-rays for XAS is via a monochromator. This monochromator is a crystal, sometimes a 

double-crystal monochromator is used for x-ray beam tuning. Tuning of the photon energy of 

the x-ray beam is a critical step in XAS, in order to be able to eject photoelectrons out of the 

core central atom of the material to be characterized. 

 The physical premise upon which x-ray absorption spectroscopy is based is quite 

interesting. Every element/material has its own unique set of absorption edges that depends on 

the binding energies of its electrons. When the incident photon energy of the x-ray beam is 

very closely tuned to and matches the binding energy of an electron with in an atom in the 

sample, the number of photons absorbed by the sample increases significantly. This very fact 

leads to an absorption edge on the XAS spectra. So, an x-ray beam that is incident on and very 

closely tuned to an absorption edge of a particular material/element, leads to the absorption of 

these photons which consequently ejects a core photoelectron from the absorbing atom within 

that material/element. As a result, the absorbing atom now is excited due to the presence of a 

core hole instead of the ejected photoelectron. According to the law of conservation of energy, 
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the energy of the incident photon equals the energy of the ejected photoelectron plus the 

binding energy of that core electron. The notation given to this absorption edge depends on the 

state of the core electron, for example, if the excited core electron is in the 1S state, then 

absorption edge is given the notation K-edge according to the principal quantum numbers, and 

so on. It is inevitable for the ejected photoelectron to start interacting with the other electrons 

belonging to the other neighboring non-excited atoms.  

One can view this whole process in terms of waves, due to the wave-like nature of 

electrons. The ejected photoelectron can be described as a wave while the neighboring non-

excited atoms can be described as scattering points. At this point, backscattering of the 

outgoing photoelectron by neighboring atoms results in sinusoidal oscillations of what is called 

the absorption coefficient (μ). These sinusoidal oscillations are an interference pattern where 

the peaks correspond to areas of constructive interference while dips correspond to areas of 

destructive interference. μ is given by the following equation: 

μ = [- ln (It/I0)] / χ 

Where It is the number of x-ray photons that are transmitted through a sample, I0 is the 

number of x-ray photons shone on the sample, and χ is the thickness of the sample. 

 

Hence, the wavelength of the ejected photoelectron that is now backscattered by 

neighboring atoms of that material/element depends on and is a function of certain key 

physical quantities of both the backscattering atoms and of the incident photon. These key 

physical quantities are the phase and energy of the backscattered wave belonging to the 

backscattering atom, and the energy of the incident photon. Due to the wave-like nature of 
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electrons, it is worth mentioning that the phase and amplitude of the backscattered wave 

depend on the type of the backscattering atom and the distance by which the backscattering 

atom is neighboring the central atom. Now, it becomes evident that the XAS spectra formed by 

these sinusoidal oscillations, resulting from the backscattering of the outgoing photoelectron by 

neighboring atoms, depends on the absorbing atomic species; their type, chemical coordination 

and local bonding environment, nearest neighbor distances, and local electronic structure. 

Thus, XAS spectra provide unique elementally sensitive information pertaining to the 

material/element being characterized.  

Figure 3.5 illustrates a XAS spectrum of pure osmium (Os). The XAS plot shows the 

absorption versus energy of Os. There are two regions on the spectrum, the first one is x-ray 

absorption near edge structure (XANES) and the second is extended x-ray absorption fine 

structure (EXAFS). X-ray absorption fine structure (XAFS) is the combination of both of these 

two regions. The XANES features only around 50 eV from the absorption edge of a 

material/element, while EXAFS features 50 – 1000 eV above the absorption edge. XANES 

primarily provides sensitive information pertaining to the bonding environment and oxidation 

state, while EXAFS provides more sensitive, in depth and elementally specific information 

pertaining to local structure, nearest neighbor distances, etc. as mentioned earlier in this 

section. 
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Figure 3.4 The XAS spectrum of pure osmium (Os). The XAS plot shows the absorption 
versus energy of Os as well as the XANES and the EXAFS regions in the Os XAFS spectrum. 

 

It should be noted that the Fourier transform of the EXAFS data gives the nearest 

neighbor distances of the backscattering atom67. 

While x-ray diffraction (XRD) and XAS/XAFS are both structural characterization 

techniques that employ the use of x-rays, XAS is an interdisciplinary technique that is unique 

because of its sensitivity to the details of the local structure in many different material systems, 

in comparison with XRD. These material systems can be condensed matter (solids), liquids, or 

gases. 
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3.4 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a very high resolution imaging technique that is not 

used for imaging but also for measuring the roughness of a surface, and also can manipulate 

matter at the nano-scale. AFM was introduced by Quate and Gerber in 1986. In very layman 

terms, AFM provides information about the surface of a material by feeling its surface by a 

probe. In the following lines, the mechanical probe’s components, the different mechanisms of 

feeling the surface, and the method(s) of detecting the probe deflection, are explained. 

The AFM’s mechanical probe is a cantilever with a tip at its very end which is used to 

scan the surface. The cantilever can be made out of silicon or silicon nitride in most cases and is 

held by a holder chip or a plate specially designed for AFMs68. The tip is a sharp and curved 

piece; its radius of curvature is a few nanometers. The idea behind how an AFM works is quite 

simple. As the tip is brought close to the sample’s surface, the tip will move causing the 

cantilever to deflect. This cantilever deflection is caused and a function of the interaction 

between the tip and the surface of the sample. Then AFM measures that deflection. This can be 

physically understood by Hooke’s law69. The idea is for AFM to measure this deflection at many 

points on the surface, which can later be plotted and mapped out. The forces between the tip 

and the sample’s surface that cause the deflection of the cantilever can be of many types 

depending on the physics of the situation. For instance, the forces can be Van der Waals forces, 

chemical bonding, electrostatic forces, etc. As the tip scans the sample’s surface, if the tip is 

maintained at a constant distance from the surface, which will inevitably cause damage to the 

sample’s surface and to the tip. Since the sample’s roughness might cause the tip to hit a part 

of the surface causing this damage. Consequently, there are three main safe mechanisms, or 
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modes, by which AFM perform its function while preventing to a great extent any damage to 

the tip or to the sample’s surface being characterized. They are called; (a) contact (static) mode, 

(b) tapping (dynamic) mode, and (c) non-contact (also dynamic) mode70. Figure 3.6 (a), (b), and 

(c)71 shows the three main AFM modes. 
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(a) Contact mode 
 

 
(b) Tapping mode 

 

 
(c) Non-contact mode 

 
Figure 3.5 A Schematic diagram showing the three main AFM modes; (a) Contact mode 

(static mode), (b) Tapping mode (dynamic mode), and (c) Non-contact mode (also a dynamic 
mode)71. 

 
The contact mode is where the tip is always in contact with the surface of the sample 
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and in layman terms, dragged across the surface to scan it and provide its information. This 

mode is used when the force between the tip and the surface is repulsive. The tapping mode72 

is where the cantilever is designed to move up and down in an oscillatory motion with a 

particular frequency. This frequency is near the cantilever’s resonance frequency. The piece of 

equipment by which this is achieved is a piezoelectric element placed in the tip holder. The 

oscillation amplitude is ranges from 100 to 200 nm. As the tip gets close to the sample’s 

surface, the forces between the tip and the surface cause the amplitude of the cantilever’s 

oscillation to decrease. In other words, this change in the amplitude of oscillation as a result of 

the tip coming to contact with the surface of the sample, due to the forces between them, is 

recorded, imaged, and mapped out through the scan. It should be noted that the tapping mode 

is very gentle in comparison with the contact mode which can cause damage to the AFM tip 

and/or the surface of the sample. The non-contact mode73 is also a dynamic mode where the 

AFM tip does not come in contact with the sample surface. Just like the tapping mode, the 

cantilever is designed to oscillate either at or above its resonant frequency. However, unlike the 

tapping mode, the cantilever’s amplitude of oscillation is less than 10 nm and can even be a few 

picometers. The forces between the tip and the sample’s surface, mostly Van der Waals forces, 

are strong enough to cause the cantilever’s amplitude of oscillation to decrease. Once this 

decrease occurs, the AFM system keeps a fixed frequency by adjusting the average distance 

from the tip to the surface. The measurement and the recording of this distance at each data 

point enable the scanning software to establish to image the sample’s surface and gather 

information about its roughness, etc. It should be noted that the non-contact mode is also non-

damaging neither to the AFM tip nor to the sample’s surface. There are various methods of 
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measuring and detecting the probe’s deflection, the most common one is called beam 

deflection measurement which involves a solid state diode laser reflected off the cantilever. 

Other methods include piezoelectric detection, piezoresistive detection, and laser Doppler 

vibrometry. 

 

3.5 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) has an exciting history since it goes back to H.R. 

Hertz when he discovered the photoelectric effect in 1887. Some years later, Albert Einstein 

was able to explain this phenomenon in 1905. But it wasn’t until 1954 when a Sweden scientist 

Kai Siegbahn revealed the true potential of XPS when he recorded a high-energy-resolution 

spectrum of sodium chloride (NaCl) after making significant improvements on XPS 

equipment74. Kai Siegbahn named XPS, electron spectroscopy for chemical analysis (ESCA). In 

1969, Siegbahn worked with a few engineers from Hewlett-Packard (HP) to commercialize XPS 

and produce the first commercial XPS with a monochromatic x-ray source. He later received the 

Nobel Prize in 1981 for his work on the development of XPS as a characterization technique. 

The physical premise upon which XPS is based is significant. It is the photoelectric effect. 

When x-rays of known photon energies/wavelengths are incident and penetrate the sample. 

The binding energy of the emitted electron from the sample can be calculated by the law of 

conservation of energy given by the following equation: 

Binding energy of the emitted electron = Energy of incident photon - (Kinetic energy of 

the emitted electron + φ) 

Where; φ is the work function. It is essentially a correction factor due to the fact that 
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the photoelectron loses a very small portion of its energy when it gets absorbed by the XPS 

detector. 

It should be noted that the XPS detector is positioned around one meter away from the 

sample being characterized. This simple fact is a very important reason why XPS is a surface-

only sensitive technique. While incident x-rays have a penetration depth range of 1-5 

micrometers into the bulk of the sample, those emitted photoelectrons which are deep into the 

sample are in reality never detected by the XPS detector since they never actually escape the 

sample itself. One has to realize that the XPS detector only detects those emitted 

photoelectrons which succeed in escaping from the sample, travel through the vacuum of the 

XPS equipment, and finally reach the detector to be absorbed. During this process, distance, 

and path, the photoelectron can go through various impedes in the sample itself such as 

entrapments in other excited states within the sample, inelastic collisions, or being recaptured. 

As the depth of emitted photoelectron within the sample increases, all of the above mentioned 

factors exponentially impede and actually prevent the deeper photoelectrons from escaping 

the sample. One has to remember that after escaping the sample, the photoelectron still has to 

possess enough energy in order to travel through the vacuum of the XPS equipment until it 

reaches the detector and get absorbed (i.e. detected). 

An XPS spectrum is usually a plot between the number of detected electrons, as the 

ordinate, their binding energies, as the abscissa. Elemental selectivity and sensitivity arises from 

the fact that every element produces signature XPS peaks at signature values of binding 

energies. This provides clear elemental identification of the existence of that element on the 

characterized sample’s surface. It is worth mentioning that these signature peaks are directly 
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related to the energy states of the electrons within the atoms such as 1s, 2s, 2p, etc. Ultra high 

vacuum environments and conditions are employed in XPS setups in order to minimize errors 

while counting the number of detected electrons and precisely provide percentages of a 

particular element within the surface being characterized. 

XPS characterization can be done to the surface of the samples either in their as 

received condition which typically involve certain contaminants and surface oxidation due to 

exposure to the normal atmospheric air environment, or after some treatment to the sample’s 

surface via various methods such as ion beam etching to remove these contaminants from the 

surface and hence being able to do a depth profile to expose the chemistry of the bulk of the 

sample. 

XPS can characterize and provide elemental composition and chemical and electronic 

state of the surfaces of many materials such as semi-conductors, glass, ceramics, paper, teeth, 

etc. 

 

3.6 Raman Spectroscopy 

Historically, Raman Effect, which is the basis of Raman spectroscopy75, was named after 

Sir C.V. Raman. Sir Raman discovered this effect using sunlight as the light source. His 

experiment was basically passing sunlight through a monochromator (filter) to get a 

monochromatic light then passed this monochromatic light in a crossed filter to block it. He 

noticed that a small amount of this monochromatic light changed its wavelength and passed 

through the other filter.  He won the Nobel Prize for this discovery in 1930. 

Raman spectroscopy is an extremely useful technique for the characterization of semi-
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conductors. It is very useful to characterize thin films as well as bulk materials. Raman 

spectroscopy is essentially a scattering technique, and not an absorption technique, that 

depends on the interaction between electrons and phonons in the local semi-conductor 

environments. 

The physical concept behind Raman spectroscopy, which is Raman Effect, is quite 

interesting. If a laser, as a source of light, is directed at a molecule. This light will inevitably 

interact with the chemical bonds and the electrons in the so-called electron cloud of that 

molecule. This interaction will result in the scattering of this light, what is commonly called a 

spontaneous Raman Effect. In essence, a light photon excites the molecule from its ground 

state to a so-called virtual state. This virtual state is not by any means a real discrete energy 

level, or else the process would be that of absorption. Eventually, the molecule will relax again 

by emitting a photon. This relaxation will take the molecule to a different state (vibrational or 

rotational)75 than its original ground state. Due to this difference in energy between these two 

states and because energy has to conserved, a shift in that emitted photon’s 

wavelength/frequency occurs in comparison with the excitation photon wavelength/frequency. 

This shift is termed, Raman shift. Raman shifts can be due to either Stokes Raman scattering or 

anti-Stokes Raman Scattering. Both of these scattering processes are inelastic, since Raman 

scattering, by definition, is an inelastic type of scattering due to the transfer of energy that 

occurs between the photons of the light source and the molecules during their interaction, as 

explained in the following lines. 

A Stokes Raman scattering is where the new energy state of the molecule, after relaxing, 

is of higher energy than the molecule’s original state. In this case, the emitted photon, due to 
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the molecule’s relaxing, will be of lower frequency than the original photon of the light source 

causing the excitation of the molecule. The reason is the law of conservation of energy. This 

type of Raman shift in the detected frequency of the photon is then called a Stokes shift. An 

anti-Stokes Raman scattering is where the new energy state of the molecule, after its relaxing, 

is of lower energy than its original state. In that case, the emitted photon, due to the molecule’s 

relaxation, will be of higher frequency than the original photon of the light source causing the 

molecule’s excitation. The reason is again, the law of conservation of energy. That type of 

Raman shift in the detected frequency of the photon is then called an anti-Stokes shift. 

The following equation relates the Raman shift, which is a direct outcome of a typical 

plot of Raman spectra, to the wavelengths of the excitation and that of the Raman spectrum: 

Δω = (1/λ0 – 1/λ1) 

Where Δω is the Raman shift in units of wavenumber, λ0 is the wavelength of excitation, 

and λ1 is the wavelength of the Raman spectrum. 

Typically the source of light used nowadays is a laser. A Raman set up consists of laser, 

as the light source, a lens, a monochromator, and a detector. The laser is directed on the 

sample to be characterized. Then the light from the sample’s illuminated area passes through 

the lens for its collection and then through the monochromator to filter out the elastic 

scattering, which is termed Rayleigh scattering. So that only the Raman scattered light (inelastic 

scattering) goes through the detector. 

 

3.7 Scanning Tunneling Microscopy 

The scanning tunneling microscope76 (STM) was developed by Gerd Binnig and Heinrich 
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Rohrer at IBM-Zurich in 1981. Their development of STM earned them the Nobel Prize in 1986. 

STM is an extremely versatile imaging technique for surfaces at the atomic level. The fact that 

it’s versatile made it usable in many different environments unlike some other techniques 

where UHV is a condition for their operation. STM can be even used in water, as well as air, and 

in other environments containing other liquids or gases. STM can operate over a very wide 

temperature range, from near absolute zero temperature (0 K) to a few hundred 0C77. 

As the name suggests, the physical premise upon which STM rests, is the tunneling 

effect. More precisely, quantum tunneling. Quantum tunneling in an STM works when a voltage 

is applied to its scanning tip, and the tip approaches very closely the surface of the sample to be 

characterized. With the tip being conducting and very close to the surface, a potential 

difference arises between the tip and the surface. This potential difference leads to a tunneling 

current through the vacuum that goes from the surface to the tip. This tunneling current 

depends on and a function of three major factors: (a) the position of the tip, (b) the applied 

voltage to the tip, and (c) the local density of states of the surface of the sample being 

characterized77. When tunneling occurs between the tip and the surface, the tip’s position and 

voltage applied can be varied for scanning purposes. 

STM can operate in two main modes: (a) constant height mode and (b) constant current 

mode. Constant height mode is when the voltage applied to the tip and height of the tip from 

the sample’s surface are both held constant. The changing variable in this mode is the current. 

The current adjusts and changes, as it is scanning over the surface, in order to preserve 

constant voltage. Imaging is done based upon the changing current78. Constant current mode is 

when the changing variable is the height of the tip from the surface. The height is adjusted and 
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changed by the voltage controlling the height control system which is piezoelectric62. Imaging is 

done based upon the change in the height of the tip from the sample’s surface as the tip scans 

its topography78. It should be noted that STM can provide images with resolution around 

0.1 nm laterally and 0.01 nm depth-wise79. However, the resolution depends on tip’s radius of 

curvature. Tips are normally made out of platinum-iridium, gold, and tungsten79. Tips are made 

so sharp for precise measurements and imagery, to the extent that there is only one atom of 

the tip’s material at its apex80. 

 

3.8 Scanning Electron Microscopy / Cross-sectional Scanning Electron Microscopy 

The historical breakthrough of the scanning electron microscope goes back to 1937, 

when Manfred von Ardenne invented a microscope that uses a narrow focused beam of 

electrons to scan a tiny raster area with high magnification. He was also able to get rid of the 

chromatic aberration. He was able to discuss not only the theory of SEM81 but also the SEM’s 

detection modes as well as building the first known high magnification SEM. Ardenne’ efforts 

together with the efforts of other groups such as the Zworykin's and the Cambridge groups led 

to the making of the first commercial SEM in 1965. SEMs are very powerful magnification tools. 

A SEM can magnify 10 times up to 500,000 times and has enough resolution to clarify details 

which are 1 nm or less, as well as detailed 3d imaging because of the focused electron beam 

used. 

The physical premise upon which SEM relies is quite simple yet detailed. As a focused 

beam of electrons scans a sample, it interacts with the sample atoms. This interaction results in 

more than one type of signals which are detected by their appropriate detector/detecting 
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mode. The most common type of signal/imaging and detecting mode is by secondary electrons. 

This happens when the focused beam of electron interacts with the atoms of the sample’s 

surface, exciting them, and leading to the emission of secondary electrons from the atoms at or 

near the surface of the sample. These secondary electrons are detected by the so-called 

secondary electron imaging (SEI) detection mode. Another signal/imaging type is by 

backscattered electrons (BSE). This happens when the focused electron beam interacts with the 

sample by getting reflected via elastic scattering. This mode is very useful in identifying the 

elements in the sample because of the signature intensity of the BSE signal detected as it 

relates to the atomic number of sample being characterized. Therefore, BSE imaging gives 

information about the elements in the sample. Another important SEM imaging mode is the 

one by characteristic x-rays coming out of the sample. This happens when the incident focused 

beam of electrons knocks out a core electron. Consequently, the core hole left behind will be 

filled by an electron from the sample of a higher energy than the liberated core electron. This 

results in the releasing of energy and the production of characteristic x-rays that are signature 

of the composition of the sample being characterized. 
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CHAPTER 4 

MOLECULAR BEAM EPITAXIAL GROWTH OF IRON SILICON GERMANIDE AND 

CHARACTERIZATION 

In this chapter, the structure of iron silicon germanide Fe(Si1-xGex)2 thin films is reported. 

The Office of Naval Research (ONR) supported the work presented in this chapter, (Contract No. 

N00014-03-1-0820). The iron silicon germanide thin films are grown by molecular beam 

epitaxy. The phase and important structural aspects of these films is determined using 

synchrotron-based x-ray absorption fine structure spectroscopy. Since the β-FeSi2 phase of iron 

di-silicide is a quasi-direct band gap semiconductor; therefore, it shows promise for 

optoelectronic applications.  According to theoretical predictions, by incorporating Ge into the 

lattice of β-FeSi2, the lattice constant increases, resulting in a reduction in its band gap with 

increasing Ge content.82  The x-ray absorption spectroscopy results and nearest neighbor 

distances show that the samples are not metallic.  Further, the results are consistent with the 

structure of the crystalline growth of the semiconducting β-FeSi2. It has been also observed that 

the absorption edge (E0) slightly increases with increasing Ge content while the nearest 

neighbor distances slightly decrease with increasing Ge content. 

 
4.1 Experimental Methods and Equipment 

4.1.1 Molecular Beam Epitaxy (MBE) 

The growth of crystalline materials under ultra-high vacuum (UHV) conditions, which is 

known as molecular beam epitaxy (MBE), generally gives the best purity and greatest control of 

the crystalline phase of that material.  Since there are multiple stable crystal structures for most 

of the metal silicides, for instance, there are three stable stoichiometries for iron silicide: Fe2Si, 
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FeSi, and FeSi2, and iron disilicide has three known phases, therefore growth of hetero-

structures and super-lattices by MBE shows the greatest promise. This technique also can be 

used to perform band gap engineering (i.e., the tuning of the band gap of a semiconductor by 

substitutionally alloying one of the constituent elements with a different element). 

The state of the art UHV MBE system employed to grow these Fe(Si1-xGex)2 samples is 

designed by Hans Gossmann and donated by Lucent Technologies. Some of the technical details 

of which are summarized using a schematic diagram as illustrated in Figure 4.1. 

 

 

Figure 4.1 State of the art UHV MBE system employed to grow these Fe(Si1-xGex)2 samples is 
designed by Hans Gossmann and donated by Lucent Technologies. 
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The Si source is an electron beam (e-beam) deposition source, and so is the Fe source, 

while the Ge source is a Knudsen effusion cell deposition source. The purity of both the Si and 

the Ge sources is 6N. The Si source is in a 44 cubic centimeter ingot. A PBN liner is used to 

evaporate the Ge from its effusion cell. The purity of the Fe source is 3N8, it is in the form of 

granules. The Fe source is in a 15 cubic centimeter crucible made out of Tungsten. The Fe, Si, 

and Ge sources are calibrated using Reflection High-Energy Electron Diffraction (RHEED) 

intensity oscillations as well as Rutherford Backscattering Spectrometry (RBS). Fe and Si are 

each evaporated from its own respective source in the same stoichiometric ratio of the desired 

material to be grown. The Fe and Si fluxes are monitored, controlled and stabilized (in the range 

of ±5%) via optical means, a photo multiplier tube (PMT) signal. 

 

4.1.2 X-ray Absorption Spectroscopy – X-Ray Absorption Fine Structure 

The x-ray absorption spectroscopy (XAS) measurements were performed at the 

synchrotron facility of Louisiana State University, called the Center for Advanced 

Microstructures and Devices (CAMD) in Baton Rouge, Louisiana, using the double crystal 

monochromator (DCM) beam line. Images of the DCM beam line are shown in Figure 4.2.  
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Figure 4.2 The DCM beam line facility at synchrotron facility of the center for advanced 
microstructures and devices (CAMD) 
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The facility of the DCM beam line has been operational since the fall of 1994. At first, it 

used the DCM from the Laboratório Nacional de Luz Síncrotron (LNLS) and then later used the 

DCM from Bonn University. The DCM beam line can collect data of energies as low as 932.5 eV 

and as high as 20,000 eV. The 932.5 eV corresponds to the Cu LIII edge, and the 20,000 eV 

corresponds to the Mo K edge. The DCM beam line uses a variety of crystals for its operation. 

These various crystals have their particular (2d) and operate in their particular energy range. 

Some of these crystals are: the KAP (001) crystal has a (2d=26.632  Å) and operates in the 

energy range of 510 – 1800 eV, the YB66 (400) crystal has a (2d=11.72  Å) and operates in the 

energy range of 1170 – 4090 eV, the InSb (111) crystal has a (2d=7.481  Å) and operates in the 

energy range of 1830 – 6400 eV, the Si (111) crystal has a (2d=6.271  Å) and operates in the 

energy range of 2180 – 7640 eV, the Ge (220) crystal has a (2d=4.00  Å) and operates in the 

energy range of 3420 – 11980 eV, the Si (220) has a (2d=3.840  Å) and operates in the energy 

range of 3560 – 12470 eV, and the Ge (422) has a (2d=2.306  Å) and operates in the energy 

range of 5930 – 20770 eV. The Lemmonier-Bonn monochromator is vacuum compatible and its 

angular range is around 12.5o – 72o. The DCM beam line has a magnet that supplies a radiation 

of 2mrad to it. The DCM beam line operates in the region of soft x-rays, it has a differential ion 

pump which allows the beam line’s operation within 7 – 13 µm KaptonTM window. There is a 

photon beam position monitor which controls the position of the beam at all times. The DCM 

beam line’s functionality is very good in the range of 1 keV – 12 keV, the upper limit of this 

range depends on the drop in the intensity of the source beyond 10 keV, its resolution is 0.5 eV 

at lower energies while its resolution is 2 eV at higher ones. 

62 



The modes of x-ray absorption measurements are transmission mode, fluorescence 

mode and electron yield mode. According to the measurement mode, the appropriate detector 

is used. Some of these detectors are: Peltier-cooled Si (Li) detector, 13-element Ge diode array 

fluorescence detector, and a Lytle fluorescence and electron yield detector. 

X-ray absorption fine structure (XAFS) were conducted on the samples in fluorescence 

and not in transmission due to the relatively thicker Si substrate in comparison with the thin 

films grown which would have resulted in an attenuation of the detected signal. The Ge (220) 

crystal monochromator was used which corresponds to a range of energy operation of 3420 eV 

– 11980 eV and a 2d = 4 Å. A pure metallic Fe thin film sample was used as a reference. Edge 

energies were set to 7112.00 eV, relative energy boundaries ranged from 200 eV below the 

edge to 800 eV above the edge. Region step sizes were: 3.0, 0.3, 1.0, and 2.0 eV. Integration 

times ranged from 3 s to 5 s. Kapton tape was used to mount all samples and the sample holder 

was made of quartz, to avoid any metallic contributions, while doing the XAFS characterization 

measurements. 

 

4.2 Growth of Iron Silicon Germanide Thin Films by MBE 

The Fe(Si1-xGex)2 samples were grown on double sided polished Si (100) ±0.25° 

substrates. Both n- and p-type Si substrates were used. The Si substrate was heated to the 

desired temperature according to the growth recipe by a substrate heater which is a filament 

made out of graphite and has a shape of a disk. The intensity of electric current that operates 

the substrate heater is optimized using a controlled power supply. In order to control the 

temperature of the Si substrate (Tsub) during growth, a temperature calibration is needed, since 
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the sample thickness changes due to thermal expansion. The substrate temperature calibration 

is achieved by an infrared (IR) diode laser, which reflects off the front and back surfaces of the 

Si substrate. Due to interference, these collected reflections form intensity oscillations. The 

data from the heater can be fit to linear curve. These data points are used to control the Tsub 

during growth. 

Before entering the Si substrate into the load-lock of the MBE system, the Si substrates 

were cleaned by the Shiraki method.83 The Si substrate is then loaded into the MBE system UHV 

growth chamber. At first, the Si substrate is heated to a temperature of 800 °C for 

approximately 45 minutes to remove the oxide layer. The growth recipe of the Fe(Si1-xGex)2 

samples starts at this point. While Tsub is at 500 °C, Si is e-beamed onto the Si substrate at a rate 

(r) of 1 Å/s to form a Si buffer layer of 50 nanometers in thickness. On top of the Si buffer layer, 

a FeSi2 template layer is grown. It will be argued in the results and discussion section of this 

chapter that the structure of this template layer as well as the overall Fe(Si1-xGex)2 thin film is 

actually the semiconducting beta (β)-phase of FeSi2 (i.e. β-FeSi2). The growth of the template 

layer is done by co-e-beaming Fe and Si at the desired stoichiometric ratio of (1:2), while Tsub is 

at 600 °C, to form a thin β-FeSi2 layer composed of only several monolayers. A subsequent 5 

minute anneal of this layer at 750 °C is done to achieve the desired FeSi2 (β-FeSi2) template 

layer. On top of the template layer, a 50 nanometer buffer layer of FeSi2 (β-FeSi2) is grown by 

stoichiometric co-e-beaming of Fe and Si at the stoichiometric ratio, while Tsub ranges between 

600 and 700 °C and r  is at 1.2 Å/s. After this buffer layer is grown, Ge is introduced to the Fe 

and Si combination in order to epitaxially grow Fe(Si1-xGex)2.  Before Ge is introduced, the Ge 

effusion cell was kept at a temperature ranging from 1385 to 1405°C. Before opening the Ge 
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shutter its flux is set to the desired stoichiometric ratio of (Fe:Si:Ge :: 1:2−2x:2x). While Tsub and 

r are at the same 600-700 °C and 1.2 Å/s respectively, the co-deposition of Fe, Si, and Ge is held 

at the above mentioned stoichiometric ratio until the growth of Fe(Si1-xGex)2 thin films is 

achieved. The thicknesses of these thin films ranged between 2205 and 7791 Å. 

 

4.3 Results and Discussion 

XAFS of Fe(Si1-xGex)2 thin film samples84-87 

Figure 4.3 and Figure 4.4 show the EXAFS plot of the series of Fe(Si1-xGex)2 thin film 

samples, with different thicknesses between T=2205and  7791 Å). Figure 4.3 doesn’t include 

the XAFS of Fe reference to better illustrate the similarities and differences between the XAFS 

of the Fe(Si1-xGex)2 thin film samples. Figure 4.4 includes the EXAFS of the Fe reference. As 

Figure 4.3 shows, the oscillations are almost the same among all the Fe(Si1-xGex)2  thin film 

samples which means that they are all in the same phase. 
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Figure 4.3 XAFS of Fe(Si1-xGex)2 (0 ≤ x  ≤ 0.15) films with different thicknesses without the 
XAFS of the pure metallic Fe reference. 
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Figure 4.4 XAFS of Fe(Si1-xGex)2 (0 ≤ x  ≤ 0.15) films with different thicknesses in comparison 
with the XAFS of the pure metallic Fe reference. 

 
 

However, it is clear that the absorption oscillation intensity and period are different for 

metallic Fe and Fe(Si1-xGex)2 films together with a shift (up to 17.68 eV in the sample with the 

highest Ge exposure) from the absorption edge energy (E0) of Fe, as shown in Figure 4.4. This 

tells us two important facts about these samples, firstly, there is no agglomerated metallic Fe in 

the Fe(Si1-xGex)2 thin films, secondly, the samples are not in the metallic phase. Taking the 

Fourier transform of an EXAFS plot would result in a graph for which the peaks correspond to 

the number of nearest neighbors to the scattered photoelectron and the radial distances 
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between them which are called nearest neighbor distances (dnn). As shown in Figure 4.5, the 

Fourier transforms of the EXAFS plots for the Fe(Si1-xGex)2 thin film samples were taken, so we 

can get the number of the nearest neighbors & the nearest neighbor distances (dnn), we can 

clearly observe that the 1st, 2nd, and 3rd  dnn are very close in their values with slight variations 

due to the variation in the Ge content as explained later in this section. 

 

Figure 4.5 The Fourier Transform of the EXAFS of the Fe(Si1-xGex)2  thin films samples 
without the Fourier Transform of the pure metallic Fe reference. 
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 A confirmation that the Fe(Si1-xGex)2 thin film samples are not in the metallic phase like 

pure metallic Fe is shown in Figure 4.6. Figure 4.6 clearly illustrates the significant difference of 

the 1st, 2nd, and 3rd dnn of the Fe(Si1-xGex)2 thin film samples versus those of the pure metallic Fe 

reference. 

 

Figure 4.6 The Fourier Transform of the EXAFS of the Fe(Si1-xGex)2  thin films samples with 
the Fourier Transform of the pure metallic Fe reference. 
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 The dnn values for the series of Fe(Si1-xGex)2 thin film samples are in close agreement 

with the known standard dnn values for β-phase FeSi2, for example one of the samples in the 

series has the 1st dnn , 2nd dnn and 3rd dnn as 2.21 Å, 2.94 Å and 4.0 Å respectively which is in very 

close agreement with the 1st dnn , 2nd dnn and 3rd dnn of the β-phase FeSi2  which are 2.33 Å, 2.96 

Å and 4.02 Å respectively. As stated earlier, iron silicide and silicides in general exist in more 

than one stable phase and stoichiometric ratio, a comparison of the known nearest neighbor 

distances of the different phases of FeSi2 as well as the known nearest neighbor distances of the 

various stoichiometries of iron silicide, namely α-FeSi2, β-FeSi2, γ-FeSi2, FeSi, and Fe2Si, is shown 

in Table 1. 

Phase 1st  
dnn 

2nd  
dnn 

3rd  
dnn  

α-FeSi2 2.38 2.69 2.87 
β-FeSi2 2.33 2.96 4.02 
γ- FeSi2 1.90 2.70   

FeSi 2.29 2.51 2.78 
Fe2Si 2.36 2.59 2.73 
Ours 2.21 2.94 4.0 

Table 4.1 Nearest neighbor distances of FeSi2 phases and iron silicide stoichiometries in 
comparison with our Fe(Si1-xGex)2 nearest neighbor distances in very close agreement with 

those of β-FeSi2. 
 
 

 It is clear that the nearest neighbor distances of the Fe(Si1-xGex)2 thin film samples are in 

very close agreement with the nearest neighbor distances of the β-phase FeSi2. It is worth 

noting here, as stated earlier, that the β-phase FeSi2 is the semiconducting phase which tells us 

that our Fe(Si1-xGex)2 thin film samples are in the semiconducting phase. 
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 The Fe(Si1-xGex)2 thin film samples possess a nominal yet different Ge content given the 

growth conditions of each, the temperature of the Ge effusion cell during Ge deposition, and 

the time of Ge deposition. For example, sample x with T=3381 A0, was exposed to Ge 

deposition for 26 minutes while the Ge effusion cell was maintained at 1400 0C, sample y with 

T=2425.5 A0, was exposed to Ge deposition for 30 minutes while the Ge effusion cell was 

maintained at 1395 0C, and sample z with T=7791 A0, was exposed to Ge deposition for 60 

minutes while the Ge effusion cell was maintained at 1495 0C.  If we take a closer look at the 

absorption edge energy (E0) values, and 1st, 2nd, and 3rd nearest neighbor distances values, as 

extracted from the XAFS data, we observe a slight yet noticeable change in these values with 

respect to increasing or decreasing Ge content. More explicitly, on one hand we observe that 

the E0 increases slightly with more Ge deposits into the sample, while on the other hand we 

observe a slight decrease in the 1st, 2nd, and 3rd nearest neighbor distances with more Ge 

deposits into the sample. Table 2 illustrates this observation with explicit numerical values. 

 
EXAFS Results Sample x Sample y Sample z 

E0 7111.78 eV 7115.93 eV 7129.68 eV 
1st dnn, 2nd dnn, 3rd dnn 2.21, 2.94, 4.0 A0 2.20, 2.91, 3.86 A0 2.15, 2.85, 3.83 A0 

Table 4.2 Absorption edge energies (E0) and nearest neighbor distances (dnn) of samples x, 
y, and z, showing slight increase in the absorption edges of the samples with increasing Ge 

content. While their nearest neighbor distances slightly decrease with increasing Ge content. 
 
 

4.4 Conclusions 

The x-ray absorption fine structure spectroscopy study of the Fe(Si1-xGex)2, (0 ≤ x  ≤ 0.15) 

thin films grown by MBE show that the samples are not metallic and are in the β- Fe(Si1-xGex)2 

semiconducting phase. A slight yet noticeable increase in the E0 values and a slight decrease in 
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the nearest neighbor distances, with increased Ge deposits, were observed. 
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CHAPTER 5 

MOLECULAR BEAM EPITAXIAL GROWTH OF RUTHENIUM SILICIDE AND CHARACTERIZATION 

In this chapter, the growth and characterization of ruthenium silicide is presented and 

discussed. The growth of this semi-conductor material system was done by MBE. The state-of-

the-art MBE facility used to grow this silicide is different and more capable than the one 

mentioned in the previous chapter. The MBE growth technique employed to grow these films 

was a special one, called the template method. The details of this MBE facility, an explanation 

of the template method, and an explanation of the various methods used are mentioned in the 

subsequent sections of this chapter. It is worthwhile mentioning that the Office of Naval 

Research (ONR) supported the work presented in this chapter, (Contract No. N00014-03-1-

0820). 

The structural similarities and differences of the as-grown vs. annealed films of 

diruthenium trisilicide thin films are studied. Hence, the meticulous adherence to the chosen 

growth conditions of such films – explained in later sections of the chapter - while annealing 

half of them in order to appropriately study these similarities and differences. 

The phase, nature, thickness, and surface topology and morphology of the as-grown and 

annealed MBE grown films are presented and discussed in their respective sections.  The 

variety of in situ and ex situ characterization techniques used to study include: (a) Reflection 

High Energy Electron Diffraction (RHEED), (b) Scanning Tunneling Microscopy (STM), (c) Cross-

sectional Scanning Electron Microscopy (X-SEM), (d) Atomic Force Microscopy (AFM), (e) X-ray 

Photoelectron Spectroscopy (XPS), and (f) Micro Raman Spectroscopy. 
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5.1 Experimental Methods and Equipment 

5.1.1 Molecular Beam Epitaxy (MBE) Facility and In Situ Characterization Techniques 

The growth of epitaxial ruthenium silicide has been achieved using an enhanced and 

more capable growth facility than the one used for the growth of the iron silicon germanide 

discussed in the previous chapter. This state-of-the-art MBE facility is complemented with in-

situ STM, SPM, XPS and UPS. Figure 5.1 and Figure 5.2 show this state-of-the-art MBE facility. It 

has three oxide based chambers that are configured to carry out a wide range of materials 

research into silicides, multifunctional oxides on semiconductors to high-k dielectrics on Si for 

Complimentary Metal-Oxide Semi-conductor (CMOS) device application, high-k dielectrics on 

compound semiconductors for high performance III-V Metal-Oxide Semi-conductor Field-Effect 

Transistor (MOSFET) devices, and the exciting field of multifunctional crystalline oxides for a 

number of applications utilizing the rich properties of oxides. 

In addition to the deposition chambers, there are chambers for x-ray photoelectron and 

ultra-violet photoelectron spectroscopy, and scanning probe microscopy which allow for the 

probing of the interfaces and surfaces at any time during hetero-epitaxial layer growth without 

exposure to the atmosphere. The in-situ analysis chamber contains a dual anode x-ray source, 

an ultraviolet source, an ion gun, a flood gun, low energy electron diffraction as well as an 

electron gun. 
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Figure 5.1 The ONR MBE system with Si, Os, and Ru e-beam sources, a Ge effusion cell, and 
an O plasma source. 

 

 

Figure 5.2 The ONR MBE System is shown in relation to the in situ XPS/UPS/AES/LEED 
analysis chamber, STM/SPM/AFM analysis chamber system, and an oxide MBE system. 
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Additionally, there are a number of connected chambers for the growth of oxides, III-V 

and II-VI semiconductors, silicon and germanium. 

 

5.1.2 Atomic Force Microscopy (AFM)  

The samples were analyzed with Atomic Force Microscopy using a Digital Instruments 5000 

model. AFM was in tapping mode, individual scan areas were 2 × 2 μm2 with a 256 ×256 

resolution. AFM and cantilever accuracy was confirmed using a NIST traceable standard and a 

poly-Si control sample. Cu foil was anchored to a scrap Si wafer piece using crystal bond as an 

adhesive preventing the sample from deforming or moving during analysis. 

  

5.1.3 X-ray Photoelectron Spectroscopy (XPS)  

The samples were analyzed using X-ray Photoelectron Spectroscopy (XPS) on a PHI 

Quantum2000 Scanning ESCA microprobe. 100 micron spot size was used for the analysis with a 

500 micron X 500 micron rastered area. Depth of information is from about 30 A0. Analysis was 

done using mono-chromated Al Ka lines. 

 

5.1.4 Micro Raman Spectroscopy  

Micro Raman Spectroscopy measurements have been performed on the as-grown and 

annealed diruthenium trisilicide films grown by MBE template method. The measurements 

were done at 488 nm wavelength. 
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5.2 Molecular Beam Epitaxial Growth and Characterization of Ruthenium Silicide (Ru2Si3) on 

Si (100) 

A series of as-grown and annealed ruthenium silicide (Ru2Si3) has been grown by MBE 

using the template method.88 The so-called template method is a special and particular two-

step process MBE growth technique, in which a very thin layer of the metal is deposited on top 

of silicon at a low temperature. The choice of this low temperature depends on the 

temperature at which silicidation occurs for the particular metal-silicon couple. After the thin 

metal layer is deposited at that low temperature, a subsequent in situ annealing takes place at 

or past the temperature of silicidation in order for a thin silicide layer to form. This thin silicide 

layer acts as a template for the subsequent growth of the thicker silicide film by the co-

deposition of the metal and the silicon at the desired stoichiometric ratio. 

3-inch silicon wafers with (100) orientation were used as substrates. Following the oxide 

removal, cleaning of the 3” Si(100) wafer, and a Si buffer layer growth, a very thin layer of Ru 

was deposited at a rate of 0.18 A/s for 30 s at 300 0C.  The low substrate temperature prevents 

instantaneous silicidation which occur around 400 0C.28  The substrate temperature was then 

ramped slowly and held at 400, 500, 600 and 700 0C.  The thin template layer of ruthenium 

silicide (Ru2Si3) is formed by that time. It is important to mention here that the orthorhombic 

Ru2Si3 phase is the only phase that grows in that whole temperature range, see section 1.4.2 for 

references. 

At 700 0C, Si & Ru were co-evaporated at the desired stoichiometric ratio of 2:3 

(Ru:Si::2:3) for 60 min on top of the thin template layer to form the thicker Ru2Si3 as-grown 

film. Some samples were then annealed at 1100 0C for 300 s.  Both of the ruthenium and silicon 
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are evaporated by electron beaming their respective sources in the MBE chamber. The 

chamber is under ultra-high vacuum (UHV) at all times during the growth process. All growth 

rates were calibrated by a quartz crystal monitor (QCM). 

 

5.3 Reflection High Energy Electron Diffraction (RHEED) 

RHEED was employed in situ to monitor and control the growth process. RHEED of the 

Ru2Si3 template layer after full silicidation at 800 0C, shown in Figure 5.3, shows a significant 

difference in the RHEED pattern reconstruction from a typical Si 2x1 – reconstruction RHEED 

pattern shown in Figure 5.4.  RHEED of as-grown Ru2Si3 films show a three dimensional 

crystalline growth pattern with symmetry every 90 degree azimuth as shown in Figure 5.5.  The 

annealed samples appear to regain two dimensional film nature as shown in Figure 5.6. 

 

 

Figure 5.3 RHEED pattern of diruthenium trisilicide template layer at 800 0C showing a 
significant difference in the RHEED pattern reconstruction from a typical Si 2x1 – reconstruction 

shown in Figure 5.4. 
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Figure 5.4 RHEED pattern of Si after Si buffer layer showing a typical Si 2x1 – 
reconstruction. 

 

 

Figure 5.5 RHEED pattern of diruthenium trisilicide as-grown film showing three 
dimensional crystalline growth pattern with symmetry every 90 degree azimuth. 

 

 

Figure 5.6 RHEED pattern of annealed diruthenium trisilicide film showing that the 
annealed samples appear to regain two dimensional film nature. 
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It is worthwhile to mention that the RHEED intensity line profile analysis shows that the 

lattice constant for Ru2Si3 film is twice that of Si. This result is consistent with known lattice 

constants for Si (5.43095 A0)89, and orthorhombic Ru2Si3 (11.0 A0).8 

 

5.4 In Situ Scanning Tunneling Microscopy (STM) 

In situ STM of these diruthenium trisilicide films has been performed on the as-grown 

and annealed films.  The STM image of the as-grown diruthenium trisilicide film, shown in 

Figure 5.7, shows textured grains of around 0.5 μm in size.  The STM image of the annealed 

film, shown in Figure 5.8, shows a significantly smoother surface with smaller grains. 

 

 

Figure 5.7 A 2 μm x 2 μm STM image of as-grown diruthenium trisilicide film showing 
textured grains of around 0.5 μm in size. 
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Figure 5.8 A 0.5 μm x 0.5 μm STM image of annealed diruthenium trisilicide film showing a 
significantly smoother surface with smaller grains in comparison with as-grown film. 

 

 

5.5 Ex situ Cross-sectional Scanning Electron Microscopy (X-SEM) 

Ex situ X-SEM measurements of as-grown and annealed diruthenium trisilicide films 

were done to determine the thicknesses of different sections in the samples. There is a 

significant obvious difference between the hillock-like surface and structure of the as-grown 

film and the comparatively smoother surface of the annealed one. The thicknesses of the as-

grown range from 25 nm to 125 nm while the annealed thickness is about 40 nm, as shown in 

Figures 5.9 (a), (b), and 5.9 (c) for the as-grown versus Figures 5.10 (a), (b), and 5.10 (c) for the 

annealed diruthenium trisilicide. 
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Figure 5.9 (a) 

 

Figure 5.9 (b) 

 

Figure 5.9 (c) 

Figure 5.9 X-SEM of as-grown diruthenium trisilicide showing thicknesses ranging from 25 
nm to 125 nm showing a  hillock-like surface and structure. 
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Figure 5.10 (a) 
 

 
 

Figure 5.10 (b) 
 

 
 

Figure 5.10 (c) 
 

Figure 5.10 X-SEM of annealed diruthenium trisilicide showing thicknesses around 40 nm 
showing a comparatively smoother surface than the as-grown films. 
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5.6 Ex situ Atomic Force Microscopy (AFM) 

Ex situ AFM measurements were done to determine in more detail the size of the 

hillock-like surface and structure of the as-grown and the size and shape of the grains in the 

annealed diruthenium trisilicide films. 

Figure 5.11 and Figure 5.12, show the significant difference in the root mean square 

(RMS) surface roughness between the as-grown and the annealed diruthenium trisilicide films 

respectively. 

 

Figure 5.11 AFM of as-grown diruthenium trisilicide films. RMS surface roughness = 22.9 nm 
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Figure 5.12 AFM of annealed diruthenium trisilicide films. RMS Surface roughness = 8.8 nm 
 

As one can see, the layers clearly exhibit a granular structure. The as-grown film reveal a 

much more hillock-like structure and bigger grain sizes than the annealed one, with a RMS 

surface roughness of almost 23 nm. Whereas the annealed film clearly reveal a comparatively 

much smoother surface with a RMS surface roughness of less than 9 nm, and much smaller 

grain sizes. 

 

5.7 Ex situ X-ray Photoelectron Spectroscopy (XPS) 

Ex situ X-ray Photoelectron Spectroscopy (XPS) measurements were performed on the 

as-grown and annealed diruthenium trisilicide films to verify stoichiometry, and determine the 

binding energies of the silicide. XPS was performed at the surface as well as after Argon (Ar) 

sputtering to make sure the films have not been oxidized. 

Figure 5.13 (a) and (b) show the stoichiometric ratios and binding energies of the pre-

sputtered as-grown diruthenium trisilicide. Figure 5.14 (a) and (b) show the stoichiometric 
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ratios and binding energies of the post-sputtered as-grown diruthenium trisilicide. Figure 5.15 

(a), (b), and 5.15 (c) show the stoichiometric ratios and binding energies of the pre-sputtered 

annealed diruthenium trisilicide. Figure53.16 (a) and 5.16 (b) show the stoichiometric ratios and 

binding energies of the post-sputtered annealed diruthenium trisilicide. 

 

Figure 5.13 (a) 

 

Figure 5.13 (b) 

Figure 5.13 Pre-sputtering stoichiometric ratios and binding energies of as-grown 
diruthenium trisilicide films showing a bit far ratio of ruthenium to silicon from the desired 

stoichiometric ratio of 2:3. The oxygen presence and silicon dioxide binding energy peak, clearly 
indicate that very surface of the films have been oxidized due to exposure to air. 
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Figure 5.14 (a) 

 

Figure 5.14 (b) 

Figure 5.14 Post-sputtering stoichiometric ratios and binding energies of as-grown 
diruthenium trisilicide films showing the Ru:Si ratio in close agreement with the desired 

stoichiometric ratio of Ru2Si3. Ar-sputtering is only from around 30 A0 deep. 
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Figure 5.15 (a) 
 

 
 

Figure 5.15 (b) 
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Figure 5.15 (c) 

Figure 5.15 Pre-sputtering survey spectrum, stoichiometric ratios and binding energies of 
annealed diruthenium trisilicide films showing an off Ru:Si ratio in comparison with 

stoichiometrically desired ratio of 2:3. The oxygen presence and silicon dioxide binding energy 
peak, clearly indicate that very surface of the films have been oxidized due to exposure to air. 

 

 

Figure 5.16 (a) 
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Figure 5.16 (b) 

Figure 5.16 Post-sputtering stoichiometric ratios and binding energies of annealed 
diruthenium trisilicide films showing the Ru:Si ratio in close agreement with the desired 

stoichiometric ratio of Ru2Si3. Ar-sputtering is also from around 30 A0 deep. 
 

 One can see that the ratio of ruthenium to silicon in the pre-sputtered as-grown and 

annealed films is a bit far from the desired stoichiometric ratio of 2:3 respectively. This, 

together with the oxygen presence and silicon dioxide binding energy peak, clearly indicate that 

very surface of the films have been oxidized, which is normal due to the exposure to 

atmospheric air. The good news is that the ratio of ruthenium to silicon in the post Argon (Ar)-

sputtered as-grown and annealed films is in close agreement with the desired stoichiometric 

ratio of Ru2Si3. It is adequate to stress the fact that the Ar-sputtering is only around 30 A0 deep, 

which confirms that the oxygen presence and oxidation in the pre-sputtered films is only on the 

very surface due to exposure to air. 

 

5.8 Micro Raman Spectroscopy 

Micro Raman Spectroscopy measurements have been performed on the as-grown and 

90 



annealed diruthenium trisilicide films grown by MBE template method. The measurements 

were done at 488 nm wavelength. 

Figure 5.17 shows a comparison of the Raman spectra of the as-grown and the annealed 

diruthenium trisilicide films with Si as a reference. Signature oscillations and active shifts are 

observed at shifts less than 500 cm-1. They are expanded for a clearer view in Figure 5.18. 

 

 

Figure 5.17 Micro Raman Spectroscopy of as-grown and annealed diruthenium trisilicide 
films showing signature peaks at Raman shifts less than 500 cm-1. 

 

 

Figure 5.18 A clearer view of the shifts less than 500 cm-1 of the Raman Spectroscopy of as-
grown and annealed diruthenium trisilicide films showing distinct active Raman shifts from pure 

Si, at around 190, 220, 235, 370, and 485 cm-1. 
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One can see that the active Raman shifts in the first 500 cm-1 present the signature 

oscillations and peaks of the diruthenium trisilicide. It is worth noting that there is a clear 

distinction between the oscillation and their peaks between the diruthenium trisilicide films 

and the pure Si reference. Also, there is no difference that can be clearly seen between the 

peaks of the as-grown vs. the annealed films. 
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CHAPTER 6 

MOLECULAR BEAM EPITAXIAL GROWTH OF OSMIUM SILICIDE AND CHARACTERIZATION 

In this chapter, the growth and characterization of osmium silicide is presented and 

discussed. The growth of this semi-conductor material system was done by MBE. The state-of-

the-art MBE facility used to grow this silicide is the same as the one used for the growth of the 

ruthenium silicide films; see section 5.1.1 for the facility’s details. It should be noted at this 

point, that a few efforts were made in the past years to grow the semi-conducting silicides of 

osmium. This is perhaps due to the highly toxic nature of OsO4 which is easily formed and 

sublimates at room temperature. In this work, the MBE growth techniques employed to grow 

the osmium silicide films were the so-called template method as well as the regular MBE 

growth method. To our knowledge, this is the first attempt to grow osmium silicide films by 

MBE employing the special template method. The details of the template method are 

mentioned in section 5.2. An explanation of the regular MBE growth method and the various 

methods used to characterize these osmium silicide films are mentioned in the subsequent 

sections of this chapter. The Office of Naval Research (ONR) supported the work presented in 

this chapter, (Contract No. N00014-03-1-0820). 

The study of the structural similarities and differences of the as-grown vs. annealed 

films of the osmium silicide thin films grown by the template method and the regular method is 

discussed. This chapter’s study is double-fold in comparison with the previous chapter which 

was only single-fold, since the study of the similarities and differences are not only with respect 

to the as-grown vs. the annealed films, but are also with respect to the MBE template growth 

vs. MBE regular growth. Hence, the meticulous adherence to the chosen growth conditions of 
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such films – explained in later sections of the chapter - while annealing half of each group, the 

template growth group and the regular growth group, in order to appropriately study these 

similarities and differences. 

The phase, nature, thickness, and surface topology and morphology of the as-grown and 

annealed MBE grown films, by both methods, are presented and discussed in their respective 

sections.  The variety of in situ and ex situ characterization techniques used to study include: (a) 

Reflection High Energy Electron Diffraction (RHEED), (b) Scanning Tunneling Microscopy (STM), 

(c) Cross-sectional Scanning Electron Microscopy (X-SEM), (d) Atomic Force Microscopy (AFM), 

(e) X-ray Photoelectron Spectroscopy (XPS), and (f) Micro Raman Spectroscopy. 

 

6.1 Template and Regular MBE Growth and Characterization of osmium silicide thin films on 

Si(100) 

Osmium silicide films have been grown for the first time, to the best of our knowledge, 

using the same template MBE technique adopted in Ru2Si3 samples detailed in the previous 

chapter, see section 5.2, except for the temperature at which the template layer is grown. A 

very thin Os layer is deposited at 200 0C at a rate of 0.023 A0/s for 300 s which serves as a 

template layer of osmium silicide for the film growth at 700 0C by co-deposition of Si and Os at 

0.1 A0/s and 0.023 A0/s respectively maintaining a Si/Os flux ratio of around 4 for 60 minutes.  

Some samples were then annealed in situ at 1100 0C for 70 min, while others are preserved “as-

grown” (i.e. without this annealing step). 

Osmium silicide films have been also grown by conventional/regular MBE growth 

technique without using a template layer at 200 0C, in which the Si buffer layer is deposited at a 
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550 0C after Si(100) substrate cleaning, after which  immediate film growth at 700 0C is done by 

the co-deposition of Si and Os from their respective sources. The co-evaporation of both Si and 

Os was done by electron beaming their sources. The Si/Os fluxes were maintained at around 4 

in an attempt to grow and obtain single phase Os2Si3 films according to prior work of our 

research group and previous findings during phase I of this project.90 

  

6.2 Reflection High Energy Electron Diffraction (RHEED) 

RHEED was employed in situ to monitor and control the growth process. It is evident 

from RHEED patterns before and after annealing that the osmium silicide samples grown by the 

template method have better crystalline quality for the as-grown and the annealed than the 

ones grown by regular MBE growth as shown in Figures 6.1 and 6.2 in comparison with Figures 

6.3 and 6.4. 

 

Figure 6.1 RHEED pattern of as-grown osmium silicide grown by the template method 
showing 3d-growth and great similarity to that of Ru2Si3. Chapter 1 mentions that Ru2Si3 and 

Os2Si3 are isostructural2. 
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Figure 6.2 RHEED pattern of annealed osmium silicide grown by the template method 
showing 2d-growth and great similarity with that of annealed Ru2Si3 as in the previous chapter. 

Ru2Si3 and Os2Si3 are isostructural2. 
 

 
 

Figure 6.3 RHEED pattern of as-grown osmium silicide by the regular method showing three 
dimensional growth with distinct difference to typical Si-2x1 RHEED pattern reconstruction. 

 

 
 

Figure 6.4 RHEED pattern of annealed osmium silicide grown by the regular method 
showing streaks revealing that the film regained 2d-growth. However, different from the 

annealed film grown by the template method. 
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 The osmium silicide grown films by the template method show RHEED patterns before 

and after anneal that are to a greater extent identical to that of Ru2Si3 as shown in Figures 5.5 

and 5.6 of the previous chapter. It is worthwhile mentioning the fact that the MBE grown Ru2Si3 

films of the previous chapter are orthorhombic and belong to the Pbcn space group, also Os2Si3 

is orthorhombic and belong to the same space group. One can also see that the RHEED pattern 

of the as-grown and the annealed grown by both MBE methods is very different from the 

typical Si 2x1-reconstruction shown in Figure 5.4 in the previous chapter. It is evident that the 

as-grown films of both MBE methods exhibit three-dimensional growth behavior while the 

annealed ones seem to regain two-dimensional growth structure, given the streaked RHEED 

pattern in case of the annealed films vs. the dotty pattern in case of the as-grown. 

 

6.3 In situ Scanning Tunneling Microscopy (STM) and In situ Atomic Force Microscopy 

It is evident from the in situ STM and in situ AFM before and after annealing that the 

osmium silicide samples grown by the template method have much more uniformity and 

crystalline pattern for the textured grains in the as-grown and the annealed, and better 

crystalline quality in general than the ones grown by regular MBE growth as shown in Figures 

6.5 and 6.6 in comparison with Figures 6.7 and 6.8. 
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Figure 6.5 A 2 μm x 2 μm in situ STM image of as-grown osmium silicide grown by the 
template method showing hillock-like surface and structure with uniformity for the textured 

grains. 
 

 

Figure 6.6 A 2 μm x 2 μm in situ AFM image of annealed osmium silicide grown by the 
template method showing an obvious reduction in the size and height of the hillocks together 

with smaller grain sizes. 
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Figure 6.7 A 2 μm x 2 μm in situ AFM image of as-grown osmium silicide grown by the 
regular method showing more of an island-like growth with less uniformity than the as-grown 

films by the template method. 
 

 

Figure 6.8 A 2 μm x 2 μm in situ AFM image of annealed osmium silicide grown by the 
regular method showing an overall smoother surface and structure in comparison with the as-
grown of the same method. Annealing of films grown by the regular method leads to an overall 

better quality film. 
 

One can see a clear hillock-like surface and structure with textured grains in the as-
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grown films by the template method. This hillock-like structure is sizably bigger, more ordered 

and uniform than in the as-grown films by the regular method. There is an obvious reduction in 

the size and height of the hillocks together with smaller grain sizes in the annealed films grown 

by the template method. Whereas the annealed films grown by the regular MBE method 

appear to have a much smoother surface and structure in comparison with the as-grown ones 

by the same method. However, uniformity and crystalline quality are still much more of a 

signature of the as-grown and annealed films grown by the MBE template method in 

comparison with the regular MBE method. 

 

6.4 Ex situ Cross-sectional Scanning Electron Microscopy (X-SEM) 

X-SEM measurements of as-grown and annealed osmium silicide films grown by the 

template and the regular methods were done to determine the thicknesses of different 

sections in the samples and observe any interactions of the films with the silicon below. Figures 

6.9 (a), (b), (c), (d), and (e) show the cross-sectional SEM of the as-grown osmium silicide films 

grown by the template method, while Figures 6.10 (a), (b), and (c) show the cross-sectional SEM 

of as-grown osmium silicide film grown by the regular method. Figures 6.11 (a), (b), and (c) 

show the cross-sectional SEM of annealed osmium silicide film grown by the template method, 

while Figures 6.12 (a), (b), and (c) show the cross-sectional SEM of annealed osmium silicide 

film grown by the regular method. 
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Figure 6.9 (a) 

 

 

Figure 6.9 (b) 

 

 

Figure 6.9 (c) 
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Figure 6.9 (d) 

 

 

Figure 6.9 (e) 

Figure 6.9 (a), (b), (c), (d), and (e) Cross-sectional SEM of as-grown osmium silicide film 
grown by the template method showing clear hillock-like structure with no interaction between 
the film and the Si substrate below. Thicknesses of various parts of the film are around 8.5, 10, 

17, 13, 41, 55 nm. 
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Figure 6.10 (a) 

 

Figure 6.10 (b) 

 

Figure 6.10 (c) 

Figure 6.10 (a), (b), and (c) Cross-sectional SEM of as-grown osmium silicide film grown by 
the regular method showing no interaction of the film with the Si substrate below. Thicknesses 

of various parts of the film are around 13, 16, 21, 37, 47, and 67 nm. 
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Figure 6.11 (a) 

 

Figure 6.11 (b) 

 

Figure 6.11 (c) 

Figure 6.11 (a), (b), and (c) Cross-sectional SEM of annealed osmium silicide film grown by 
the template method, showing a less hillock height in comparison with the as-grown by the 

same method. Also, a clear interaction between the film and the Si substrate below is shown. 
Thicknesses of various parts of the films are around 39, 47, and 58 nm. 
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Figure 6.12 (a) 

 

Figure 6.12 (b) 

 

Figure 6.12 (c) 
 

Figure 6.12 (a), (b), and (c) Cross-sectional SEM of annealed osmium silicide film grown by 
the regular method shows comparatively smoother (lesser thickness) than annealed films 

grown by the template method. Also, a clear interaction between the film and the Si substrate 
is evident in annealed films grown by the template and the regular methods. 
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There is a significant obvious difference between the hillocks of the as-grown film and 

the smooth surface of the annealed one, grown by both methods. Also, there is a clear 

interaction between the formed silicide by both MBE methods and the silicon below for the 

annealed films. The thicknesses of the as-grown range from 9 nm to 67 nm while the annealed 

thickness is about 46 nm, as shown in Figures 6.9 and 6.10 for the as-grown by the template 

and the regular method respectively versus Figures 6.11 and 6.12 for the annealed osmium 

silicide grown by the template and the regular method respectively. 

 

6.5 Ex situ Atomic Force Microscopy (AFM) 

Ex situ AFM measurements were done to determine in more detail the size of the 

hillocks of the as-grown and the size and shape of the grains in the annealed osmium silicide 

films MBE grown by the template and the regular method. The surface roughness was also 

measured in terms of its root mean square (RMS). The samples were analyzed with Atomic 

Force Microscopy using a Digital Instruments 5000 model. AFM was in tapping mode, individual 

scan areas were 2 × 2 μm2 with a 256 × 256 resolution. AFM and cantilever accuracy was 

confirmed using a NIST traceable standard and a poly-Si control sample. Cu foil was anchored to 

a scrap Si wafer piece using crystal bond as an adhesive preventing the sample from deforming 

or moving during analysis. 

Figures 6.13 and 6.14 show two-dimensional and three-dimensional AFM images of as-

grown and annealed osmium silicide films respectively, grown by the MBE template method. 

They also show the root mean square (RMS) surface roughness of each. Figures 6.15 and 6.16 

show two-dimensional and three-dimensional AFM images of as-grown and annealed osmium 
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silicide films respectively, grown by the MBE regular method. They also show the RMS surface 

roughness of each. 

 

 

Figure 6.13 AFM of as-grown osmium silicide film grown by the template method. RMS 
surface roughness = 11.8 nm. 

 

 

Figure 6.14 AFM of annealed osmium silicide film grown by the template method. RMS 
surface roughness = 11.4 nm. 
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Figure 6.15 AFM of as-grown osmium silicide film grown by the regular method. RMS surface 
roughness = 10.5 nm 

 
 

 
 

Figure 6.16 AFM of annealed osmium silicide film grown by the regular method. RMS surface 
roughness = 4.6 nm 

 

One can see that the ex situ AFM images reveal less RMS surface roughness for the films 

grown by the regular MBE method than by the template method. The template method 

annealed films yield a RMS surface roughness of 11.4 nm, while the regular method annealed 
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films yield a 4.6 nm RMS surface roughness. The hillock-like surface and structure of the 

template method as-grown films still show more order and uniformity yet with bigger grains 

size and height than the regular method as-grown ones. However, it is clear that there is more 

order and uniformity, and a much smoother surface in the annealed films of the regular 

method. 

 

6.6 Ex situ X-ray Photoelectron Spectroscopy (XPS) 

Ex situ XPS measurements were performed on the as-grown and annealed osmium 

silicide films MBE grown by the template and the regular method to verify stoichiometry, and 

determine the binding energies of the silicide. XPS was performed at the surface as well as after 

Argon (Ar) sputtering to make sure the films have not been oxidized. 

The samples were analyzed using X-ray Photoelectron Spectroscopy on a PHI Quantum 

2000 Scanning ESCA microprobe. 100 micron spot size was used for the analysis with a 500 

micron X 500 micron rastered area. Depth of information is from around 30 A0. Analysis was 

done using mono-chromated Al Ka lines. 

Figures 6.17 (a) and 6.17 (b) show the stoichiometric ratios and binding energies of pre-

sputtered as-grown osmium silicide films by the template method, while Figures 6.18 (a) and 

6.18 (b) show the post sputtering stoichiometric ratios and binding energies of as-grown 

osmium silicide films by the template method. While excluding oxygen from the percentages, 

Figures 6.19 (a) and 6.19 (b) show the stoichiometric ratios and binding energies of pre-

sputtered annealed osmium silicide films grown by the template method. Figure 6.20 (a) and 

6.20 (b) show the post sputtering stoichiometric ratios and binding energies of annealed 
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osmium silicide films by the template method. Also, excluding oxygen from the percentages, 

Figures 6.21 (a) and 6.21 (b) show the stoichiometric ratios and binding energies of pre-

sputtered as-grown osmium silicide films by the regular method, while Figures 6.22 (a) and 6.22 

(b) show the post sputtering stoichiometric ratios and binding energies of as-grown osmium 

silicide films by the regular method. 

 

 

Figure 6.17 (a) 
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Figure 6.17 (b) 

Figure 6.17 (a) and (b) Pre-sputtering stoichiometric ratios and binding energies of as-grown 
osmium silicide films by the template method showing the oxidation of the surface of the films 
as confirmed by the SiO2 binding energy peak. The Os:Si cannot be confirmed here unless the 
oxygen is removed from the elemental percentages, as it is shown in Figure 6.19 and Figure 

6.21. 
 
 

 

Figure 6.18 (a) 

Si/Silicide 
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Figure 6.18 (b) 

Figure 6.18 (a) and (b) Post sputtering stoichiometric ratios and binding energies of as-grown 
osmium silicide films by the template method showing no oxygen peak confirming that the 
surface oxidation in the pre-sputtered films was due to exposure to air. Ar sputtering is only 

from around 30 A0 deep into the film. Also, the Os:Si ratios are close to 4, as desired and 
maintained during growth by the Os and Si flux controls. This Si rich ratio results in the growth 

of single phase Os2Si390. 
 

 

Figure 6.19 (a) 
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Figure 6.19 (b) 

Figure 6.19 (a) and (b) Pre-sputtering stoichiometric ratios and binding energies of annealed 
osmium silicide films by the template method showing surface oxidation as well as an off Os:Si 

ratio, with a very much Si rich film, this may be attributed to the interaction of the annealed 
film with the Si substrate below as evident from the cross-sectional SEM images in section 6.4 

of this chapter.  
 

 

 

Figure 6.20 (a) 
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Figure 6.20 (b) 

Figure 6.20 (a) and (b) Post sputtering stoichiometric ratios and binding energies of annealed 
osmium silicide films by the template method showing an off Os:Si ratio that is very much Si 

rich. This is consistent with the pre-sputtered annealed films grown by the same method shown 
in Figure 6.19. 

 

 

 

Figure 6.21 (a) 
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Figure 6.21 (b) 

Figure 6.21 (a) and (b) Pre-sputtering stoichiometric ratios and binding energies of as-grown 
osmium silicide films by the regular method showing oxidation of the surface of the film. 

However, excluding oxygen, yields the desired Si rich Os:Si ratio of 4 in order to obtain single 
phase Os2Si390. 

 

 

 

Figure 6.22 (a) 
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Figure 6.22 (b) 

Figure 6.22 (a) and (b) Post sputtering stoichiometric ratios and binding energies of as-grown 
osmium silicide films by the regular method showing no surface oxidation as well as 

comparatively close agreement with the desired Si rich Os:Si ratio. This is consistent with the 
pre-sputtered as-grown films shown in Figure 6.21 if oxygen is removed from the elemental 

percentage. 
 
 

 

Figure 6.23 Pre-sputtering stoichiometric ratios and binding energies of annealed osmium 
silicide films by the regular method. Again, pre-sputtered films show surface oxidation and once 
again, annealed films by both growth methods show a clear off Os:Si ratio which is very Si rich 

due to the film-substrate interaction during annealing. 
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Figure 6.24 Post puttering stoichiometric ratios and binding energies of annealed osmium 
silicide films by the regular method showing no surface oxidation, yet reveals a consistent off 

Os:Si ratio of annealed films, which is greatly attributed to the film interaction with the Si 
substrate during the annealing process. 

 

 One can firstly see that oxygen does exist in all pre-sputtered films grown by both MBE 

methods whether they are as-grown or annealed, as confirmed by the binding energy peak of 

SiO2 and the binding energy peak of oxygen in the stoichiometric ratio of elements present. 

However, neither oxygen nor the oxide binding energy peaks are present in the post-sputtered 

films grown by both MBE techniques, whether as-grown or annealed. It is very worthy at this 

point to stress the fact that the depth of Argon (Ar) sputtering is only about 30 A0. These 

observations together with this fact clearly tell us that the films have been oxidized at the very 

surface only due exposure to atmospheric air which is a normal process to occur. 

 One can also see that the MBE template method and the regular MBE growth method, 

in which the Si/Os fluxes were maintained at around 4 (section 6.1), yields percentages of 

osmium and silicon in the as-grown films that are very close to their flux ratios during growth, 

according to XPS results for both of the pre-sputtered, pre-sputtered (excluding oxygen) and 

post-sputtered films. This is only seen in the as-grown films. It is important to stress that the 
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choice of the Si/Os ratio of 4 should result in single phase Os2Si3 films.90 However, in the 

annealed films, one can clearly see that both MBE methods yield a significant increase in the 

silicon percentages over the osmium ones, which means that the annealed films are very much 

silicon-rich. This may be attributed to the interaction of the silicide as-grown film with the 

silicon underneath as illustrated by the cross-sectional scanning electron microscopy (X-SEM) 

images of the annealed films, see section 6.3. 

 

6.7 Micro Raman Spectroscopy 

Micro Raman Spectroscopy measurements have been performed on the as-grown and 

annealed osmium silicide films grown by the MBE template and regular method. The 

measurements were done at 488 nm wavelength. 

Figure 6.25 and Figure 6.26 show comparisons of the Raman spectra of the as-grown 

and the annealed films, with Si as a reference, for both of the growth methods. Signature 

oscillations are observed at shifts less than 500 cm-1 and are expanded for a clearer view in 

Figures 6.27 and 6.28. 

One can see that the regular MBE growth method clearly yields the signature peaks for 

the as-grown and the annealed films and that the template MBE method clearly yields for the 

annealed ones only. This means that annealing the osmium silicide as-grown films by the 

template method enhances the overall film quality of the osmium silicide phase grown. It is 

worthwhile mentioning that these signature peaks are in the Raman shifts that are 500 cm-1 or 

less. The sharp signature peaks that define the phase grown are at 126, 140, 162, 184 and 196 

cm-1. 
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Figure 6.25 Micro Raman Spectroscopy of as-grown and annealed osmium silicide films MBE 
grown by the template method showing signature peaks in the region less than 500 cm-1 that 

are distinct from pure Si. 
 

 

Figure 6.26 Micro Raman Spectroscopy of as-grown and annealed osmium silicide films MBE 
grown by the regular method showing active Raman shifts less than 500 cm-1 which are clearly 

different from those of pure Si. 
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Figure 6.27 A clearer view of the Raman spectra at shifts less than 500 cm-1 of the as-grown 
and annealed osmium silicide films grown by the MBE template method. Annealing results in 
several sharp peaks at 126, 140, 162, 184 and 196 cm-1. The peaks are significantly sharper –
better film quality- in the annealed films grown by the template method in comparison with 

annealed ones grown by the regular method. 
 

 

Figure 6.28 A clearer view of the Raman spectra at shifts less than 500 cm-1 of the as-grown 
and annealed osmium silicide films grown by the regular MBE method. The peaks of the 

annealed template-grown films appear in the regular-grown films in both the as-grown and the 
annealed. The sharp peaks are at 126, 140, 162, 184 and 196 cm-1. The peaks of the as-grown 
films by the regular method are certainly sharper -better film quality- than the as-grown ones 

by the template method. 
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CHAPTER 7 

A BIRD’S EYE VIEW AND SUMMARY OF CONCLUSIONS 

7.1 Overview 

While silicon is the material of choice for most of the semi-conductor industry 

applications due to its low cost and the immense amount semi-conductor industry processes 

that are available for its use in semi-conductor technology, the imperfection of silicon is the fact 

that it is not a direct band-gap semi-conductor, or else, it would have been the greatest and 

most perfect semi-conductor material.  In order to bridge this gap, which is the motivation 

behind this work, what is ideally required is a Si-based material system where the band 

structure can be engineered and hetero-structures with tailorable offsets in both the valence 

and conduction bands can be realized. In other words, what is required is a semiconductor 

materials system that is based on Si, but has significantly greater versatility. 

The one very road that has been little studied is the semi-conducting silicides material 

systems. The vast majority of silicides are metallic and not semi-conducting, most famous for 

their use as interconnects in silicon-based integrated circuits due to their thermal stability, low 

resistivity, and resistance to oxidation. Only around a dozen of them are semi-conducting. 

Many of these semi-conducting silicides have direct/quasi-direct band gaps. Table 1.1 shows all 

twelve semi-conducting silicides while grouping them based on similarities and iso-structural 

features of their crystal structure, space group, and lattice parameters.  

Prior to this work, during phase I of the project, the focus was on group A in Table 1.1 

and most heavily on the iron silicide material systems, its growth by molecular beam epitaxy 

and characterization, due to its reported band-gap of around 0.8 eV and prior reports of light 

121 



emission which makes it a promising candidate for opto-electronic applications see sections 1.1 

and chapter 2 for more details and references.  

The work presented in this dissertation is focused mainly on group C semi-conductor 

material systems of Table 1.1, which have been sparsely studied, namely, ruthenium silicide 

(Ru2Si3) and osmium silicide (Os2Si3) material systems. Also, important structural 

characterization of iron silicide is part of the scope of this work. It is worthwhile mentioning 

that the entirety of the work presented in this dissertation has been supported by the Office of 

naval Research (ONR) (Contract No. N00014-03-1-0820). 

Chapter 1 pours heavily on the physics of this work, background, and motivation behind 

this study. Chapter 2 focuses on the foundation and theory of the electronic band structure, 

and presents the details of the band structure and band gaps of the silicides of choice. The 

theoretical foundation, physical premises, and methods of the growth and characterization 

techniques employed in this work are in chapter 3. Chapter 4 discusses the molecular beam 

epitaxial growth of iron silicon germanide and characterization by x-ray absorption 

spectroscopy, namely, x-ray absorption fine structure (XAFS). Chapter 5 dwells on the molecular 

beam epitaxial growth of diruthenium trisilicide by the MBE template method and its 

characterization using a variety of structural characterization techniques. Chapter 6 discusses in 

depth the attempted growth of osmium silicide by the MBE template method for the first time, 

to the best of our knowledge, and by the regular MBE growth method as well. This is together 

with an in-depth study of the structure and the pros and cons of both growth methods via 

various characterization methods. 
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7.2 Summary of Analysis 

A brief summary of the conclusions can be briefly put together in the bulleted format 

below: 

• The x-ray absorption fine structure spectroscopy study of the Fe(Si1-xGex)2, (0 ≤ x  

≤ 0.15) thin films grown by MBE show that the samples are not metallic and are 

in the β- Fe(Si1-xGex)2 semiconducting phase, according to their nearest neighbor 

distances (dnn) values, and their very close agreement with the dnn’s of the beta 

semi-conducting phase. A slight yet noticeable increase in the absorption edge 

energy (E0) values and a slight decrease in the nearest neighbor distances, with 

increased Ge deposits, were observed. 

• Reflection High Energy Electron Diffraction (RHEED) intensity line profile analysis 

of MBE grown Ru2Si3 films shows that the lattice constant for Ru2Si3 film is twice 

that of Si. This result is consistent with known lattice constants for Si (5.43095 A), 

and orthorhombic Ru2Si3 (11.0 A0). Also, RHEED patterns of the as-grown Ru2Si3 

films indicate three-dimensional growth while the RHEED pattern of the 

annealed films show regaining of two-dimensional nature of film growth. 

• In situ scanning tunneling microscopy (STM) of MBE grown diruthenium 

trisilicide films has been performed on the as-grown and annealed films.  The 

STM images of the as-grown diruthenium trisilicide films show textured grains of 

around 0.5 μm in size.  While, the STM images of the annealed films show a 

significantly smoother surface with smaller grains. 
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• Ex situ cross sectional scanning electron microscopy (X-SEM) measurements of 

as-grown and annealed diruthenium trisilicide films confirms the significant 

obvious difference between the hillock-like surface and structure of the as-

grown film and the comparatively smoother surface of the annealed one. 

Quantitatively, this is illustrated by the thicknesses of the as-grown which range 

from 25 nm to 125 nm while the annealed thickness is about 40 nm. 

• Ex situ atomic force microscopy (AFM) measurements indicate that the layers of 

the MBE grown diruthenium trisilicide clearly exhibit a granular structure. The 

as-grown film reveal a much more hillock-like structure and bigger grain sizes 

than the annealed one, with a RMS surface roughness of almost 23 nm. Whereas 

the annealed film clearly reveal a comparatively much smoother surface with a 

RMS surface roughness of less than 9 nm, and much smaller grain sizes. 

• Ex situ x-ray photoelectron spectroscopy (XPS) measurements of the ruthenium 

silicide films show the ratio of ruthenium to silicon in the pre-sputtered as-grown 

and annealed films is a bit far from the desired stoichiometric ratio of 2:3 

respectively. This, together with the oxygen presence and silicon dioxide binding 

energy peak, clearly indicate that very surface of the films have been oxidized, 

which is normal due to the exposure to atmospheric air. The good news is that 

the ratio of ruthenium to silicon in the post Argon (Ar)-sputtered as-grown and 

annealed films is in close agreement with the desired stoichiometric ratio of 

Ru2Si3. It is adequate to stress the fact that the Ar-sputtering is only around 30 A0 
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deep, which confirms that the oxygen presence and oxidation in the pre-

sputtered films is only on the very surface due to exposure to air. 

• Micro Raman spectroscopy of Ru2Si3 reveals the active Raman shifts in the first 

500 cm-1 presenting the signature oscillations and peaks of the diruthenium 

trisilicide. The active Raman shifts are at around 190, 220, 235, 370, and 485 cm-

1. It is worth noting that there is a clear distinction between the oscillation and 

their peaks between the diruthenium trisilicide films and the pure Si reference. 

Also, there is no difference that can be clearly seen between the peaks of the as-

grown vs. the annealed films. 

• RHEED of the osmium silicide grown films by the MBE template method show 

RHEED patterns before and after anneal that are to a greater extent identical to 

that of Ru2Si3 which is not surprising due to the fact that the MBE grown Ru2Si3 

films are orthorhombic in structure and belong to the Pbcn space group, also 

Os2Si3 is orthorhombic and belong to the same space group. One can also see 

that the RHEED pattern of the as-grown and the annealed osmium silicide grown 

by both MBE methods is very different from the typical Si 2x1-reconstruction. It 

is evident that the as-grown films of both MBE methods exhibit three-

dimensional growth behavior while the annealed ones seem to regain two-

dimensional growth structure, given the streaked RHEED pattern in case of the 

annealed films vs. the dotty pattern in case of the as-grown. 

• In situ scanning tunneling microscopy (STM) of the MBE grown osmium silicide 

films gives evidence that the as-grown and annealed films grown by the 
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template method have much more uniformity and crystalline pattern for the 

textured grains in the as-grown and the annealed, and better crystalline quality 

in general than the ones grown by regular MBE growth. In situ STM shows a clear 

hillock-like surface and structure with textured grains in the as-grown films by 

the template method. This hillock-like structure is sizably bigger, more ordered 

and uniform than in the as-grown films by the regular method. There is an 

obvious reduction in the size and height of the hillocks together with smaller 

grain sizes in the annealed films grown by the template method. Whereas the 

annealed films grown by the regular MBE method appear to have a much 

smoother surface and structure in comparison with the as-grown ones by the 

same method. However, uniformity and crystalline quality are still much more of 

a signature of the as-grown and annealed films grown by the MBE template 

method in comparison with the regular MBE method. 

• Ex situ cross sectional scanning electron microscopy (SEM) of the osmium silicide 

films reveals a significant obvious difference between the hillocks of the as-

grown film and the smooth surface of the annealed one, grown by both 

methods. Also, there is a clear interaction between the formed silicide by both 

MBE methods and the silicon below for the annealed films. Quantitatively, this is 

illustrated by the thicknesses of the as-grown films which range from 9 nm to 67 

nm while the annealed thickness is about 46 nm. 

• Ex situ AFM images of the MBE grown osmium silicide show less RMS surface 

roughness for the films grown by the regular MBE method than by the template 
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method. The template method annealed films yield a RMS surface roughness of 

11.4 nm, while the regular method annealed films yield a 4.6 nm RMS surface 

roughness. The hillock-like surface and structure of the template method as-

grown films still show more order and uniformity yet with bigger grains size and 

height than the regular method as-grown ones. However, it is clear that there is 

more order and uniformity, and a much smoother surface in the annealed films 

of the regular method. 

• Ex situ XPS of the pre-sputtered osmium silicide films confirms that the very 

surface of the films have been oxidized due to exposure to air. The Si/Os fluxes 

were maintained at around 4 to obtain single phase Os2Si3 films according to 

results of prior work during phase I of this project, and XPS also reveals that the 

MBE template method and the regular MBE growth method yield percentages of 

osmium and silicon in the as-grown films that are very close to their flux ratios 

during growth, according to XPS results for both of the pre-sputtered, pre-

sputtered (excluding oxygen) and post-sputtered films. I stress again that this is 

only seen in the as-grown films. However, in the annealed films, one can clearly 

see that both MBE methods yield a significant increase in the silicon percentages 

over the osmium ones, which means that the annealed films are very much 

silicon-rich. This may be attributed to the interaction of the silicide as-grown film 

with the silicon underneath as illustrated by the cross-sectional scanning 

electron microscopy (X-SEM) images of the annealed films. 
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• Micro Raman Spectroscopy of the MBE grown osmium silicide films shows that 

the regular MBE growth method clearly yields the signature peaks for the as-

grown and the annealed films. These peaks are only clearly present in the 

annealed films grown by the template MBE method. This means that annealing 

the osmium silicide as-grown films by the template method enhances the overall 

film quality of the osmium silicide phase grown. It is worthwhile mentioning that 

these signature peaks are in the Raman shifts that are 500 cm-1 or less. The sharp 

signature peaks that define the phase grown are at 126, 140, 162, 184 and 196 

cm-1. 

 

7.3 Summary of Conclusions 

Fe-Si-Ge System: 

(a) MBE growth of β- Fe(Si1-xGex)2 y yields the semiconducting phase; not the metallic 

phase. 

(b) The films do not contain agglomerated Fe. 

(c) According to theoretical predictions, in Chapter 4, incorporating Ge into the lattice 

of β-FeSi2, results in an increase of the lattice constant which leads to a reduction in 

its band gap with increasing Ge content 

(d) Absorption edges (E0) of β- Fe(Si1-xGex)2 increases with increasing Ge content. 

(e) While, nearest neighbor distances (dnn )decreases with increasing Ge content. 

 

Ru-Si System: 
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(a) Annealing the Ru2Si3 thin films enhances the surface topology and roughness 

significantly and regains films 2-D growth. 

(b) In terms of phase, crystalline quality, both as-grown and annealed films are similar. 

(c) Ru2Si3 phase and stoichiometry are established by the MBE growth flux ratio and 

confirmed by RHEED pattern reconstruction and intensity profile, XPS and Raman 

active shifts. 

 

Os-Si System: 

(a) In terms of surface topology, morphology and roughness, certainly the MBE regular 

method yields better results for the annealed films only, yet as-grown films are 

broken into islands. 

(b) In terms of periodicity, uniformity and crystalline quality and overall quality, the 

template yields better results for the as-grown and the annealed films. 

(c) Os2Si3 phase and stoichiometry are established by the MBE growth flux ratio 

according to previous MBE reports and confirmed by the RHEED pattern 

reconstruction & the Raman Spectroscopy signature peaks. 

 

7.4 Significance of Results and Future Implications 

(a) Successful molecular beam epitaxial growth of orthorhombic Ru2Si3 phase and 

stoichiometry; the stable semi-conducting silicide in the Ru-Si system. 

(b) Successful molecular beam epitaxial growth of orthorhombic Os2Si3 phase & 

stoichiometry. 
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(c) MBE has unique features: non-equilibrium technique, precise atomic control and full 

manipulation of growth conditions with extremely slow growth rates under UHV 

conditions. 

(d) Ru2Si3 and Os2Si3 are very promising semi-conductors due to their direct band gaps 

for opto-electronic and multi-functional applications and the best of all; they are Si-

based which means they can be easily integrated into Si technology. 

(e) While the overall quality of the grown films has room for improvement, being able 

to grow them by MBE together with their promising features opens a wide world of 

exciting optimization to their growth quality together with optical, electrical and 

magnetic characterization. 

(f) Ru2Si3 and Os2Si3 have a remarkable lattice match (0.6% max). Thus, this 

combination is extremely promising for at least reasonable heterostructures and 

super lattices and MBE can certainly do that. 

(g) It is striking that Ru2Ge3 and Os2Ge3 are same crystal structure as their silicides 

counterparts not only suggesting that silicon/germanium heterostructure 

combinations would be achievable, but that within any system we could almost 

certainly alloy across the composition range; MBE can certainly do that too. 

(h) But for MBE to do that, we had to grow these silicide phases & stoichiometries by 

MBE, determine the quality of the as-grown films vs. annealed, attempt the 

template technique and find out if it yields better quality films than the regular 

method. 

(i) So, we can build on that for future optimization and growth of these 
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heterostructures, ternaries, and superlattices. 
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