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ABSTRACT 

Jiang, Zhengping. M.S.E.C.E., Purdue University, May 2011.  Quantum Transport in 

RTD and Atomistic Modeling of Nanostructures.  Major Professor:  Gerhard  Klimeck. 

 

 

As devices are scaled down to nanometer scale, new materials and device structures are 

introduced to extend Moore’s law beyond Si devices. In this length scale, carrier 

transport moves from classical transport to quantum transport; material granularity has 

more and more impacts on performance. Computer Aided Design (CAD) becomes 

necessary for both industry and education purposes. This thesis covers studies on several 

aspects of nanostructure modeling.  

First part focuses on physical models and numerical issues in modeling nano-scale 

devices. Resonance Tunneling Diode (RTD) is simulated and used to illustrate 

phenomena in carrier transport. Semi-classical and quantum models are implemented. 

Validation of both models is discussed. Non-Equilibrium Green’s Function (NEGF) 

formulism is employed in quantum transport simulation. An algorithm used to generate 

inhomogeneous energy grid is introduced in details along with numerical issues 

frequently encountered in device simulation. Single band effective mass model is used to 

simplify mathematics. One simulator RTDNEGF and part of transport functionalities in 

NEMO5 are developed as outreach of this research. 

In nanostructures, device length becomes comparable to material granularity; it is not 

proper to consider materials as continuous in many simulations. Second part of this thesis 

introduces atomistic method and several applications. Valley degeneracy in Si (110) QW 

is investigated. Inconsistency of experimental observations is resolved by introducing 

miscut in surface. Impacts of strain and electric field on electronic bandstructure are 

studied. Material properties of SiGe are calculated by methods based on atomistic 
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calculation; results are verified by benchmark with experimental data. Research of barrier 

disorder effects on valley splitting in Si (100) QW is then conducted. Widely accepted 

continuous model Virtual Crystal Approximation (VCA) is proved to be invalid in this 

topic. Behaviors of valley splitting in different well widths under electric field are 

predicted by atomistic simulation. Finally, several artificial SiGe barriers with ordered 

atom arrangement are composed to reveal the effects of disorder. Nearest neighbor 

empirical tight-binding method is used in electronic calculation and VFF Keating model 

is used in strain relaxation. Calculations are performed with NEMO3D. 



 

 

1 

1. INTRODUCTION 

1.1     Device scaling and challenges 

For the past few decades, device scaling has been the driven force for 

semiconductor industry. By reducing dimension of single device, more logic components 

could be included in a single chip and hence more functionality could be realized. One of 

the most important reasons for the huge success of integrated circuit (IC) should be 

applying this scaling law to silicon based Metal Oxide Semiconductor Field Effect 

Transistor (MOSFET). Since 1970s when Moore’s low was published, gate length has 

been reduced to 30nm in current commercial CPUs.  

However, when device characteristic length was reduced beyond 100nm, 

performance would not be improved by simply reducing size. For example, as device 

scale approaches quantum limit, tunneling current through barrier would become 

significant; quantum interference of electrons in channel and contact could not be 

neglected; as number of transistors per area increases in a chip, power density would also 

increases. New technologies must be implemented to improve performance.  

If technology stays on current silicon based architectures, among many proposed 

methods, strain is known to modify bandstructure and was introduce to increase electron 

mobility; new material with high dielectric constant was used to replace silicon dioxide, 

actually the success of Intel 32nm process technology should be attributed to the second 

generation high-k metal gate technology; improved device geometries like double gate 

MOSFET, tri-gate and gate-all-around Silicon nanowire transistor (SNWT) are also 

investigated intensively to enhance gate control over channel electrons. Some novel 

devices utilizing quantum effects in this length scale are also proposed. Double Barrier 

Resonance Tunneling Diode (DBRTD) will be discussed in later chapters and used to 

demonstrate quantum transport. Spin based quantum bit (qubit) shows promise to future 
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quantum computing (QC). Thus accurate control of valley splitting is required to preserve 

quantum information. 

1.2     Device scaling and TCAD 

New phenomena in device scaling have brought challenges to both industry and 

education. Due to reduction of device size, requirements for device processing have been 

higher and higher as well as cost for device development, while the design time for 

devices must be reduced to control total cost. Also some devices that have been proposed 

still could not be produced by current technology. For device engineers in industry, there 

is a need for Technology Computer Aided Design (TCAD) which has the great features 

of low cost, adjustable device geometry and possibility to design devices beyond current 

processing ability with carefully chosen parameters. On the other hand, for educational 

purposes, since device operation in quantum limit is not straightforward like classical 

phenomena, specially designed tools which could be easily used and with nicely 

visualized results would be very helpful.  

nanoHUB (HTTP://NANOHUB.ORG) provides over 160 online simulation tools 

through web browser. It makes use of a sophisticated middleware which enables you to 

actually get access to computational resources in national supercomputers. nanoHUB 

now serves over 100,100 users annually from both industry and campus. This shows the 

impact of simulation tools to both research and education. In chapter 2 and 3, some of our 

results will be demonstrated by simulation tool “RTD with Non-equilibrium Green’s 

Function (RTDNEGF)[1]” in nanoHUB and more accurate results could be achieved by 

research oriented simulation tool NEMO5. 

When develop or use simulation tools, attention must be paid in several points. 

Firstly, correct models must be identified before running any simulations. In most of the 

time, exact solutions for actual problems are not possible. Some of the effects are not yet 

understood or take too much computational resources to include. However depending on 

to what extend you need the results to be accurate, some effects could be neglected. 

Typically theories and simulators usually include such approximations which may not be 

clear if not referring to more specific documents. Secondly, simulation time must be 

http://nanohub.org/


 

 

3 

reasonable according to specific problems. Most of the tools in early development stage 

begin with prototypes written in MATLAB, which focus on underlining physics. 

However, execution time for code written in MATLAB would be too long, for example, 

calculations requiring nested loops and C program is necessary. Also when solving 

scientific problems, parallel computing is required to make the computational time 

tractable[2]. Fig. 1.1 shows the scaling performance of OMEN 3D which is written by 

C++ and utilizing MPI in its parallelization scheme. Thirdly, developers need to choose 

proper numerical methods and track errors in numerical calculations. For example, 

solving problems in quantum mechanics commonly utilize finite difference method 

which spans a continuous problem in a discrete basis. A numerical integration is often 

required during calculation. Choosing a proper mesh grid to discrete the problem and do 

integral would be crucial to achieve convergence and correct results. 

 

Fig. 1.1 Scaling benchmark results of OMEN 3D. 500 Lanczos iterations are 

measured on elongated silicon structures. The number of atoms range from 1,000 to 64 

million.[2] ( Lee, S., et al., Million Atom Electronic Structure and Device Calculations on 

Peta-Scale Computers. IWCE-13: 2009) 

©2009 IEEE 
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1.3     Atomistic simulation 

When semiconductor devices are scaled down to tens of nanometers, the 

granularity of simulation domain would be within atomistic scale. Underlying material 

cannot be considered continuous. The number of atoms in the device active region would 

be countable and their local arrangement would be important. For example, surface 

miscut in Si quantum well (QW) which refers to the mono-atomic steps in Si QW. This 

rough surface geometry commonly exists in Si wafers due to growth techniques or is 

introduced intentionally to ensure homogenous well thickness. Also in semiconductor 

alloys like SiGe, due to the inhomogeneous distribution of atom species, strain profile 

and scattering potential would be quite inhomogeneous and vary in atomistic scale. In 

such cases, an atomistic modeling approach needs to be used to capture such discreteness 

and quantum mechanical effects.  

Material bandstructure calculations are usually performed with plan wave basis 

assuming periodic structure, while real structures could not be considered as periodic, but 

finite in size and bandstructure could be affected by geometry confinement and potential 

variation in atomistic scale. For example, in most semiconductor alloy like SiGe and 

AlGaAs, translational symmetry was broken by locally varying atom arrangement. In 

such cases, applying periodic boundary condition to small unit cell with fixed atom 

species and positions would be improper. Traditionally Virtual Crystal Approximation 

(VCA) is used to describe such material systems, but it could not cover the local 

variations correctly and could miss important physics. Atomistic methods such as 

empirical tight-binding method which use local orbital basis are more proper and intuitive 

when dealing with such problems.  

1.4     Outline of the thesis 

In chapter 2, several important transport models are reviewed. This chapter serves 

as a brief introduction to theories used in device simulation. Methodologies discussed in 

this chapter would be used in following chapters. Details for related theories should refer 

to references [3-5]. Chapter 2 begins with definitions of important characteristic lengths. 

Compared with these characteristic lengths devices could be categorized as operating in 
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classical transport, semi-classical transport and quantum transport etc. Special features 

and transport models for each transport region are introduced, namely Boltzmann 

Transport Equation (BTE), semi-classical BTE, Landauer-Buttiker Formalism and Non-

Equilibrium Green’s Function (NEGF). Finally, general simulation flow is discussed and 

importance of self consistent potential is addressed.  

Chapter 3 firstly gives out background knowledge of RTD. Then the transport 

model and formulism of NEGF used in RTD simulation are explained, simulation flow 

and related approximations are introduced. A technique used for the program migrating 

from original MATLAB code to C is discussed which speeds up the program greatly and 

makes is a real simulation tool serving hundreds of people. Algorithms used to generate 

inhomogeneous grid for RTD transport simulation are presented. Importance of 

resonance energies is reiterated. This grid is used throughout transport simulation and 

ensures correct results in numerical integral for current and charge. It also automatically 

adjusts number of points according to underling physics in different conditions. A further 

development is performed utilizing NEMO5 as simulation engine. Quantitative 

agreement between NEMO5 and NEMO1D[6] is achieved.  

Chapter 4 presents results for electronic structure calculation of (110) Si quantum 

wells. Bulk Si has six equivalent conduction band minima, so the degeneracy factor for 

bulk Si is six. When Si layers are grown on substrate and capped with materials having 

higher conduction band edge like SiGe or SiO2, it forms a quantum well. (110) QW has 

its surface normal along [110] direction. Due to band offset between Si and barrier 

materials, electrons are only free to move in two-dimensional space and confined in the 

third direction. Since confinement breaks translational symmetry in one direction, six 

valleys are reduced to four valleys. Also degeneracy factors for each valley would be 

different from bulk Si. Valley degeneracy factors could be measured in experiments. 

However for ground states in (110) Si QWs, different degeneracy factors are reported by 

different groups [7, 8]. This work applies atomistic simulation and tight-binding method 

to explore reasons for this inconsistency. It is found that degeneracy factor of two could 

be explained by two symmetry breaking mechanisms in flat QWs. Degeneracy factor of 

four could be explained by effects of surface miscut. Later, VFF Keating model is applied 
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to calculate strain relaxation in Si QWs and effects of strain and electric field on valley 

splitting (VS) are discussed. 

In chapter 5, atomistic method is introduced and applied to SiGe alloy structures. 

When SiGe is used as barrier material in a Si (100) QW, effects of SiGe alloy disorder on 

valley splitting in Si side of SiGe/Si/SiGe heterostructure are investigated. This chapter 

begins with discussions about bond length distribution in SiGe, which is an important 

reason for the local strain variant of SiGe/Si interface. Bond length and bandstructure of 

SiGe in atomistic simulations are benchmarked with experimental results. Then VCA and 

atomistic method are implemented to simulate valley splitting in SiGe/Si/SiGe QW. In 

atomistic simulation, strain calculation is performed for a big enough structure to relax 

strain energy in order to reproduce strain distribution in a real structure. Continuous 

method and atomistic method show significant differences in valley splitting; VCA is 

proved to be not sufficient in valley splitting calculation. At last, in order to understand 

the effects of disorder, several artificial unit cells are built. Each unit cell is extended in 

space to recover periodicity and form ordered QWs. Valley splitting with ordered barriers 

is calculated and compared with real disordered QWs. 

Chapter 6 summarizes all the works in this thesis. 
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2. THEORIES OF CARRIER TRANSPORT 

2.1     Introduction 

Behaviors of electrons and holes are tracked in carrier transport simulations to 

achieve quantities like current and conductance. As mentioned in chapter 1, a complete 

description of all the carriers in devices is impossible. If exact solution is required, within 

the theories of general relativity and quantum electrodynamics, even two and one body 

problem are insoluble[9]. However, depending on different device scales problems could 

be greatly simplified by applying proper approximations and hence reasonable results 

could be achieved. 

One basic concept of quantum mechanics is the particle-wave duality. For devices 

involving only electron transport, electrons which are considered as particles in classical 

mechanics could show wave like behaviors when device scale approaching the wave 

length of electron. The wave length (denoted as λ) is defined as 

  
 

 
 

  

 
 

(2.1) 

In this equation, h is Planck’s constant, p is momentum and k is wave number. For 

Si MOSFEF, commonly only states near bottom of conduction band are occupied. If 

assuming parabolic dispersion and homogenous material, electrons with energy E and 

momentum p have relation: 

     
  

   
 

(2.2) 

Putting numbers in this formula, for electrons with energies below Fermi energy, 

wave length could be around tens of nanometers. If potential variations in device are 

relatively smooth in this length scale, electrons could be considered as particles and their 
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motions are readily be described by Newton’s dynamics, whereas if potential varies 

sharply, electrons will show wave nature and quantum description is necessary. 

Electrons propagating in device own certain momentum. This momentum could be 

lost due to scattering. Scattering could come from collisions between electron and 

impurity, electron and lattice, electron and electron etc. Scatterings which do not change 

the energy of electron are elastic scattering. Scatterings which change the energy of 

electron are called inelastic scattering. Resistance is due to loss of momentum, so we are 

interested in how far electrons could move along the channel before they lose all the 

initial momentum moving forward. This distance is defined as mean free path or 

momentum relaxation length. Note that not all the scatterings are effective, since 

scattering may change the momentum by little amount and electron momentum still has 

component pointing forward. So the mean free path here is actually mean free path for 

back-scattering. Devices with length scale smaller than mean free path are defined as 

ballistic devices. Ballistic devices do not have channel resistance. 

One more characteristic length is phase relaxation length. This is the distance 

during which electron keeps original phase. During scattering processes, electrons may or 

may not cause some external changes. If scattering causes changes to environment, the 

original phase of electron will be destroyed. Some examples include: impurity is 

considered as rigid body and if the internal degree of freedom is neglected, impurity 

scattering will not disturb electron phase. It is like a ping pong ball collides on a wall, 

nothing else is changed except for the state of electron, whereas electron-electron 

interaction and electron-phonon interaction will randomize the phase of electrons. 

Transport happens within phase relaxation length is called coherent transport. Transport 

incorporating phase breaking scattering is called non-coherent transport. 

2.2     Semi-classical Transport  

For particles whose motion could be described by Newton’s law, the position and 

momentum of each particle could be tracked at any time. So a distribution function f(x, v, 

t) could be written down which tells us the number of particles with velocity v at position 
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x at time t. According to Newton dynamics, particle motion could be determined if 

following relations are known: 

  

  
      

(2.3) 

 
  

  
      

(2.4) 

For steady state condition, if we take difference of f(x, v, t) and incorporate 

Newton dynamics equations: 

  

  
 

  

  
 

  

  

  

  
 

  

  

  

  
 

  

  
 

  

  
  

  

  

 

 
   

(2.5) 

This is the form of 1D Boltzmann transport equation (BTE). This is best used to 

describe particles movement in classical transport.  

For electrons in a crystal, they are moving in a periodic potential. The state of 

electrons in a crystal could be expended by free electron eigenstates. If velocity in BTE is 

replaced by group velocity of the wave packet Eq.2.6, this approach is called semi-

classical transport theory. 

  
 

 

  

  
 

(2.6) 

Physically this means that motion of center of wave packet is considered as motion 

of electron. If dispersion for particles could be approximated as parabolic, resulting 

equations are with the same form of classical BTE with particle mass replaced by 

effective mass. For non-parabolic dispersion material like graphene, the form of BTE 

would be different. This approximation is valid only when potential variation is relatively 

smooth in scale of particle wave length, since sharply varying potential within wave 

length will causes quantum interference. The semi-classical assumption of exact 

determination of momentum and position is direct inconsistency with uncertainty rule in 

quantum mechanics. 

2.3     Quantum Transport 

For particles move according to quantum mechanics, Schrödinger equation needs to 

be solved. Depending on what kind of scattering potentials are included, particle transport 
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problems are classified as coherent or non-coherent transport. One of the methods used to 

treat transport problems in quantum limit is Non-Equilibrium Green’s Function (NEGF).  

When simulating electron transport, BTE is usually used in Monte Carlo method. 

NEGF is related to matrix representation of Schrödinger equation. If we write down a 

more general form of Schrödinger equation for state ket [10]: 

  
 

  
                     

(2.7) 

When state ket is expended on position space, we get the real space wave equation 

  
 

  
    

  

  
        

(2.8) 

If apply finite difference method to the differential operator [3]. By writing: 

                    
  (2.9) 

A difference equation is obtained. 

  
 

  
                                        

 

 
(2.10) 

This equation could be converted to a matrix representation of Schrödinger 

equation. But in general the state ket equation could be expended on any set of basis. For 

example, a local atom orbital basis would work. If the basis functions are carefully 

orthogonalized, a matrix version of Schrödinger equation is obtained. For a time 

independent Hamiltonian: 

            (2.11) 

The eigenvalues for Hamiltonian operator could be obtained by solving for 

eigenvalues of the matrix.  

The operator        is a linear differential operator and its Green’s function 

could be: 

           (2.12) 

This quantity when incorporated with concept of self-energy will be used in later 

chapters and could be developed to treat transport in non-equilibrium conditions. 
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2.4     Self-consistent potential 

So far, our discussion is constrained to one electron Schrödinger equation, since if 

the interaction potentials between electrons are included, Schrödinger equation would not 

be solvable. Electron-electron interaction is included by assuming that one electron 

moving in crystal feels a potential due to all the other electrons. So the potential U in 

Schrödinger equation Eq.2.8 is composed of one potential due to nucleus and another 

potential      due to all the other electrons. If only the Coulomb interactions are 

included,      is solution for Poisson equation Eq.2.14.  

  
 

  
    

  

  
                      

(2.13) 

              
   

  
 

(2.14) 

Since this potential also depends on the number of electrons in active domain, 

Poisson equation needs to be solved self-consistently with Schrödinger equation Eq.2.13, 

until a converged potential is achieved (Fig. 2.1). This is also described as Hartree 

approximation in RTD simulation. 

In semi-classical model, electron density could be calculated in Fermi-Dirac 

approximation. In equilibrium, carrier distribution will follow Fermi-Dirac distribution. 

Eq. 2.15 is used to replace Eq. 2.13.  

          
 

       
            

  
 

 

  

 
(2.15) 

N(E) is density of states. In parabolic bands and 3D transport, it has an analytic 

expression. 

    
   

   
 
   

 
(2.16) 
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Fig. 2.1 Self-consistent flow for electron density calculation. 
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3. QUANTUM TRANSPORT IN RTD 

3.1     Introduction 

When different materials are put together forming a heterostructure, due to the 

incontinuity of conduction band edge, the conduction band profile would show barriers 

and wells. Resonance Tunneling Diode (RTD) makes use of this property. RTD is usually 

composed of two materials. In III-V material system, they could be GaAs with lower 

band minimum and AlGaAs with higher band minimum. Fig. 3.1 (a) shows the double 

barrier structure in a typical RTD with realistic doping profile [11]. If biases are applied 

to the structure, an I-V curve with negative resistance character could be obtained Fig. 

3.1(b).  

 

Fig. 3.1 Simulated RTD dimension, band profile and IV curve (a) band profile for 

RTD with realistic doping at no bias. (b) Current-voltage curve for device shown in (a) 

under Thomas Fermi model. Simulation done by RTDNEGF. 
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The double barrier structure is within a few tens of nanometers and it makes use of 

quantum tunneling effects, so quantum mechanical description is definitely necessary 

here.High doping density is needed for high current density; however impurity scattering 

near central region could destroy the quantum performance, so doping is constrained to 

contact region with space isolation from central part. As shown in Fig. 3.2, contacts are 

highly doped with doping density 1e18cm
-3

 and central part with low doping density 

1e15cm
-3

. There are usually 20nm to 100nm undoped spacers between central double 

barrier structure and contact. Electrons could diffuse into spacers, whereas spacers help to 

avoid impurity scattering. Fig. 3.2 and Fig. 3.3 show semi-classical charge and quantum 

charge on bias 0V and 0.3V. Semi-classical charge is obtained by replacing Schrödinger 

Equation in Fig. 2.1with Eq.3.1. 

               (3.1) 

In this equation,        is the potential profile shown in Fig. 3.1 and Fig. 3.4; µ 

is Fermi energy which is defined linearly drop across the device. However, central part of 

RTD is out of equilibrium, so a definite Fermi energy does not exist. Also, 3D Fermi 

function is only good approximation for smooth potential profile. Near barrier, this semi-

classical charge will deviate greatly from quantum charges. 

 

Fig. 3.2 Doping profile and charge density at zero bias. Electrostatic potential is 

obtained by Thomas Fermi model. (a) Charge density by quantum mechanical model. (b) 

Charge density calculated by semi-classical model, which assumes Fermi level linearly 

drops. 
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Fig. 3.3 Doping profile and charge density at 0.3V. Electrostatic potential is 

obtained by Thomas Fermi model. (a) Charge density by quantum mechanical model. (b) 

Charge density calculated by semi-classical model. Fermi level linear drops as in Fig. 3.4 

 

Fig. 3.4 Band profile at 0.3V and Fermi level in semi-classical model. Center 

region is assumed to be charge free when calculating electrostatic potential. Fermi level 

linear drop is used only when calculating Fig. 3.3. 
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In order to understand how current flows in this structure, recall the problem of 

“particle in a box”. When electrons are confined in a quantum well with infinite barriers, 

electron states in the well will become discrete levels. Depending on width of the well, 

forward and backward electron waves will form standing waves. Energies and 

wavefunctions for a quantum well with width L: 

           
  

 
              

(3.2) 

 

   
     

    
              

(3.3) 

In a RTD, the central double barrier structure resembles what happens in a closed 

box, but since the barriers are with finite width and height, electron waves could 

penetrate into the barriers and expand outside. This effectively broadens the well width. 

So energy levels in a RTD will be lower than a closed box with the same width. 

In Fig. 3.5 local density of states are plotted for 0.3V which corresponds to biases 

near valley current. Red lines in plots show the positions of resonance energies in well. It 

is clear that only at these energies; there are significant states available in well region. 

When quasi-bound states in spacer triangular well line up with the states in well, there is 

a current peak and when central energy levels move to lower than conduction band, there 

are little states for emitter electrons to occupy, so current goes to valley. 
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Fig. 3.5 LDOS and resonance energies at 0.3V. Left figure shows band profile. Red 

lines indicate positions of resonance energies. High density in right figure appears in 

energies corresponding to resonances in left figure. 

RTD in this work will operate in coherent transport. RTDNEGF uses single band 

effective mass Hamiltonian and simulates coherent current. It will be enough to illustrate 

the critical physics. 

Most of the math will be introduced in next section and following sections will 

focus on software implementation issues. 

3.2     NEGF transport formulism 

3.2.1     Effective mass equation 

Since transport happens in one direction, within effective mass formulism, the 

device could be represented by a one dimensional chain of nodes with spatially varying 

effective mass at material interface and periodic boundary condition to other two 

directions Fig. 3.6.  
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Fig. 3.6 Device is represented by a chain of nodes. Different shapes represent 

spatially varying effective masses. Squares represent interface and averaged effective 

mass. 

By applying finite difference method to effective mass equation: 

    
  

   
                

(3.4) 

A difference equation just like Eq. 2.10 is obtained with        replaced by 

              .    
  

       represents coupling between nearest neighbor 

nodes, V is electrostatic potential and electron mass is replaced by effective mass. It 

depends on the grid length and should be determined with care. This will leads to a 

Hamiltonian of tridiagonal form. 

     

        
        

  
  

  
  

  
        

  

(3.5) 

When this approach is generalized to 3D representation or tight-binding method, 

each of the elements in matrix will become a matrix depending on basis. The whole 

matrix will be in block tridiagonal form. 

In heterostructure, the effective mass also varies with position. This adds 

complexity to effective mass approximation. When discretizing the Schrödinger equation, 

we need to consider the incontinuity of effective mass. If the coupling terms between site 

(j) and (j-1), (j+1) only contain information of local effective mass, the Hamiltonian will 

be non-Hermitian and does not conserve particles, see Fig. 3.7. 
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Here, we define the onsite and coupling terms of effective mass Hamiltonian to 

include the effects of varying effective mass. 

   
  

  
 

 

    
    

  
 

  
      

      
(3.6) 

   
  

  

 

    
    

  
(3.7) 

 

    

 
 
 
 
          

                

  
  

  
  

   
         

 
 
 
 

(3.8) 

In this Hamiltonian, the Hermitian of operator is preserved, so the abnormal 

discontinuity of electron density is resolved. 

 

Fig. 3.7 Effects of effective mass incontinuity on charge density. Conduction band 

shows a heterostructure between two materials. Electron density calculated by normal 

effective mass method will produce inconsistency in surface. 

3.2.2     Open boundary condition and self-energy 

Due to the assumption that both of the contacts are semi-infinite in size, RTD 

described in effective mass model is composed of an infinite chain of nodes Fig. 3.6, so 
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the Hamiltonian matrix is also infinite in dimension. Considering the fact that physically 

a contact is defined as having infinite number of modes and strong scattering which 

makes it in equilibrium at all time, it is justifiable to divide the whole structure into three 

parts Fig. 3.8. Central part includes double barrier structure, which is out of equilibrium 

during RTD operation. This part is treated using NEGF. Each contact is treated as a big 

electron reservoir. It is maintained in equilibrium with clearly defined Fermi level.  

This partition of device makes computational burden greatly reduced, since 

scattering is confined to small region in the center. For contacts, electron states are 

computed quantum mechanically, so the bound states in emitter triangular well could be 

captured, whereas the occupation of states in contacts is according to definite Fermi 

energy. 

 

Fig. 3.8 Partition of device into reservoirs and central device. 

The coupling between contacts and central region is included through a self-energy. 

Just like partition of device, Hamiltonian could also be divided to contact Hamiltonian 

(Hc) and device Hamiltonian (H). They are connected by coupling matrix V. If we only 

took one contact and the channel, the Hamiltonian has the form in Eq.3.9. 

     
   
   

  (3.9) 

The Green’s function for the operator        could be: 

flat 

band 

flat 

band 
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(3.10) 

Green’s function for central device [G] could be calculated by straightforward 

matrix algebra. 

                         
  

     (3.11) 

The term                is the extra term added in to the device 

Hamiltonian due to one contact and defined as self-energy. Similar term could be derived 

for another contact. Noting firstly that the self-energy term is energy dependent. Secondly, 

this is an exact result from matrix algebra, so no approximation is made here. The effects 

from contact are added into central device Hamiltonian exactly through self-energy. 

The infinitesimal term in Eq.3.10 and Eq.3.11 are included intentionally to ensure 

convergence. It will broaden the density levels in contact. However in an ideal contact 

where there is infinite number of mode, the exact value of this term would not matter. Its 

physical meaning and significance are discussed in details in [3, 12]. 

Due to inhomogeneous doping, the potential profile near barriers is not flat. A 

triangular well will make the injection of carriers quite different from flat band condition. 

Under assumption of coherent transport, the triangular well will hardly be filled with 

states. When the quasi-bound states act as emitter, the density in emitter will be under-

estimated. 

In order to resolve this problem, a relaxation region will be defined next to central 

region, which includes areas where potential varies greatly. Outside this region, the 

potential profile is assumed to be flat (Fig. 3.8) and self-energy is calculated by Dyson’s 

equation. Inside relaxation region, an optical potential will be added to diagonal term of 

Hamiltonian. This optical potential represents the scattering in contacts, which couples 

the contacts continuous states with triangular well states. Left-connected surface Green’s 

function could be calculated for this region according to recursive Green’s function 

method. Self-energy for central device will include the effects of quasi-bound states in 

relaxation region. 
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Through self-energy term, effects of contacts are included in the central device 

Hamiltonian. Dimension of Hamiltonian is reduced from infinite to be the same as 

dimension of central device grid.  

3.2.3     Current and charge in NEGF 

Since this work is within coherent transport, current could be evaluated through a 

transmission function      . 

  
 

 
      

 

  

                  
(3.12) 

It is described by Green’s function as Eq.3.13. 

               
   (3.13) 

          
   (3.14) 

 

 

Fig. 3.9 (b) shows transmission at 0.3V. One transmission peak lines up with one 

resonance energy in (a). 

(a) (b) 
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Fig. 3.10 This figure shows cumulative current density and transmission function 

normalized to unity. Up to 90% current is carried by a sharp transmission peak. This is 

calculated at 0.2V, which is first current peak in IV curve. 

 

Fig. 3.11 This figure shows cumulative current density and transmission function 

normalized to unity at 0.3V. Most current is carried by higher energy. This is the second 

turn-on of IV curve. 
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Fig. 3.9 shows transmission function for RTD in bias 0.3V. It is shown each peak 

of transmission function correspond to a resonance energy, which is the zero for device 

Hamiltonian. 

Fig. 3.10 shows transmission function and current density at 0.2V. Current is near 

valley at this bias. It is shown that although transmission function at high energy is close 

to unity, current is mainly carried by thin transmission peak at low energy, which drops 

in the Fermi energy window. Fig. 3.11 shows the same figure at 0.3V. This is the second 

turn-on of RTD IV curve. It is shown at this bias, current is mainly carried by high 

energy levels. Carriers are not tunneling through barriers but pass over the barriers. 

The total density of states for the device is represented by diagonal term of spectral 

function    . Since non-reflection contact is assumed, it is assumed that part of the states 

is filled by left contact and other states are filled by right contact. States filed by contact 

    is expressed as Eq.3.15. 

       
  (3.15) 

The current density for terminal     could be: 

                          
   (3.16) 

Since             and      could also be expressed by spectral function, 

current Eq.3.16 and density of states Eq.3.15 are all related to the quantity    , which is 

the Green’s function for central device. 

3.3     Speed up simulation by mixed language programming 

3.3.1     Recursive Green’s function 

From 3.2.3     it is clear that Green’s function     needs to be evaluated, if current 

and charge are required. Calculation of all the elements of Green’s function requires full 

inversion of Hamiltonian. However, compute a full inversion of matrix with dimension 

500 by 500 to 10,000 by 10,000 would requires huge memory and takes too much time 

[13]. There is an alternative way to do this.  

If only current is required, by Eq.3.16 current is conserved throughout the device 

and there are only two terminals in device. It is only necessary to compute one terminal 
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current. From Eq.3.8, Eq.3.11 and Eq.3.14,      is a matrix with only one diagonal term 

non-zero. The product of      with another matrix has only one off-diagonal non-zero. So, 

when taking trace only one term of the Green’s function is needed. 

If charge density is also required, for contact, since they are in equilibrium, electron 

density could be obtained by product of spectral function in contact and Fermi function. 

This requires all the diagonal terms for contact Green’s function. For central device, 

electron states are filled by two contacts separately. The spectral function for each contact 

is Eq.3.15. By simple matrix algebra, diagonal terms of spectral function could be 

calculated if two columns of off-diagonal terms are known, see Fig. 3.12. 

 

Fig. 3.12 Required terms to be calculated in RGF. Left chart is for current and right 

chart for charge. 

Recursive Green’s Function (RGF) algorithm could be used to get these special 

terms. Details of algorithm refer to [13, 14]. By using RGF, it is only necessary to 

calculate some of the elements for Green’s function depending on your requirement, see 

Fig. 3.12. 

As indicated by arrows in Fig. 3.12(a), for current calculation, RGF begins with 

first diagonal term, which contains the self-energy from semi-infinite contact. By matrix 

algebra, the inversion of block matrix is obtained by Eq.3.17. 
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(3.17) 

For the inversion matrix,              . This is used in RGF recursively and 

inversion of each diagonal block is calculated.  

 

Fig. 3.13 Typical number of RGR executions in RTDNEGF. Each square 

represents a loop. 

3.3.2     MEX-function 

For each bias in RTD, RGF needs to be calculated for each energy point. In order 

to achieve convergence, outside energy integration, it is common to have several Poisson 

iterations. Depending on your configuration, the whole process needs to be run for 

several biases to get a whole I-V curve. When this algorithm is implemented in 

RTDNEGF, which is originally coded in MATLAB, it means there would be multi-level 

for-loops, see Fig. 3.13. 

MATLAB is extremely slow when running for-loops. The reason lies in how 

MATLAB program is executed. MATLAB is a kind of interpreted language. This means 

that programs are executed through an interpreter program, which interpret MATLAB 

program to machine code, while languages like C are compiled once and then saved as 
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machine code, so C programs are executed directly by host CPU. Although it is not 

necessarily interpreted language is slower than compiled language, MATLAB is not 

optimized for this functionality. If there are multi-level loops in MATLAB, for each of 

iterations, every line of the loop needs to be interpreted and this makes the execution time 

boosted up. 

One should try to wisely design their code and get rid of for-loops, but for cases 

like RGF, each element depends on values from previous step, for-loop seems to be the 

most straightforward way. In this condition, MATLAB provides an interface function 

called “MEX-function” to C and FORTRAN, which does the work of passing data 

between MATLAB and other languages. 

MEX-function is quite convenient in two conditions: 

1. MATLAB runs slow due to reasons like multi-level for-loops and 

programmers are familiar with C/FORTRAN. 

2. A piece of code is written in C/FORTRAN and it could be incorporated in 

a MATLAB program without been rewritten. 

In RTDNEGF, the RGF part is rewritten in C and linked to MATLAB main 

function through MEX-function. For any implementation, adding a C function could be 

done in six steps: 

1. Write down C program. 

2. Include header file “mex.h” and include the gateway function in C code. 

3. Inside gateway function, first get pointers to input argument from 

MATLAB and save them to C data structures.  

4. Inside gateway function, call C function with input arguments. 

5. Inside gateway function, pass output data back to MATLAB memory 

manager. 

6. Save the MEX file to the same name as C function and compile it. 

After these steps, you can use the C function just like MATLAB user defined 

function inside MATLAB program. 

The prototype and argument for the gateway function are provided in Table 3.1. 

Details about MEX-file refer to MATLAB help manual. 
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Table 3.1 gateway function for MEX-file 

void mexFunction(int nlhs, mxArray *plhs[ ], int nrhs, const mxArray 

*prhs[ ]);  

nlhs Number of output 

nrhs Number of input 

plhs Array with pointers to output 

variables 

prhs Array with pointers to input 

variables 

By reviewing the statistic data from nanoHUB, the usage of RTDNEGF could be 

obtained (Table 3.2). 

Table 3.2 RTDNEGF usage statistics 

 ~Sep. 2008 ~Oct. 2010 

Total Users 22 685 

Sessions 108 6438 

Total CPU time 1.3 day 7.04 day 

Aver CPU time 17.33 min 1.57 min 

RTDNEGF has the MEX-file installed in Oct. 2008. Since then, average time for each 

session is improved greatly, from 17 min to 1.56 min also simulation number run by each 

user increases. 

3.4     Resonance finding algorithm 

3.4.1     Broadening of states 

In 3.1     a comparison between RTD and closed box is made. Discrete levels in 

RTD differ from closed box in that wavefunctions could leak outside barriers. Recall 

Eq.3.16, current is related to density of states. Assuming there is only one state in the 

channel and infinite number of states in contact. Before they coupled with each other, the 
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states are like Fig. 3.14(a). Wavefunctions for contact and channel are confined in 

separate region. The local density of states (LDOS) for channel is: 

               
               

 

 (3.18) 

 

Fig. 3.14 Broadening of channel level due to coupling to contact. 

Wavefunction squared shows the probability of state    in position  . In Eq.3.18, 

all the energies except for   have no wavefunction in channel. When channel is coupled 

to contact, the LDOS is like: 

               
        

 

 (3.19) 

   sums over all energy levels in contact and channel. They all contribute some 

states to LDOS in position   in channel just like in Fig. 3.14(b). LDOS is broadened due 

to coupling with contact and all these states could carry current. 

If write down Green’s function for the one level device, its Hamiltonian only 

contains one element and Green’s function will be: 

  
 

     
 

(3.20) 

Due to open boundary condition in 3.2.2    , self-energy   is complex number and if 

define          and        , according to spectral function definition in 3.2.3    : 

 

  
              

 

              
 

(3.21) 

Density of states is broadened to Lorentzian like shape and the imaginary part of 

self-energy is related to width for the Lorentzian. The exact shape would be changed due 
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to energy dependence of self-energy, but the broadening would be close. The center of 

Lorentzian is just the real part for eigenvalues of            , which in this case is a 

complex number. 

3.4.2     Locate resonances by Newton’s method 

In 3.4.1     it is shown that in order to get correct current, it is necessary to integrate 

current density over energy. From the transmission formulism in 3.2.3    , current density 

is the convolution of transmission function and thermal broadening function. It requires 

that the energy grid should be fine enough so that features of transmission and thermal 

broadening function could be refined. Due to weak coupling of central part with contacts, 

transmission line shape in RTD could be very thin. In Fig. 3.15, transmissions for two 

structures at same bias are plotted. RTD with thicker barriers shows significant narrower 

transmission peaks. If a homogeneous grid is used, a lot more points would be added to 

get correct results. 

 

Fig. 3.15 Transmission for RTD with different barrier thicknesses under same bias. 

Gamma shows the broadening of the lower peak in figure. 

From previous section it is known transmission is related to spectral function, 

which has a form of Lorentzian with center and width determined by resonance energies 

or zeros of            . If this information is known, it is possible to wisely put 

(a

) 

(b

) 
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points in the grid. Since resonance energies contain important information about 

transmission line shape, it is crucial to calculate them in order to map a proper grid. 

Complexity comes due to the fact that self-energy is energy dependent, so zeros of 

            could not be solved by putting arbitrary energy to           and 

solve for eigenvalues. A non-linear equation could be defined as: 

                      (3.22) 

Non-linear equation could be solved by Newton’s method. However, Newton’s 

method is not efficient unless initial guess is good enough. Depending on the choice of 

initial guess and correction steps, the method may not converge. 

Suppose the desired energy is   , an initial guess      close to this value is 

preferred. If      is continuous and resonance energies      exist in our interested 

energy range, they should be close to the eigenvalues of            . So we divide 

the whole energy range            into segments with energy separation   . Then 

calculate eigenvalues for           with           ,             . The 

results contain energies close to real resonances. According to our experiences, this 

separation could be as large as 0.1eV. 

This method requires calculating eigenvalues of a general block tridiagonal matrix. 

If all the eigenvalues are calculated per energy, the computational burden would be too 

big. However since all the resulting values would be used in Newton iterations as initial 

guess to evaluate real roots of     , only approximate values are needed. Also, since 

self-energy is energy dependent,         is only valid near   . We only need eigenvalues 

near    to be accurate. A shift and inverted non-symmetric Lanczos algorithm (SINL) is 

used to achieve this purpose. If original matrix has eigenvalues     , its eigenvalue 

spectrum is shifted by      and inverted. Written in eigenvalue basis, a new matrix with 

form Eq.3.23 is obtained. If power method is applied to this new matrix, eigenvalues near 

     could be found with high precision, since      has been moved to extreme point of 

eigenvalue spectrum. Details about SINL should refer to [15, 16].  
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(3.23) 

By using SINL, a block tridiagonal matrix is reduced to a tridiagonal matrix with 

dimension roughly 50 by 50, which is typically enough. The eigenvalues for this new 

matrix will resemble the origin matrix near    with great accuracy. The whole process is 

summarized in following chart Fig. 3.16. 

 

Fig. 3.16 Workflow for resonance finding algorithm. Left column shows algorithm 

modules and right column shows data structures. 

Since whole structure is put into resonance finding domain, resonance levels in 

spacer triangular well as well as other quasi-bound states in contact may also been found. 

It is necessary to calculate wavefunctions for resonance states during Newton iteration by 
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Power Method and get the positions for peaks of resonance wavefunctions (Fig. 3.17). 

Energies do not have peaks in the central region should be excluded. For example, 

wavefunction in green line peaks in triangular well and is loosed confined with 

wavefunction tails even in contact region. 

 

Fig. 3.17 Resonance energies in 0.5V and corresponding wavefunctions. 

Wavefunction peaks show confinement conditions of energies. 

3.4.3     Grid mapping 

Final step is making use of the resonance energies to get an inhomogeneous grid 

for transport calculation. At least three features needs to be refined: peaks of transmission 

function (T(E)), Fermi function (F(E)) in contacts and conduction band DOS (D(E)). T(E) 

depends on resonance energies just obtained and has shape of Lorentzian. Other two 

functions both have analytical expressions. Method is shown in simple form in Fig. 3.18. 

Here we assume two resonance energies with                and        

      .  

Integral of each function over energy is a monotonic increasing function. Their 

weighted sum would be a new monotonic function Eq.3.21. In Fig. 3.18, the two 

Lorentzian functions will form a monotonic function with two steps. Since we assign 

same weight to these two resonances, these two steps are both with same height. 
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                              (3.24) 

 

Fig. 3.18 Projection from a homogeneous grid to an inhomogeneous grid by a 

monotonic function. Two resonance peaks are included and given equal weights, so the 

function has height of two. 

 

Fig. 3.19 Output Log of RTDNEGF. Number of points will change with number of 

resonances. 50 points for Fermi function and each resonance is assigned with 100 points. 
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Functions vary severely would show deeper slope in monotonic function and in 

turn have more points projected to energy axis. This ensures a sharp peak get more points. 

Total number of points could be dynamically adjusted according to number of resonances 

Fig. 3.19. 

When implementing this method to RTDNEGF and NEMO5, formulas for 

monotonic function are more complicated. Real part of Green’s function, derivative of 

Fermi function, one linear function and even phonon scattering induced peaks could be 

added according to exact implementation and the weights for each part and number of 

total points are treated as options for users. 

At last step, we need to get energies nodes according to a homogeneous grid by 

Eq.3.19. 

             
                

   
 

(3.25) 

Since it is impossible to get an analytical expression for   , an numerical 

interpolation is required. As a matter of fact, a proper initial grid used for evaluation of 

monotonic grid    is also important.  

For simple condition, assuming only one step in    with energy        

       . We use two grids to evaluate   . One is homogeneous and the other is 

inhomogeneous. They have same point number. Results are plotted in Fig. 3.20. If we 

generate energy grid by interpolation from these two monotonic functions, two 

inhomogeneous grids will be obtained. Both have higher density of grid nodes near 0.1eV, 

which is the assumed resonance. The grid densities are plotted in Fig. 3.21. If these two 

grids are used to calculate Lorentzian function, which could be transmission function in a 

real simulation, results are plotted in Fig. 3.22. It is shown that the grid generated by a 

homogeneous initial grid although has more points near peak; the peak is still not 

resolved enough. 

One method to resolve this problem is: firstly, get inhomogeneous grid from each 

component of Im. In Fig. 3.23, one transmission peak and one Fermi function is plotted. 

Although     
   could not be solved. These two components both have analytical 
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expressions. We map energy grids separately from each one. Then, these grids are put 

together            and the final grid is used to get Im according to Eq.3.21. 

 

Fig. 3.20 Monotonic function Im evaluated by two grids. (a) is from an evenly 

spaced grid and (b) by inhomogeneous grid. This monotonic function only contains one 

Lorentzian component with E=0.1-0.0005i, so it has only one step.  

 

Fig. 3.21 Grid density for grids generated by Im in Fig. 3.20.  

(a) (b) 

(a) (b) 
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Fig. 3.22 Lorentzian function with E=0.1-0.0005i evaluated by grids generated 

from Im in Fig. 3.21. Grid in left figure cannot resolve the peak, although it has higher 

grid density near the peak. 

 

Fig. 3.23 Evaluate Im by components. Figure shows transmission component and 

Fermi function component.  
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If we compare results from RTDNGEF and NEMO5 in Fig. 3.24, in RTDNEGF the 

monotonic function is not optimized. Both grids contain 500 points, but it is shown that 

results from NEMO5 have smoother grid spacing variation, also resonance energies are 

better refined. 

 

Fig. 3.24 Grid Density generated by RTDNEGF (right) and NEMO5 (left). Both 

grids contain 500 points. Grid from NEMO5 has smoother variation in spacing, also 

better refined peaks. 

3.5     RTD simulation by NEMO5 benchmarked with NEMO-1D 

Original RTDNEGF simulation engine in nanoHUB was written in MATLAB, which 

is lack of efficiency and accuracy. It is adequate to reveal basic physics but not enough 

for research purpose. Quantitative agreement with NEMO-1D, which is a tested and 

published simulation tool, could be achieved by NEMO5.  

As we have mentioned in previous sections, the self-consistent potential could be 

calculated by two methods. One is Thomas-Fermi approximation and the other is Hartree 

approximation. Both methods could coincide with NEMO-1D. 
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3.5.1     Thomas-Fermi approximation 

Thomas-Fermi approximation takes the assumption that charge is calculated by semi-

classical density in equilibrium regions and zero free charge in central non-equilibrium 

region. Electrostatic potential is calculated self-consistently by semi-classical charge and 

Poisson equation.  

Fig. 3.25 shows flow chart for Thomas-Fermi model. We take the same structure 

and material parameters for these two simulators and compare resulting IV curves. Fig. 

3.26 shows the comparison between NEMO5 and NEMO1D. 

 

 

Fig. 3.25 Simulation flow for Thomas-Fermi model. 
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Fig. 3.26 Benchmark between NEMO5 and NEMO1D (Thomas-Fermi). 

3.5.2     Hartree approximation 

In Hartree approximation, we calculate quantum charge density for relaxation 

regions and central region. In relaxation region, carrier distribution is assumed to be in 

equilibrium condition with constant Fermi level. However density of states is calculated 

by non-equilibrium Green’s function. We only take the diagonal of non-equilibrium 

Green’s function as density of states. In central region everything is calculated according 

to common NEGF. For flat band region, we use semi-classical charge, since in these 

regions, semi-classical charge will not deviate greatly from quantum charge and by doing 

this computational burden will be reduced. 

Fig. 3.27 shows the simulation flow for Hartree model. Fig. 3.28 shows the 

benchmark between NEMO5 and NEMO1D. We again put the same structure and 

material parameters to these two simulators. 

Different boundary condition is used for Poisson equation in Hartree model from 

Thomas Fermi model. In Hartree model, the electrostatic potential in two boundaries is 

x
1
e3
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assumed to be in equilibrium value. In which condition, charge density equals to doping 

density. Fermi level and electrostatic potential are fixed to equilibrium values. 

3.6     Summary 

In this chapter, effective mass approximation is used to simulate RTD in coherent 

transport. Different effective masses in heterostructure are taken into consideration 

during discretization of effective mass equation. NEGF is used in transport calculation. 

Multi-solver multi-level simulation is achieved. 

Two simulation tools are developed to fulfill this task. Educational tool RTDNEGF 

is developed with MATLAB and accelerated by MEX mixed programming. NEMO5 is 

developed for research purpose and the results could match NEMO1D. 

Two simulation model are implemented, Thomas Fermi and Hartree. An algorithm 

for inhomogeneous grid generation is introduced, which is important for accurate 

calculation of density and current. 

Table 3.3 Parameters for RTD simulation 

 GaAs AlxGa1-xAs(x=0.3) 

effective mass 0.067 0.0919 

dielectric constant 13.18 12.0105 

Ec 1.424 1.7019 

lattice constant 0.2833 0.2833 
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Fig. 3.27 Simulation flow for Hartree model. 

 

Fig. 3.28 Benchmark between NEMO5 and NEMO1D (Hartree). 

 

x
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4. VALLEY DEGENERACY IN SI (110) QUANTUM WELL 

4.1     Introduction 

(Copyright 2010 IEEE. Reprinted, with permission, from Jiang, Z.B., Kharche, N., 

Klimeck, G., “Valley degeneracy in (110) Si quantum wells: strain and misorientation 

effects.” 14
th

 International Workshop on Computational Electronics 2010.)  

Si-based devices are being pursued for quantum computing and spintronics due to 

their scaling potential and integrability within the present industrial nanoelectronic 

infrastructure. Relative energies and degeneracies of valley states are critical for device 

operation in these novel computing architectures and conventional MOSFET devices at 

nanometer scale. Bulk Si has six equivalent conduction band minima. In (110) Si 

quantum wells (QWs), this degeneracy is reduced to 4 fold in the effective mass 

approximation (EMA) [17]. However, experimental results show ground state degeneracy 

factors of both 2 and 4 [7, 8, 18]. 

Similar inconsistencies between experimentally measured and theoretically 

predicted valley degeneracies are observed in (100) and (111) Si QWs [19, 20] as well. 

Earlier work has shown that these inconsistencies are attributed to the presence of surface 

miscuts and interface disorder, which can be explicitly modeled in an atomistic method. 

This work employs the tight-binding method to investigate the valley degeneracy of 

(110) Si QWs. Two mechanisms, (i) different confinement effective mass and (ii) valley-

valley interaction are identified as the main degeneracy breaking mechanisms. A surface 

miscut is found to explain the experimentally observed valley degeneracy factors of 2 and 

4. The effects of electric field and strain, which are commonly used to engineer the valley 

splitting in modern devices, are also reported. 
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4.2     Approach 

A rectangular unit cell of a flat (011) Si QW is shown in Fig. 4.1.The in-plane 

dimensions of this unit cell are        along [100] and           along [01-1] 

directions, where     is lattice constant of Si [21]. The extent along the growth direction, 

[011], is determined by the QW thickness. The rectangular unit cell geometry simplifies 

the underlying mathematics and implementation of the periodic boundary conditions in 

the bandstructure calculation. As explained later, the surface miscut shown in Fig. 4.2 can 

influence the valley degeneracy and valley splitting. The surface miscut can be easily 

implemented by applying the shifted boundary condition to an extended rectangular 

supercell.  

Here, a commonly present (011) surface miscut towards the [111] direction is 

studied [22-24]. In this configuration surface steps run perpendicular to the [100] 

direction. As shown in Fig. 4.2, the reduced symmetry along [100] direction results in a 

larger unit cell extent in that direction. The unit cell shown in Fig. 4.2 has a miscut angle 

of      . The surface normal of this QW is along [-288] direction. For an arbitrary 

miscut   , the surface normal Z’ could be [-2nn]. The miscut degree    and n are related 

as                 . 

 

Fig. 4.1 Atomistic schematics of unit cell for (011) QWs. Left figure shows the 

coordinate system in this work. Confinement is applied in Z [011] direction. 
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Fig. 4.2 Boundary conditions for flat QWs and miscut QWs. For flat QW, 

simulation domain is only one unit cell. Periodic boundary condition is applied to X-Y 

plane. 

The valence-force-field (VFF) method with a Keating potential is used to compute 

the relaxed atom positions [25, 26]. Once the atom positions are determined via VFF, the 

atoms are frozen in place followed by the electronic structure calculation. Strain is 

included in the tight-binding Hamiltonian following the prescription of [27].  

Typical barrier materials like SiGe or SiO2 will introduce biaxial strain      . This 

work does not include barriers directly. The effect of lattice mismatch is applied by 

enforcing different lattice constants in xy-plane according to               and 

             , where ax0 and ay0 are unstrained lattice constants. Then during strain 

relaxation, atom positions in the whole structure and the lattice constant along z-direction 

are allowed vary to minimize strain energy. 

The bandstructure is calculated using the semi-empirical nearest neighbor sp3d5s* 

tight-binding method. The dangling bonds on the QW surface are passivated. The tight-

binding parameters are taken from [28, 29].  

Both strain relaxation and electronic structure calculations are performed using the 

general purpose electronic structure simulator, NEMO-3D [25, 26, 30]. 

4.3     Results and discussion 

The valley degeneracy in a 5nm thick flat (011) Si QW is first analyzed. In a flat 

(011) QW the 2 bulk valleys along [100] are projected along the same direction while 
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remaining 4 bulk valleys are projected along [01-1] direction. The tight-binding 

bandstructures along [100] and [01-1] are shown in Fig. 4.3. The 4 valleys along [01-1] 

have lower energy compared to the 2 valleys along [100] direction. In the effective mass 

picture this splitting (42 Fig. 4.3(c)) results from different confinement effective masses. 

The 2 valleys along [100] have lower confinement effective mass compared to the 4 

valleys along [01-1], which causes 42 splitting.  

 

Fig. 4.3 Bandstrcture of flat Si (110) QWs. (a) Bandstructure along symmetric 

direction [01-1]. Inset shows the lowest two bands and presents VS due to valley-valley 

interaction, which results in two pairs of valleys slightly shifted in energy. (b) 

Bandstructure along symmetric direction [100]. (c) Rescaling (a) and (b) to zoom in 

valley regions. Two figures are plotted with same energy scale to show VS due to 

different confinement effective masses. 

The valleys along [01-1] also show a splitting (Fig. 4.3(c)), which is much smaller 

than 42 splitting. The valley-valley interaction causes this splitting. Similar valley-

valley interaction is found in [001] Si QWs [20, 31]. Such interaction cannot be modeled 
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in a simple effective mass theory without relying on approximate perturbation theories 

and ad-hoc structure dependent parameters. The 4-fold degeneracy of (011) QW is 

reduced to 2-fold due to valley-valley interaction, which explains the reported 2-fold 

degeneracy for the ground state[7, 8, 18]. 

Monoatomic steps (miscut) similar to those shown in Fig. 4.2(b) are often present 

at Si/SiO2 and Si/SiGe interfaces. In Si/SiGe heterostructures miscuts are introduced 

intentionally to ensure uniform layer thickness. Experimentally observed 4-fold 

degeneracy occurs when the quantum well is formed at a miscut interface or grown on a 

miscut substrate. 

To depict the geometry concept a quantum well with a 5°degree miscut towards 

[111] direction is shown in Fig. 4.2(b). The extended unit cell concept of Fig. 4.2(b) is 

used to model the miscut for various different angles and the bandstructures are 

compared with the flat quantum well.  

Fig. 4.4 shows 2D contour plots of lowest conduction bands of a flat and a 5° 

miscut (110) Si QW. Since the unit cell of a miscut QW is longer in the x-direction 

compared to unit cell of a flat QW, its Brilloin zone is shorter in the kx-direction. Valley-

valley interaction in the miscut QW is suppressed because the 4 degenerate valleys are 

now projected at different places in the k-space. As shown in Fig. 4.4(b) the 4 band 

minima are now located in four quadrants and the 4-fold degeneracy is recovered in 

miscut (110) QWs [18, 32]. The positions of band minima can be determined analytically 

by the valley projection model [32]. 

Electric fields as well as strain are known to modulate the valley splitting [20, 31]. 

Realistic structures are subject to electric fields due to gate voltages or modulation 

doping and strain due to lattice mismatch at the interfaces in heterostructures such as 

Si/SiGe.  
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Fig. 4.4 2D contour plots of lowest conduction band. (a) Flat (110) Si quantum well. 

(b) 5° miscut (110) Si quantum well. Brillouin zone is roughly one eighth of bulk Si in kx 

direction due to supercell calculation. 

The valley splitting in a flat (110) Si QW as a function of the electric field and 

strain is shown in Fig. 4.5. The electric field is directed along the QW growth direction to 

mimic the potential well formed due to the applied gate bias in MOSFETs or the 

modulation doping in Si/SiGe heterostructures. To avoid the effect of truncation of the 

electronic domain on eigenvalues a QW thickness of 25 nm is included in the simulation 

domain. Due to external electrostatic potential, electrons are all pushed to gate side of 

QW and confined in a triangular well. In this structure, lateral confinement due to the 

barrier on the substrate side is quite weak and valley splitting is not sensitive to well 

width [31]. The QW thickness of 25 nm is sufficiently large so that the wave functions 

die out before reaching the barrier on substrate side for all electrical field strengths 

considered here. Both Δ4 and Δ42 valley splittings increase monotonically with the 

electric field. The Δ4 valley splitting increases [33] because the strength of valley-valley 

interaction increases while Δ24 valley splitting increases because of stronger electrostatic 

confinement at high electric fields. Here, the barrier layers such as SiO2 and SiGe are not 

included in the electronic structure calculation. The presence of barrier typically enhances 

the valley splitting (Δ4) due to the valley-valley interaction [20] and decreases valley 
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splitting (Δ42) due to the electrostatic confinement. The qualitative behavior shown in 

Fig. 4.5is however not affected by the barrier. 

 Strain is usually introduced by growing a QW on lattice-mismatched substrates. 

For example, up to 4% biaxial strain can be introduced in a Si QW grown on SiGe 

substrate, which has larger lattice constant than Si. Biaxial strain is found to enhance both 

types of valley splittings s shown in Fig. 4.5. 

 

Fig. 4.5 Effects of strain and electric field on valley splitting in 25 nm Si (110) 

QWs. (a) Δ4 type valley splitting of QWs with biaxial tensile strain in the presence of 

electric field. 3% strain corresponds to a Ge composition of 81%. (b) Behaviors of Δ24 

type valley splitting with same strain and electric fields in (a). 

4.4     Conclusion 

In flat quantum wells, two degeneracy breaking mechanisms are identified: 

different confinement effective mass and valley-valley interaction. While the effective 

mass theory predicts a valley degeneracy factor 4 in flat well, valley-valley interaction 

lifts this degeneracy to 2-fold. Strain and electric field enhance both types of valley 

splitting. Wafer miscuts towards (111) give rise to different valley degeneracy factors 

from flat wells and actually results in 4-fold valley degeneracy, which explains the 

experimentally observed inconsistency 
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5. ALLOY DISORDER IN SIGE/SI/SIGE QUANTUM WELL 

5.1     Introduction 

Silicon has been the most important material in semiconductor industry. Another 

important element germanium also belongs to group IV the same as silicon and it could 

replace silicon atom on any site in a pure silicon crystal which makes an alloy material. 

Two types of atoms are connected by covalent bonds in alloy. SiGe has its important 

applications for two reasons. Firstly, it could be easily integrated in current silicon 

processing techniques. Secondly, by changing composition of germanium, mechanical 

and electronic properties could be adjusted in a broad range, which gives people freedom 

to optimize performance according to different requirements. 

Unlike perfect silicon crystal, due to random substitution of germanium atoms, 

translational symmetry is broken in SiGe alloy; a typical unit cell could not be defined. 

This will result in difficulties when calculating bandstructure and effective mass etc. 

Symmetry breaking mechanisms are usually defined as disorder. There are two kinds of 

disorder in SiGe, one is atom disorder which comes from random replacement of silicon 

atoms, and the other is position disorder which is due to incompatible bond length of Si 

and Ge atoms.  

A traditional way to bypass alloy disorder is Virtual Crystal Approximation (VCA). 

It defines alloy properties as single value functions of alloy composition. For Si1-xGex, 

values vary from x=0 for pure silicon to x=1 for pure germanium. Under VCA 

assumption, SiGe crystal is composed of homogeneous atoms and bandstructure could be 

calculated. However, VCA will fail when local atom type variations are important or 

material properties are very different among alloy compositions. Also some material 

properties could not be represented by simply linear interpolation [34, 35]. In these 

conditions, some ad hoc parameters must be introduced.  
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An alternative way is to include alloy disorder by using atomistic simulation based 

methods like tight-binding method. In empirical tight-binding method, different atoms are 

represented by their unique set of bond parameters regardless of what structures they are 

located in. Those parameters are obtained by fitting to experimental data to preserve 

certain important material properties. Disorders are included to Hamiltonian 

automatically. Instead of unit cell you choose a supercell. When the supercell is big 

enough, statistically effects of different disorder would be averaged and meaningful bulk 

bandstructure could be obtained through band-unfolding technique [29]. Electron states 

are expected to resemble bulk conditions[36]. 

In this chapter, firstly we verify atomistic calculation by calculating some 

properties of SiGe; bandgap and bond length results match experimental data. Then VCA 

and atomistic method are applied to simulate valley splitting. Effects of disorder on 

valley splitting are studied and discussed. 

 

Fig. 5.1 Atom species in VCA and random model. In VCA, all the atoms are with 

the same parameters. It is a homogeneous virtual material. In atomistic model, Si atoms 

are randomly replaced by Ge. Each atom is described by their own parameters. 

5.2     Verification of atomistic simulation 

5.2.1     Band edge by band unfolding 

When Si QW is grown on relaxed SiGe substrate, Si is under biaxial tensile strain. 

In this condition, Si conduction band edge is lower and there will be a band offset 

between conduction band edges. Electrons are confined in Si QW side. Amount of band 

offset could be adjusted by changing germanium concentration. Matching SiGe band 
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edge to experimental data is important validation of atomistic method before simulating 

valley splitting in Si QWs.  

Si and Ge are both indirect bandgap materials. Silicon has band minima along X 

<100> direction and germanium has band minima along L <111> direction. When 

germanium composition is low, band minima for SiGe alloy will begin with silicon-like 

X valley minima. With higher germanium composition, X valley minima would increase 

and L valley minima would decrease. At germanium composition around 0.85, L valley 

minima become lower and alloy becomes germanium-like. This feature is shown in Fig. 

5.2. Data from several experimental groups are also shown. 

Results of band edge are obtained from band unfolding. This calculation is 

performed with supercell shown in Fig. 5.3. Supercell for calculating valley minima in X 

valley has longer dimension in <100> direction to ensure statistically enough alloy 

disorder configurations. For same reason, supercell for L valley minima calculation has 

longer dimension in <111>. Atom number in simulation domain is around 5,000 to 

20,000. For a smaller cell the relative error will be bigger. Calculation is performed at 

supercell K = (0, 0, 0). Eigen values could be obtained with eigenvectors. In Fig. 5.4, 

each blue circle represents an energy eigenvalue value.  They would contribute 

differently to unit cell dispersion. Fig. 5.4 shows the projection probabilities for unit cell 

k = (0, 0, 0). Three energies in valence band show projection probabilities roughly unity. 

Two of them are closely spaced, which indicates a degeneracy state. This is consistent 

with conditions at top of valence band where heavy hole and light hole band will be 

degenerate. 
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Fig. 5.2 Blue and brown lines show edges from band unfolding. At Ge fraction 0.85, 

conduction band minimum goes from X-valley to L valley. 

 

Fig. 5.3 Supercell used in bulk SiGe calculation. Bigger cross section shows better 

bulk property. <100> direction has longer dimension in order to cover bulk disorder 

variation. 
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Fig. 5.4 Projection probabilities for each energy point. This is at unit cell k = (0, 0, 

0) point for Si0.3Ge0.7. Red line shows places where an effective band is identified. Higher 

band has two points closely spaced, which indicates degeneracy. 

5.2.2     Atomistic strain calculation 

Bulk Ge has longer bond length than bulk Si. When Si atoms are replaced by Ge, 

bond distortion will happen in crystal, and this is the source for disorder in atom positions. 

In VCA, all the bond lengths are assumed to be the same value, determined by Ge 

composition. For Si1-xGex: 

                      (5.1) 

However according to experimental data, bond length for Si-Si and Ge-Ge bonds 

will resemble their bulk value. VCA could not reproduce the local strain variations.  

In atomistic simulation, atoms positions are first allowed to displace from original 

positions. Elastic energies due to bond-stretching and bond-bending between nearest-

neighbor atoms are summed up over all atoms. Strain energy is determined by Valence 

Force Field (VFF) method with Keating potential [25]. Final positions are determined to 

achieve minimum total strain energy.  
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In this work, a SiGe/Si/SiGe heterostructure will be simulated. In that structure, 

SiGe is assumed to be fully relaxed with bulk lattice constant while Si layers are under 

biaxial tensile strain. In order to achieve bulk lattice constant in SiGe layers, simulation 

domain for SiGe needs to be big enough, so that the effects introduced by Si layers could 

be fully relaxed.  Electronic calculation domain is relatively smaller. The structure is 

show in Fig. 5.5. 

 

Fig. 5.5 Simulation domain for Si (100) QW. Areas in blue squares are only 

included in strain calculation. 

 

Fig. 5.6 Distribution of bond length in barrier part. Left figure shows number of 

bonds for Si0.5Ge0.5 barrier. Each point represents a bond. 
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After strain calculation, atom positions are frozen in later calculations. Statistic data 

for bond length in SiGe are collected in Fig. 5.6 for some simulation relevant 

compositions. The average bond length in VCA is also plotted for comparison.  

5.3     Valley splitting in Si (100) QW 

Bulk Si has six equivalent band minima; in (100) QWs, this degeneracy is lifted to 

lower 2 fold and higher 4 fold due to different confinement effective mass. Similar 

degeneracy lifting will happen in bulk when bulk Si is under biaxial strain. Remaining 2 

fold degeneracy happens in   valley and this degeneracy could be further lifted at QW 

interface due to sharp confinement potential. 

In a SiGe/Si/SiGe quantum well, confinement potential comes from band offset 

between SiGe and Si. Magnitude of the potential could be changed by adjusting Ge 

composition. Electric field often exists in QWs due to modulation doping or gate bias. It 

will push electrons to one side of QW and makes a triangular well as shown in Fig. 5.7. 

Valley splitting oscillates with well width in flat QWs, but is not sensitive to well width 

in triangular wells. This is because wavefunction dies out before reaching another barrier 

[33]. Also, electric field pushes wavefunction to interface, making valley splitting more 

sensitive to surface conditions. 

VCA and atomistic method could reproduce roughly the same band edge. However, 

in real devices barrier is not a sharp potential. Due to disorder in SiGe, atoms near 

interface will be affected by spatially varying scattering potential; inhomogeneous strain 

will also modify local density of states and bandstructure. Since valley splitting is 

affected strongly by the surface condition, VCA and atomistic method will produce very 

different results when calculating valley splitting. 
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Fig. 5.7 Wavefunction for ground state. Wavefunction piles up near interface due to 

electric field. 

5.3.1     Valley splitting by VCA 

Valley splitting values for structure shown in Fig. 5.5 are calculated by tight-

binding based VCA (TB-VCA). Only electronic calculation regions are included here. In 

TB-VCA, tight-binding parameters for SiGe are calculated according to Eq. 5.2. Lattice 

constant for VCA structure is fixed to average value according to same rule as Eq.5.2. 

                      (5.2) 

For the interface atom layers between Si atoms and virtual SiGe atoms, bonding 

parameters could take any value from pure Si to pure Ge. If one atom layer in Si side and 

one atom layer in SiGe side are defined to be interface, a new parameter could be 

introduced to control coupling parameter values. It is possible to study the effects of 

interface parameters by adjusting this control parameter. 

                         (5.3) 

Fig. 5.8 plots variation of valley splitting with this control parameter. It is shown 

for a fixed composition in barrier valley splitting value could be modified in a huge range 

just because of different coupling parameters between two interfacial atom layers. 

Because VCA does not deal with strain and bond length in a strictly physical way, it is 
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hard to choose the proper value for interface bonding parameters. So VCA is in general 

not valid for valley splitting study due to this uncertainty. 

 

Fig. 5.8 Variation of valley splitting due to interfacial coupling parameters. Valley 

splitting value is extremely sensitive to interface conditions. 

5.3.1     Valley splitting for random alloy barriers 

Fig. 5.5 shows domains for atomistic simulation. As we have mentioned, electric 

field is applied to electronic simulation domain. In previous study, quantum wells with 

hard wall boundary condition has been studied, valley splitting has been proved to change 

with electric field. Oscillation with quantum well width will be suppressed by electric 

field. In this study we want to know when random alloy barrier presents in interface how 

valley splitting will behave under electric field. 

Fig. 5.9 plots variation of valley splitting with electric field and well width. Due to 

disorder, valley splitting value will distribute over a small range for each well width and 

electric field, so Fig. 5.9 is plotting mean value of valley splitting. Fig. 5.10 focuses on 

five well widths and plots the change of VS with electric field. Standard deviation due to 

disorder is shown in this figure. At low electric field (below 10 MV/m) standard 

deviation will be small which means effects of barrier disorder will not be significant. 
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However for high electric field mean values for different well widths are very close and 

standard deviations are overlapping each other. This indicates that effects of barrier 

disorder are dominating instead of well width.  

If we only look at low field condition where well width has greater effects on VS 

for example 2MV/m and plot variation of VS with well widths, it could be seen that VS 

will oscillate with well width for thin quantum wells (Fig. 5.11). For thick quantum wells, 

the change of VS is relatively smooth. It is noticed that physics in flat QWs and 

triangular wells are quite different. In flat QWs, wavefunction will spread over well 

region, which makes the shape of wavefunction sensitive to distance between two 

barriers. Fig. 5.12 shows ground state wavefunction for a 20nm QW. With 2MV/m 

electric field, wavefunction will pile up in a 5nm region next to one barrier and outside 

this region, barely see any wavefunction. This explains dependence of VS on well width 

in Fig. 5.11 [37]. 

 

Fig. 5.9 Variation of valley splitting value with well width and electric field.  
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Fig. 5.10 Variation of valley splitting for different well width under effects of 

electric field. 

 

Fig. 5.11 Variation of valley splitting with different well widths at 2MV/m. 
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Fig. 5.12 Wavefunction of ground state for a 20 nm QW under no field and 2MV/m 

electric field. 

5.3.2     Valley splitting for regular barrier 

Due to configuration disorder atom species and positions are not the same for unit 

cells at interface. Taking advantage of atomistic method, it is possible to investigate 

effect of this randomness. We can get some insight by investigating each unique atom 

arrangement separately and comparing them with fully random condition. 

Examples of two different atomistic configurations are constructed in Fig. 5.13. Ge 

atom compositions for these two unit cells are 25% and 37.5%. One contains only Si-Ge 

bonds and the other contains both Si-Ge and Ge-Ge bonds. If these two unit cells are 

extended in space, SiGe barriers with period over one unit cell could be obtained.  

We number the atoms in a unit cell from zero to seven like in Fig. 5.14(a). For a 25% 

Ge barrier, two out of the eight atoms should be replaced. Three replacement types are 

considered: {2, 6}1, {4, 6} and {5, 6}. {2, 6} replacement produces a barrier with all the 

bonding types within Si and Ge atoms. The other two replacements do not contain Ge-Ge 

bonding type. Barrier in this case is composed of same unit cells and defined as ordered 

barrier. Notice quantum well is confined along [001] direction, these unit cells will 

produce superlattice like structure with Si, Ge and SiGe layers. 



 

 

62 

 

Fig. 5.13 Unit cells with 25% and 37.5% Ge. Diamond crystal could be considered 

as two face centered cube (fcc) shifted by one third of body diagonal. In (a), Ge atoms are 

located in the same fcc cube and there are no Ge-Ge bonds in the whole crystal. In (b), 

Ge atoms are located in different fcc cubes.  

 

Fig. 5.14 Valley splitting for QWs composed by different unit cells. 
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Alternatively, it is possible to randomly choose two atoms in each unit cell and 

replace them with Ge atoms. In this case, average Ge composition is the same for all the 

unit cells but there is no periodicity. Considering fully random case, this is defined as 

partially ordered barrier. 

Valley splitting values for these structures are plotted in Fig. 5.14 for three different 

well widths. It is shown that compared with {4, 6} and {5, 6} disorder will suppress the 

valley splitting by a factor of two. In thin QWs, suppression of VS is more obvious. In 

contrary, partial ordered barrier does not show much difference from random alloy 

barrier. This is different from conditions in quantum dot. In quantum dot partially ordered 

cell will give lower valley splitting [38]. This could be due to stronger confinement in 

QD from all directions. In QWs, the effect of confinement potential only comes from one 

surface.  

 

Fig. 5.15 Wavevectors of valley splitting states decomposed by orbital. Si valley 

states are mainly composed of Pz orbital. 

However, the {2, 6} barrier as an ordered structure will give roughly the same VS 

like fully random condition. From Fig. 5.14 (a), we could see atom 2 and 6 are adjacent 

atoms and they give all the possible bonding types in a SiGe alloy. Since wavefunction 

only penetrate into SiGe barriers for a few atom layers, just looking at the first two layers, 

{2, 6} looks mostly like random SiGe barrier. This may implies that only some of the 
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atom configurations in a random SiGe are responsible for valley orbital coupling which 

determines valley splitting. 

At last, dependence of VS on Ge composition is studied. In Fig. 5.16 (a), VS values 

for 20nm QW with three Ge compositions are plotted versus electric field. High electric 

field samples show stronger dependence on disorder. It is also observed this dependence 

of standard deviation on disorder for low Ge is actually stronger. This is natural in the 

sense that lower Ge composition will create more possible configurations. 

Quantitative evaluation of wavefunction penetration is calculated. In Fig. 5.16 (c), 

wavefunction in barrier region is compared with total wavefunction. It is shown that only 

up to 3% wavefunction penetrate into barriers. Higher electric field will push more 

wavefunction into barrier, whereas higher Ge composition will produce stronger potential 

barrier and prevent wavefunction from penetration. 

Wavefunction magnitude near interface is also calculated. It is argued that VS is 

proportional to WF magnitude at interface by some effective mass calculation. In Fig. 

5.16 (d), it is shown that percentage of wavefunction at interface layers out of whole 

wavefunction does not change much with Ge composition. However, compared with 

wavefunction amount in the barrier, the percentage inserted in the figure shows at high 

Ge samples half of wavefunction will concentrate in interface. This is consistent with the 

trend of increasing VS with Ge composition. 
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Fig. 5.16 VS with Ge composition and wavefunction percentage. 

5.4     Conclusion 

SiGe has been widely used in Si devices, because it is compatible with Si 

processing techniques and its properties could be easily engineered to optimize 

performance. However, in nano-scale devices, granularity of alloy is too small to be 

considered as continuity. Device performances are very sensitive to variations in 

atomistic scale. In this case, atomistic modeling of disordered structure is necessary. 

In this work, atomistic method is used to simulate properties of SiGe. 

Bandstructure calculated with tight-binding and bond length distribution obtained by VFF 

model match well with experimental data. Effects of disorder on valley splitting in 

SiGe/Si/SiGe quantum well are investigated. By comparing results of VCA and atomistic 
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method, it is found continuous method and atomistic method will deviate greatly in valley 

splitting calculation. VCA is not valid for valley splitting problem, because valley 

splitting is quite sensitive to selection of interface parameters and VCA does not have a 

physical treatment of interface between different materials. 

Valley splitting dependency on electric field and well width in presence of disorder 

is calculated. At low electric field, VS will oscillate with well width, whereas at high 

electric field, although average VS value will increase, disorder will dominate and VS 

values will distribute in a wide range. It is not a favorable feature, since it brings 

difficulties to accurate control of VS. This has not been shown in previous calculation. 

Disordered SiGe is then compared with unit cell with ordered and partially ordered 

atom position arrangement. It is found that valley splitting will be suppressed by disorder. 

However, certain atom arrangements seem to show stronger effects on valley splitting. 

In conclusion, atomistic method is validated by matching experimental data like 

bandstructure and bond length. Although continuous method and random alloy model 

could produce same bulk properties like bandstructure, in nano-scale structures, where 

variations in atomistic scale are important, they will give different results. VCA is proved 

to be not accountable. Electric field will suppress oscillation of VS with well width, but 

at high electric field disorder will dominate and make VS hard to control. Disorder is 

shown to suppress valley splitting. However it seems not all the atom configurations are 

on an equal footing. 
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6. SUMMARY 

This thesis works on two topics. First one focuses on problems encountered in 

quantum transport simulation. Transport models valid in different device scales are 

reviewed. Single band effective mass model is used to illustrate carrier transport in RTD. 

An algorithm used to generate inhomogeneous grid for RTD transport simulation is 

introduced in details. Two simulators RTDNEGF[1] and NEMO5 are developed as 

outreaches and used to demonstrated final results. Second topic focuses on atomistic 

modeling of nanostructures. Valley degeneracy of Si (110) QWs and valley splitting in Si 

(100) QWs are investigated with atomistic methods. Effects including quantum 

interference, surface miscut, strain, electric field and alloy disorder are discussed. In both 

works, electric structure is calculated with sp3d5s* tight-binding model and strain 

calculation is performed with VFF Keating model. Simulation is done with NEMO-3D. 

As device length continues shrinking, computer aided design is necessary to help 

developing new structures and implementing new materials. For different length scales, 

different transport models need to be used. In RTD, transport is modeled with NEGF. 

Device simulation is also limited by a lot of numerical and programming issues like 

execution speed and convergence. MEX-function technique is introduced. It is used to 

incorporate C language functions into MATLAB code. It could improve execution time 

greatly for certain conditions. An algorithm used to generate inhomogeneous grid for 

RTD simulation is discussed in details. Validation of software development is proved by 

benchmark with verified simulator NEMO1D. 

For nano-scale devices, the underlining material could not be considered as 

continuous. Device performance is more and more affected by surface properties and 

disorder in materials. This is especially important for semiconductor alloys. This gives 

the requirement for atomistic simulation.  
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By using atomistic simulation, surface roughness, crystal orientation and atomistic 

scale disorders could be included automatically. Valle degeneracy in Si (110) is first 

investigated. Inconsistency in experimental results is resolved by introducing surface 

miscut. Effects of strain and electric field on valley splitting are discussed.  

Properties of SiGe are simulated with atomistic approach, which takes care of 

disorders in atomistic scale. Bulk bandgap and bond length distribution are compared and 

match well with experimental data. Valley splitting in Si (100) QW with SiGe barriers is 

then investigated. Efforts are focused on reveal the effects of disorder in SiGe barriers on 

valley splitting. Results from atomistic simulation are compared with continuous VCA 

method. Atomistic simulation is proved to be more reliable in this problem. Taking 

advantage of atomistic simulation, random alloy samples are compared with artificial 

samples with ordered structure. Disorder and effects of different atom arrangements are 

studied. 

In conclusion, quantum transport simulation requires correct transport models and 

accurate numerical methods. An inhomogeneous grid used in numerical method could 

greatly reduce computational burden and ensure convergence. Atomistic method is 

critical to capture device performance in nanostructures, especially in materials 

containing disorders.  
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