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1 Research Background 

1.1 Full-band Semiclassical Monte Carlo Simulation 

The Monte Carlo method is a widely used stochastic approach for studying charge 

transport in semiconductors and semiconductor devices.  It involves the 

simulation of the motion of charge carriers subject to a wide variety of scattering 

mechanisms and external forces.  Although it requires appreciable computer 

resources, the simplicity of implementation and relatively complete description of 

semi-classical transport make the Monte Carlo method appealing for 

semiconductor simulation.  It is the most accurate approach to treat transport at 

high fields and in short, non-classical devices.  The Monte Carlo simulation 

consists of iterations of free flight, scattering-type selection and post-scattering 

momentum selection for an ensemble of particles.  According to the band 

structure used in the Monte Carlo simulation of electron transport, there are three 

types of implementation.  The most computationally efficient is a low-energy 

model using a single parabolic or non-parabolic band [Jac83] that is only 

applicable to those electrons with energy below 0.5 eV.  The second class uses a 

hybrid model [Vog92] [Wan93] to reduce the computation time.  The third class 

uses a full band structure [Fis88] [Fan04], which is the most time-consuming and 

has the least amount of parameter tuning.  However, the high costs and risks of 

novel silicon technology development make it imperative to employ simulation 

[Jac83].  Among the existing classical device simulation methods, the full-band 

semiclassical Monte Carlo (below noted as “MC” for full-band semiclassical 
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Monte Carlo simulation) technique is more predictive and can provide a more 

complete understanding of carrier transport than drift-diffusion or hydrodynamic 

transport models [Jac83].  MC has the ability to accurately model the transport 

of high energy carriers and to consider non-local field effects such as ballistic 

transport and velocity overshoot that have become increasingly important as 

devices are scaled down below 0.1 μm channel lengths for production devices.  

MC also offers a combination of computational efficiency and ability for 

incorporation of diverse scattering processes not (yet at least) available in (full) 

quantum transport simulators.  Semi-classical transport along the channel within 

sub-bands could be explicitly considered, as for the calculation of mobilities in 

[Fis02].  However, unlike for near-equilibrium channel mobility calculations, for 

far from equilibrium transport calculations the associated computational burden 

would be much greater still for re-calculating the transition rates among the 

quantum confined states defined by sub-band and interface parallel momentum 

for each position along the channel and each time step/iteration self consistently 

with the scattering-dependent charge distribution [Kri06].  Furthermore, again 

unlike for mobility calculations, device simulations must often be repeated for 

varying drain voltages.  And the extension for hot-carrier transport would still be 

questionable.  Therefore, the exploration of future MOSFET designs demands, 

or at least would greatly benefit from, a full-band semiclassical MC simulation 

tool capable of ― in addition to the many capabilities of conventional full-band 

MC ― considering multi-material systems and the combined effects of strain and 

quantum confinement on degeneracy breaking among energy valleys, spatial 

charge re-distribution and the associated effects on transport. 
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1.2 Strained Materials for Semiconductor Devices 

Strain and bandgap engineering of strained materials has emerged as an important 

technique for improving the device performance due to impediments to 

conventional scaling method.  For example, Tensile-strained silicon (TSSi) on a 

relaxed SiGe buffer (Figure 1-1) has been studied extensively because of its 

enhanced electron and hole mobility which makes it a good candidate for n and p 

MOSFETs [Mii91] [Nel93] (Figure 1-2).   

  

Figure 1-1: The lattice constant of SiGe is higher than that of Si. When Si is grown epitaxially on 
SiGe, it stretches to conform to the atomic spacing of SiGe which puts it under biaxial tensile 
strain. 
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Figure 1-2: A cross-sectional electron micrograph of a strained Si transistor fabricated by UMC. 
The fabrication sequence used 130 nm node Si technology, and the physical gate length for the 
transistor shown is 90 nm. Credit: UMC.  Image from www.compoundsemiconductor.net. 

Recent experimental and theoretical work points to uniaxially-stressed Si as a 

possible channel material for next generation CMOS [Tho05] (Figure 1-3).  

Experimentally, uniaxial compressive stress has been applied to the channel area 

via source/drain hetero-epitaxial deposition of SiGe [Tho04, Gha03, Chia04], or 

by tensile/compressive capping layers on top of the gate [Arg04], while four-point 

or ring wafer bending is the main technique for quantitatively experimentally 

measuring piezoresistance [Bea92].  Greater than 50% stress-induced hole 

channel mobility improvement and 10% to 25% drain current enhancement has 

been demonstrated in strained Si devices for stress ranging from 100 to 500 MPa.  

Furthermore, although the hole mobility is often modeled as depending linearly 

on stress according to tabulated piezoresistance coefficients such as those of Ref. 

[Smi54], recent works have exhibited superlinear relationships between bulk 
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mobility and stress [Shi04, Wan04] suggesting even greater potential advantages 

in the high stress regime. 

  

Figure 1-3: TEM micrograph of 45 nm p-type and n-type MOSFET.  Uniaxial stress is introduced 
in the channel, by either Si1-γGeγ epitaxially grown source/drain or high stress overlayer film.  
Image from [Tho04]. 

1.3 Quantum Correction in Semiclassical Monte Carlo Method 

The MC methods used in this PhD research is a full-band Monte Carlo plus gate-

directional quantum correction.  The quantum correction is based on one-

dimensional effective mass Schrödinger equation solved in the gate direction in 

all positions through the device.  The combined Poisson’s equation and 

Schrödinger’s equation provide (real and virtual) driving electrostatic forces.  

The quantum confinement in inversion layers of a MOSFET is of special 

importance.  Based on this established method, new features were added for 

situations encountered in non-classical CMOS device simulations.  Details of 

these quantum correction methods in this MC research will be discussed in 

following sections. 
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1.4 Monte Carlo at the University of Texas (MCUT) 

The device simulation group led by Dr. Banerjee and Dr. Register in the 

Microelectronics Research Center of The University of Texas at Austin has 

developed a MC tool named “Monte Carlo at the University of Texas” (MCUT).  

This code borrows the robust framework of the University of Illinois Urbana-

Champaign code MoCa [Win01] [Win03], and adds the vast and varied physics 

necessary to treat strain and valley-dependent quantum confinement to achieve 

the combined effects of quantum confinement and strain within a full-band 

structure treatment.  The code provides simulation capability for both electrons 

and holes devices, and for both conventional devices and “non-classical” CMOS 

devices such as FinFETs.  The following sections will focus on MUCT 

simulations on biaxially stressed Si nMOS, uniaxially stressed Si pMOS, and 

SiGe concept vertical pMOS.  The enhanced features and capabilities of MCUT 

are covered in each section when they are applied to the simulations. 
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2 Tensily Biaxially stressed Si nMOS 

2.1 Motivation 

The advantages of biaxially tensile-stressed Si (TSSi), as achieved by growing 

strained Si on relaxed SiGe, have been briefly described in Section 1.2.  It is 

argued that the electron mobility enhancement is due to the strain-induced 

splitting of the six-fold degeneracy of silicon conduction band minima; while the 

hole mobility enhancement is from the splitting of heavy-hole and light-hole 

energy bands [Obe98] (Figure 2-1).  The strain-induced degeneracy breaking in 

the electron band structure of the TSSi that has been well characterized [Wan01] 

as shown in Figure 2-2.  In particular, the six lowest, Δ energy valleys in the 

conduction band separate into two groups: two valleys with the valley centers kl 

perpendicular to the plane of the silicon/oxide interface and to the direction of 

transport, (in other words, kl is parallel to the strained-Si growth direction) l=Δ2, 

and four higher energy in-plane valleys, l=Δ4.  The strain-dependent energy 

difference E(γ)(kΔ4) – E(γ)(kΔ2) leads to segregation of low energy carriers toward 

the Δ2 valleys that have the lower Si “transverse” effective mass (of ~0.19 me) in 

the direction of transport.  This energy difference also reduces the densities of 

final states for low energy carriers, reducing the scattering rates accordingly 

[Wan93] [Wan01].  The mobility/drain current enhancement has been reported to 

be in the range of 50% to 110%, subject to different channel lengths, strain 

strength, and other device fabrication conditions [Wel94] [Rim98] [Rim02] 

[Hoy02].  Analyzing these experimental results, it should be noted that channel 
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length (thus short channel effect and hot carriers) and device structure played 

important roles, making the MC method preferable to mobility calculations based 

on effective mass or more accurate k•p sub-band structure. 

  

Figure 2-1: (a) Schematic equi-energy surfaces of the six split valleys in the first conduction band 
in TS-Si. The minimum energies of the dark valleys are lower than those of the open ellipsoids. (b) 
Schematic energy diagrams of heavy hole (HH) and light hole (LH) bands in TS-Si.  
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Figure 2-2: Δ2 and Δ4 valley splitting vs. Ge mole fraction in Si1–γGeγ buffer.  Note the essentially 
linear dependence. 

2.2 Strain Effects 

The electron band structure of TSSi on a relaxed Si1–xGex substrate is calculated 

by the empirical pseudo-potential method (EPM) [Fri89] as a function of the 

substrate Ge mole fraction x.  Acoustic and optical phonon scattering rate tables 

are calculated based on this full-band structure via Fermi’s Golden Rule [Wan93].  

Figure 2-4 illustrates the agreement between our theoretical work, and the 

experimental and theoretical work of others for bulk unstrained Si 

[Jac83][Can75][Fis88]; Figure 2-5, the effects of strain on bulk mobility.  In 

addition to phonon scattering in these device simulations, screened Coulomb 

scattering by impurities and surface roughness scattering are considered.  The 

coupling potentials for the various phonon scattering processes were tuned by 
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matching the velocity and energy vs. driving electric field curve for unstrained 

bulk Si, and then the coupling parameters for surface roughness scattering [Rav00] 

were adjusted to match universal mobility data as a function of interface-normal 

effective field ( ) ( ) ( )∫∫= dyyxndyyxnyxExE yeff ,,,)(  for unstrained Si 

[Tag94].  As pointed out by Fischetti and Laux [Fis96], in strained silicon, in-

plane and out-of-plane valleys only differ by an energy shift approximately; the 

valley shape remains the same.  We then follow the approximation that the same 

phonon coupling potentials can be used for strained silicon device simulation; this 

approximation is also used by Oberhuber et al. [Obe98] in treatment of the 

strained silicon valence band.  The scattering rates, themselves, however change 

with the band structure and the availability of final states.  We implement the 

surface roughness scattering mechanism following Goodnick’s model [Goo85] 

with surface roughness rms value and correlation length tuned to fit universal 

mobility data.  In strained silicon, both the case where the surface roughness 

parameters are held constant and, consistent with work of Ref. [Fis02], where 

surface roughness coupling parameters for strained Si are reduced are simulated.  

The band structure and the various band-structure dependent quantities are 

calculated with a resolution in the substrate germanium content Δx = 0.05 (5%) 

over the range of 0.0 to 0.45.  For intermediate values of mole fraction, a 

quadratic interpolation scheme is used. 

Captured in these calculations is the strain-induced degeneracy breaking in the 

electron band structure of the TSSi that has been well characterized [Wan02] (Fig. 

3).  In particular, the six lowest Δ energy valleys in the conduction band separate 

into two groups: two valleys with the valley centers kl perpendicular to the plane 
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of the silicon/oxide interface and to the direction of transport, (in other words, kl 

is parallel to the strained-Si growth direction) l=Δ2, and four higher energy in-

plane valleys, l=Δ4.  The strain-dependent energy difference E(γ)(kΔ4) – E(γ)(kΔ2) 

leads to segregation of low energy carriers toward the Δ2 valleys that have the 

lower Si “transverse” effective mass (of ~0.19 me) in the direction of transport.  

This energy difference also reduces the densities of final states for low energy 

carriers, reducing the scattering rates accordingly [Wan93][Wan02]. 

  

Figure 2-3: Drift velocity of electrons in bulk Si as a function of electric field.  For comparison, 
the other measurements and simulation results are also shown. [Jac83][Can75][Fis88] 
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Figure 2-4: Average energy of electrons in bulk Si as a function of electric field. For comparison, 
the other measurements and simulation results are also shown. [Jac83][Fis88] 

  

Figure 2-5: Low-field mobility vs. Ge mole fraction in Si1–xGex buffer.  Note the saturation of 
mobility for increasing strain as the valley-splitting-induced transfer to the Δ2 valleys is completed 
for these low-energy carriers. 
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2.3 Valley-edge Quantum Corrections 

In MOSFETs, perpendicular to the interface of silicon channel and gate oxide, 

size quantization in the inversion layer is important in at least two well known 

respects: decreased capacitive coupling of the channel to the gate and degeneracy 

breaking among the Δ  valleys.  The inversion layer exists in a narrow energy 

well for carriers that results in the formation of sub-bands.  A resulting shift of 

the charge probability density of these quantum-confined states away from the 

Si/oxide (SiO2 or otherwise) interface leads to the decreased capacitive coupling 

of the channel to the gate.  Due to the differences in interface-normal effective 

masses, the lower interface-perpendicular mass in-plane Δ4 valleys have larger 

quantum confinement/sub-band energies breaking the degeneracy between the in-

plane Δ4 valleys and the out-of-plane Δ2 valleys even in the absence of strain.  

With tensile strain, lower energy electrons are partially segregated toward the Δ2 

valleys and inter-valley scattering for these low energy carriers is reduced.  In 

MCUT a “quantum-corrected” position and strain-dependent band structure 

E(γ)
qc(k,x,z) is used to approximate these two effects, and only these two effects, of 

quantum confinement within the channel within this otherwise semiclassical 

approach.   

The procedure for calculating the valley-edge quantum corrections in MCUT is 

that of [Win03], with advantages and limitations described therein, except that the 

valleys are considered separately.  Let E(γ)(k,x,z) be the actual/uncorrected zero-

field (flat-band neglecting material gradients) band structure as a function of 

position normal to the interface (z) including the band discontinuity at the 
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Si/oxide interface, and, potentially, in graded systems, position along the channel 

(x).  Consider first the Δ  valley centers kl, l = Δ2, Δ4.  At the beginning of 

each time step in the simulation, for each valley and for each position (grid point) 

along the channel (x-direction), the one-dimensional effective-mass Schrödinger’s 

equation normal to the interface 
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is solved to obtain the quantum-confined eigenstates i, ψ(γ)
l,i(x,z), where V(x,z) is 

the electrostatic potential (in units of energy/charge), as per the example of Figure 

2-7.  Within a Boltzmann approximation, an equilibrium quantum mechanical 

electron density ),(),(
, zxn eq
lqc
γ  is then calculated independently for each valley 

from the quantum confined states, 
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as per Figure 2-8.  Boltzmann statistics are used for the calculation of the quantum 

corrections for reasons discussed in Ref. [Win03], and to be consistent with the 

Boltzmann statistics approached in the Monte Carlo simulation as a result of 
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scattering without consideration of final state occupancies and, thus, Pauli 

exclusion.  (If the basic Monte Carlo method were improved to better reflect 

Pauli exclusion effects and the limit of Fermi statistics, then including Fermi 

statistics within the quantum correction should not then pose a prohibitive 

additional problem.)  The “quantum-corrected” band structure E(γ)
qc(k,x,z) is 

then defined to produce the same position-dependent local equilibrium electron 

densities 
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where Nl is the effective density of states per valley (which is essentially valley 

independent except under large strain; here the l subscript is just a reminder that 

this is the per-valley effective density of states rather than that of the conduction 

band as a whole).  Equation (2-3) can then be compared to the classical 

equilibrium electron concentration ncl,l(x,z) 
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to obtain the valley and position-dependent quantum corrections 
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where the choice of EF for calculation of these equilibrium carrier concentrations 

is irrelevant.  (In practice we simply choose EF  ≡ 0 eV in our energy reference 

to obtain 
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directly from Equation (2-4), avoiding the need to actually calculate ),(),(
, zxn eq
lcl
γ ;  

Equation (2-5) is for clarity of concept.)  The electrons within the Monte Carlo 

ensemble with accompanying distribution function nMC(x,z) are then moved 

subject to the quantum-corrected full-band structure E(γ)
qc(k,x,z)―where the 

quantum-corrected full-band structure and the movement of carriers therein will 

be considered momentarily. At the beginning of the next time step a new 

electrostatic potential V(x,z) to be used in Equation (2-1) is calculated from the 

new ensemble Monte Carlo distribution nMC(x,z),    

 )],(),(),([)],([ zxNzxNzxnezxV ADMC
−+ −+−−=∇⋅∇ ε , (2-7)

so that the space and time-dependent quantum corrections are calculated self-

consistently with the ensemble Monte Carlo distribution of carriers, as described 

in detail in the “flow chart” section to follow.  The carrier temperature T in the 

above calculations could also be obtained approximately as a function of position 

from the Monte Carlo carrier ensemble as in Ref. [Win03], but this was not done 

for the examples in the illustrative work later.  This procedure for calculating the 

band-edge quantum corrections is that of Ref. [Win03] except that the valleys are 

considered separately.  This real-space and now valley-dependent quantum 
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correction addresses the reduced capacitive coupling of the channel to the gate as 

before, and now also the quantum-confinement-induced lifting of the energy 

valley degeneracy between the Δ2 and the Δ4 valleys. 

 

Figure 2-6: Eigenvalues of the energy well for longitudinal and transverse valleys 
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Figure 2-7: Quantum mechanical electron distribution density per valley of Δ2 and Δ4 valleys as a 
function of depth below interface. 

2.4 Full-band Quantum Corrections via “Effective Strain” 

The above quantum corrections are, of course, only well defined and physically 

reasonable for near-valley center states.  Near the drain, however, a significant 

fraction of carriers can be expected to occupy high-energy states.  What the 

quantum corrections for such states far from the valley centers should be is not 

clear and certainly not available through an effective mass approximation.  What 

they are also is likely of little physical consequence; for these latter energetic 

states the relative degree of and effects of quantum confinement are significantly 

reduced.  Still, there must be some interpolation/extrapolation process for the 

quantum-corrected band structure from the valley centers to the rest of the 

Brillouin zone in order to run a full-band Monte Carlo.   Furthermore, the 

scattering rates will vary, particularly for low-energy carriers, as a function of the 

quantum-confinement-induced valley splitting.  In this work we take advantage 

of the similarity of the effect of strain and the quantum corrections on the band 

structure―noting that the strain has little effect on the effective masses 

[Fis96]―to address both of the above quantum-correction-related issues via the 

definition of an “effective strain” or as it is actually calculated, a position-

dependent substrate Ge “effective mole fraction” γeff(x,z).  For example, if there 

is no actual strain, the substrate mole fraction γ(x,z) that would produce valley-

splitting equal to Eqc(kΔ4,x,z) – Eqc(kΔ2,x,z) through strain is simply chosen as the 

effective mole fraction γeff(x,z), as per Figure 2-9.  If the channel material is 

actually strained (γ ≠ 0), the quantum-confinement-induced valley splitting is 
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simply added to the strain-induced valley splitting, and then this total splitting is 

translated back to the effective strain, as per Figure 2-11.  In either case, the 

quantum corrected band-structure used in the Monte Carlo simulations becomes 

simply 

)],,(),,([),,(),,(
22

)],([)],([)()( zxEzxEzxEzxE zxzx
qcqc

effeff
ΔΔ −+= kkkk γγγγ  

  (2-8)

that smoothly interpolates between the valley-centered quantum corrections 

calculated above.  Furthermore, scattering rates and other simulation 

requirements, including some to follow, need only be calculated as a function of 

(effective) strain, not strain and degree of quantum confinement. 

  

Figure 2-8: Effects of quantum corrections alone on the Δ2 and Δ4 valley-minimum energies for 
unstrained Si exhibiting position dependent additional valley splitting. 
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Figure 2-9: An illustration of the calculation of the effective strain/mole fraction γeff (at one 
position) from the quantum-corrected valley-minimum splitting, using the strain vs. valley splitting 
results of Figure 2-2. 

  

Figure 2-10: Effects of both quantum correction and tensile strain on the Δ2 and Δ4 valley-
minimum energies for TSSi grown on Si1–γGeγ buffer. 
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Figure 2-11: An illustration of the calculation of the effective strain/mole fraction γeff (at one 
position) starting with the real strain-induced valley splitting and then adding quantum-correction 
induced valley splitting to obtain a total valley splitting and corresponding new effective strain. 

2.5 Transport within a Spatially-varying Band Structure 

The particle motion in real space and k-space between scattering events are then 

calculated from, respectively, 
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and 
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rr
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or, as the latter equation is actually calculated, from equation (2-8) and the chain 

rule of calculus, 
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The term in k∇  on the right-hand-side of equation (2-9) and the position-

independent term in ∂/∂γ on the right-hand side of equation (2-11) are pre-

tabulated as a function of γ and k when the strained band structures are calculated.  

It should be noted that anytime the band structure changes with position, due to 

quantum corrections as here or simply due to variation in the material and/or 

strain, consideration of the k-dependent gradient of the band structure with 

respect to position is necessary; it is the gradient with r of the band structure at 

and only at the electrons location in k-space, along with that of the external 

potential –eV(x,z), that produces the electron’s crystal momentum change through 

energy conservation requirements, as per equation (2-10). 

2.6 Model Devices 

For the MOSFET simulations we consider two 0.25 μm channel length 

nMOSFETs, one with a relaxed Si channel and the other with a TSSi channel 

corresponding to growth on a relaxed Si0.8Ge0.2 buffer.  These relatively long 

channel MOSFETs allow a good estimation of the channel electron mobility, 

which can be compared to the experiments of Rim et al.’s [Rim00].  As shown in 

Figure 2-13, the MOSFET has 67 Å oxide thickness, 130 Å thick p-type strained 

silicon channel with 1×1017 cm-3 acceptor doping, and a 750 Å anti-punch-
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through region underneath of 1×1018 cm-3 acceptor doping.  The n+ source/drain 

is implanted in the strained silicon, and is chosen to be a Gaussian distribution 

with peak density of 1×1020 cm-3.  However, the simulator is capable of handling 

experimental or simulated doping profiles.  The polysilicon gate length is 0.25 

μm and doping is 3×1020 cm-3 (Figure 2-13).  In the strained device, because the 

inversion layer is within the TSSi, we neglect the Si0.8Ge0.2 buffer in transport 

simulation (but not the resulting strain). 

  

Figure 2-12: 2D device doping profile. 
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Figure 2-13: Doping density along cross-section normal to gate at mid-channel. 

2.7 Mobility Calculations 

To obtain low field electron mobility, a small drain-to-source voltage (0.1 V) was 

applied and gate voltage varied from 0.5 V to 2.4 V to vary the normal effective 

field.  The channel mobility for the simulated devices is calculated as follows:  

At any point in the channel, neglecting small diffusive contributions, drive current 

is the product of channel mobility μ, sheet charge density Q and driving field. 

 ⎟
⎠
⎞

⎜
⎝
⎛−⋅⋅=

dx
dVxQI )(μ . (2-12)

Equation (2-12) can be rewritten as 

 dVdx
xQ
I μ=−
)( , (2-13)

and, assuming constant channel mobility, integrated from source to drain to obtain 
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Though mobility in the source/drain area is not equal to channel mobility, since 

carrier density Q(x) is much higher in source/drain region than in the channel, the 

channel region dominates the calculation of mobility and provides a reasonable 

estimate of average channel mobility. 

Figure 2-14 and Figure 2-15 show the simulated drain current and associated 

calculated mobility as a function of gate voltage and corresponding effective field 

normal to the interface.  Note that the mobility saturates as expected as a 

function of strain once the transfer of these, for mobility measurements, 

inherently low energy carriers to the ∆2 valleys is essentially complete.  Figure 

2-16 and Figure 2-17 show calculated mobilities as a function of oxide-normal 

effective field for no strain (γ = 0) and γ = 0.2, as well as relevant experimental 

results for comparison [Tag94][Rim00][Wel94].  Note that the MC simulations 

for fixed surface roughness scattering parameters apparently underestimate the 

actual increase in the channel mobility.  Fischetti et al. [Fis02] have performed 

more rigorous calculations of channel mobility (calculation of which is a 

boundary condition of MCUT, not a goal) and indicate that the strain- and 

quantum-induced symmetry-breaking and the resulting reduction in conductivity 

effective mass and scattering rates alone is not sufficient to explain the 

experimentally obtained increase in mobilities in TSSi channels; they suggest a 

fortuitous decrease in the surface roughness scattering.  Accordingly, to achieve 

better agreement with the experimental results we have reduced that of the surface 
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roughness coupling potential (rms roughness value) by 44% in this work to 

achieve better agreement as also shown in Figure 2-17. 
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Figure 2-14: Drain current vs. gate voltage vs. normal effective field in MOSFET with TSSi 
channel on relaxed Si1–γGeγ buffer.  γ is the Ge mole fraction in the buffer layer such that γ = 0 
denotes unstrained silicon. 
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Figure 2-15: Channel electron mobility vs. normal effective field in MOSFET with TSSi channel 
on relaxed Si1–γGeγ buffer.  γ is the Ge mole fraction in the buffer layer such that γ = 0 denotes 
unstrained silicon.  For TSSi with buffer of Si0.8Ge0.2 and Si0.7Ge0.3, the mobility enhancements are 
very close as the carrier transfer to the Δ2 valleys saturates. 
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Figure 2-16: Results of MCUT device simulation are compared with other simulation results 
[Rol96] and the universal mobility curve [Tag94].  Open triangles: MCUT MOSFET simulation 
on unstrained Si; solid squares: MCUT MOSFET simulation on TSSi. 
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Figure 2-17: MCUT TSSi MOSFET (2D) simulations with and without a reduced rms amplitude of 
the Si/SiO2 interface roughness are compared to experiment data [Wel94][Rim00].  Unstrained Si 
universal mobility data [Tag94] are plotted as reference.  Solid circle: MCUT TSSi MOSFET 
simulation with reduced surface roughness scattering rate; solid square: MCUT TSSi MOSFET 
simulation with fixed surface roughness scattering rate; open triangle: MCUT unstrained Si 
MOSFET simulation. 

2.8 Illustrative High-field and Deeply Scaled Device Results 

Figure 2-18 shows ID vs. VD curves for VG – VT = 1.0 V and VG – VT = 2.0 V 

showing the enhancement in drive current due to strain and, additionally, due to 

the apparent reduction in surface roughness discussed above for relatively large 

devices.  Figure 2-19 and Figure 2-20 shows the carrier velocity and energy 

distribution along the channel for VG – VT = 2.0 V and VD = 0.5 V.  The results of 

Figure 2-18 suggest the possibility for significantly increased drive current, 

approximately a factor of 2 increase in the drive current for VG – VT = 1.0 V.    

Figure 2-21 illustrates the simulation of devices with channel lengths of only a few 
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tens of nanometers (device after Ref. [Mit00]).  Simulations such as this last one 

are the end goal of developing MCUT, and in the future such simulations will be 

performed using MCUT to analyze how and to what degree mobility enhancement 

and such drive current enhancement will translate to conventional and non-

classical CMOS with channel lengths of a few tens of nanometers. 

  

Figure 2-18: Id-Vd curve.  Drain currents as a function of drain voltage for nMOSFETs with TSSi 
(γ = 0.2) channel and an unstrained Si (γ = 0.0) channel.  Closed circles: unstrained Si; closed 
squares:  TSSi with fixed surface roughness parameters; open diamonds:  TSSi with reduced 
surface roughness scattering consistent with Figure 2-17.  For the same VG – VT, enhancement of 
the drive current is observed in the TSSi. 
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Figure 2-19: Average carrier transport velocity along the channel for fixed VD and VG – VT. 

  

Figure 2-20: Average carrier kinetic energy distribution along the channel for fixed VD and VG – 
VT.  Comparison is made between a TSSi channel with reduced surface roughness scattering and 
a relaxed Si channel.   Increases are observed in both average energy and velocity within the 
channel for TSSi as compared to relaxed Si. 
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Figure 2-21: Id-Vd curve for a 50 nm channel length well-tempered device after Ref. [Mit00].  
Drain currents as a function of drain voltage for nMOSFETs with TSSi (γ = 0.2) channel and an 
unstrained Si (γ = 0.0) channel.  Closed circles: unstrained Si; closed squares:  TSSi with fixed 
surface roughness parameters; open diamonds:  TSSi with reduced surface roughness scattering 
consistent with Figure 2-17.  For the same VG – VT, (VT’s are different in these three cases) 
enhancement of the drive current is observed in the TSSi, although perhaps a bit less than the 
longer channel devices for this isolated example. 

2.9 Scalability of TSSi nMOS on Technology Roadmap 

From the above discussion and simulation results, we have realized that the 

underlying physical principle of TSSi is the strain-induced degeneracy breaking 

between the interface-normal- and interface-parallel-oriented conduction band Δ 

valleys which leads to a lower conductivity effective mass and reduced inter-

valley scattering and, thus, enhanced mobility [Fis96][Fan04].  However, size 

quantization in strong inversion also breaks the degeneracy among the Δ valleys 

in much the same way, so that both systems have substantial degeneracy breaking; 
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strained Si simply has more.  Therefore the actual advantage of SSi over Si may 

be less than otherwise expected, especially in high gate field regime [Fis02]. 

Because of the smaller bandgap, SSi nMOS has a smaller threshold voltage (Vth) 

than its unstrained Si counterpart, if all processing steps are kept the same.  

Ideally the same threshold voltage is required for SSi devices in order to keep the 

same Ion/Ioff ratio at Vdd.  So SSi devices need to have Vth increased, either by 

using a gate material with a higher work function, or by increasing the channel 

doping level.  While gate work function engineering is very difficult, increasing 

channel doping concentration seems to be a practical solution.  However, higher 

doping results in increased effective field and impurity scattering rate in the 

channel, thus reducing channel mobility.  Combining these effects: more valley 

splitting, higher channel doping, and possibly smoother interface, can we foresee 

SSi nMOS scalability?  For the next generation nMOS, is SSi a better choice 

than Si?  More device simulations with decreasing channel lengths were 

performed with MCUT to address this question. 

We choose physical channel lengths of 240 nm, 100 nm, 40 nm and 25 nm, with 

the gate length being 250 nm, 171 nm, 86 nm, and 50 nm, respectively.  These 

lengths represent the scaling trend from 2002 to 2007.  With channel length 

scaling, Vdd will decrease from 2.5 V to 1.1 V, while VT changes from 0.7 V to 0.4 

V.  In our simulation, we took device doping profiles simplified from 

experiments [Rim00] and “well-tempered” bulk-Si nMOS devices [Mit00].  All 

the devices use anti-punchthrough implants by (super) halo doping.  The surface 

channel p-type doping levels are plotted in Figure 2-22.  Similar device profiles 

are used in SSi nMOS, except that more intensive halo implant are applied to 
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compensate for the effect of bandgap reduction of SSi.  In our simulations, the 

halo doping levels in SSi nMOS were tuned to achieve the same VT as for bulk-Si 

by examining ID – VG curves.  Compared with Si nMOS, the channel surface 

doping in SSi is 76% ~ 30% higher, with the factor decreasing with channel 

length.  Because of the increased channel doping, the transverse gate field in 

short channel devices is higher, as shown in Figure 2-23.  As pointed out in section 

2, higher gate field causes more degeneracy-breaking among Δ valleys, as shown 

in Figure 2-24.  The Δ2 valleys with lower energy attract more carriers.  For 

example, more than 75% of electrons reside in Δ2 valleys, which happens when 

E(Δ2) − E(Δ2) ≈ 100 meV [Fis02].  The mobility enhancement due to valley 

splitting is plotted in Figure 2-25, for strained Si in the absence of a gate bias.  It is 

clearly seen that mobility enhancement in strained Si reduces at valley splitting 

greater than 100 meV, which happens when nMOS Leff shrinks from 40 nm to 25 

nm.  For a 25 nm nMOS device, though SSi channels have more valley splitting 

energy than bulk Si does, the mobility enhancement diminishes.  Since SSi 

nMOS devices have increased channel doping, it results in higher ionized 

impurity scattering rate.  In ultra-short devices, both Si and SSi MOSFETs also 

undergo carrier heating and velocity overshoot.  These are all captured by 

MCUT, and Ion enhancement as a function of channel length is shown in Figure 

2-26, in the term of “VT-matched”. 
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Figure 2-22: Channel surface doping in strained Si and bulk Si nMOSFETs. 

  

Figure 2-23: Average gate field in strained Si and bulk Si nMOSFETs. 
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Figure 2-24: Energy splitting between Δ2 and Δ4 valleys in SSi and bulk Si channels.  

 

  

Figure 2-25: Low-field bulk mobility plotted as a function of energy splitting between Δ2 and Δ4 
valleys. 
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Figure 2-26: Drain current comparison between Si and SSi nMOSFETs.  Lines represent MCUT 
simulations in “VT-matched” and “process-matched” conditions.  Experimental results come 
from: a. Ref [Xia03], b. Ref [Rim02a], c. Ref [Lee02], d. Ref [Hwa03], the rest from Ref [Goo03]. 

In the most recent development on SSi devices, gate workfunction engineering 

has been applied to counter the VT change [Xia03].  Though more complex gate 

process steps are required, the SSi device can be rid of increased channel dopants 

and thus keep the drain current advantage.  In our work we assume ideal gate 

material for SSi device to counter the VT change to get the so-called “process-

matched” Ion comparison between bulk Si and SSi nMOS, and the results are 

shown in Figure 2-26 too.  In these simulations identical doping profiles were used 

in bulk Si and SSi nMOS, and gate biases were applied to maintain same 

overdrive (VG – VT) in comparison. 

Shown in Figure 2-26, MCUT simulation results in the “VT-matched” and “process-

matched” categories are both consistent with experimental data (VT-matched: 

[Goo03][Rim02a]; process-matched: [Goo03] [Xia03] [Lee02] [Hwa03]).  Both 
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our theoretical estimations and published experiments predict that SSi nMOS 

loses its performance advantage over unstrained Si at around 25 nm Lef, in the 

threshold-voltage-matched case.  Compared to other Monte Carlo simulation, 

this work takes quantum confinement induced valley splitting in both bulk Si and 

SSi into consideration, thus giving a better assessment of current enhancement of 

SSi nMOS over bulk devices. 

2.10 Conclusion 

Biaxially tensile-stressed Si nMOS shows advantages over bulk Si MOSFETs in 

terms of low field channel mobility and electron velocity overshoot at submicron 

channel lengths.  However, at ultra-short channel lengths, increased channel 

doping and gate quantization effects have brought diminishing returns to SSi over 

bulk Si.  For nMOSFETs, our semiclassical Monte Carlo simulation comparison 

of bulk Si and SSi devices in the channel length range from 240 nm to 25 nm 

indicates that SSi will not be attractive as for nMOS channel material at the 25 nm 

channel lengths if VTs are kept constants.  Though oxide interface roughness 

remains an unsolved issue in these devices, other high mobility channel materials 

which do not exhibit bandgap lowering, such as uniaxial strained Si and III-V 

compound semiconductors, may be better choices. 
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3 Uniaxially Stressed Si CMOS 

3.1 Motivation 

Recent experimental and theoretical works point to uniaxially-stressed Si as a 

possible channel material for next generation CMOS [Tho05].  As compared to 

tensile biaxially-stressed Si grown on relaxed SiGe substrates [Lei02] [Fis03] 

[Hoy02] uniaxial-stressed Si has the advantage that both theoretical estimations 

and experimental results indicate that the hole channel mobility improvement is 

maintained at high gate fields [Gil04] [Tho04].  Experimentally, uniaxial 

compressive stress has been applied to the channel area via source/drain hetero-

epitaxial deposition of SiGe [Tho04][Gha03][Chi04], or by compressive capping 

layers on top of the gate [Arg04], while four-point or ring wafer bending is the 

main technique for experimentally measuring piezoresistance [Bea92].  Greater 

than 50% stress-induced hole channel mobility improvement and 10% to 25% 

drain current enhancement has been demonstrated in strained Si devices for stress 

ranging from 100 to 500 MPa [Tho04][Gha03][Chi04][Arg04].  Furthermore, 

although the hole mobility is often modeled as depending linearly on stress 

according to tabulated piezoresistance coefficients such as those of Ref. [Smi54], 

recent studies have exhibited super-linear relationships between bulk mobility and 

stress [Shi04][Wan04] suggesting even greater potential advantages in the high 

stress regime. 

For this work, the low-field bulk mobility of uniaxially-stressed Si is studied 
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theoretically but over a wider range of stress than considered previously.  In 

addition, thermal velocities that, along with the low-field mobilities, are relevant 

for short channel devices [Lun97] are also calculated.  This study focuses on 

transport in the [110] and ]011[  direction for [110] compressive and tensile 

uniaxially-stressed Si.  Considered stress, both tensile and compressive, begins 

at 50 MPa within the realm of bulk piezoresistance measurements [Smi54], enters 

the GPa stress regime as now appears possible via process induced stress [Arg06], 

and continues up to 4 GPa in a search for limiting behavior.  The valence band 

structures are calculated with a k•p Hamiltonian method.  The thermal velocities, 

along with thermal average effective masses and phonon scattering rates (the 

latter being dependent on the stress-dependent densities-of-states) are obtained 

directly from the band structure.  MCUT is then used operating in the bulk limit 

to accurately calculate the bulk mobility in the presence of the highly non-

parabolic, anisotropic band structures and inelastic scattering. 

3.2 Band Structures 

For this work, the k•p-based bandstructure program Nextnano3 [Bir02] was used 

for uniaxially-stressed Si band structures, with the deformation potentials for 

stressed Si obtained from [Fis03].  And as in [Fis03], a 6x6 Hamiltonian was 

used in Nextnano3 to calculate the “heavy-hole” (HH), “light-hole” (LH) and 

“split-off” (SO) hole bands.  Because it is a perturbation method, the reliability 

of the calculated band structure at high energies is limited.  However, the 

approach should be reliable for the thermal velocity and low-field mobility 

calculations of this work. 
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Under increasing stress along the [110] direction, the warping of the Si HH band 

(here, in the presence of anti-crossings, defined as the lowest lying hole 

band/highest lying valence band) is gradually reduced with increasing splitting 

between the HH and LH band, as seen in Figure 3-1. 

  

Figure 3-1: Heavy hole and light hole band splitting in uniaxially-stressed Si.  Here and for 
subsequent figures the positive stress axis corresponds to tensile stress, and the negative stress 
axis to compressive stress. 

Note that with band occupation ratios of HH:LH:SO ≈ 65:10:1 for unstrained Si 

and with the ratios shifting further in favor of the HH band with increasing stress, 

hole transport is governed largely by the properties of the HH band.   The anti-

crossing between the HH and LH bands in the [110] direction makes the effective 

mass of the HH band in the [110] direction smaller near the Γ point and the iso-

energy surfaces near ellipsoidal in the (001) plane at low energies, as shown in 

Figure 3-2 and Figure 3-3, for a 500 MPa stress.  In Figure 3-3, the 10 meV energy 

surface of the HH band resembles an ellipsoid with low m* in the [110] direction, 
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the 50 meV surface―approximately the thermal average energy―is clearly 

becoming warped, and the 100 meV surface is quite similar in shape to the bulk Si 

energy contour with almost no advantage for transport in the [110] direction.  

The reduced warping at low energies can be understood as degeneracy breaking 

among the energy “wings” in the otherwise 12 equivalent <110> directions in 

bulk Si HH band.  Under [110] compressive stress, the energy of the wings 

extending in ]011[ , ]101[ , ]011[ , ]110[ , ]101[ , and ]101[  are lowered 

relative to that of the remaining six wings.  These relative shifts, together with 

the HH/LH band splitting, also cause a redistribution of carriers within the band 

structure.  As the band splitting increases with stress, the region of the band 

structure below the anti-crossing where the band structure appears ellipsoidal 

increases, allowing more carriers within a thermal distribution to have a small 

effective mass in the [110] direction. 
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Figure 3-2: Heavy-hole and light-hole energy-K dispersion in [110] and ]011[  directions with 

compressive [110] uniaxial-stress of 500 MPa. 

  

Figure 3-3: 2-D heavy-hole iso-energy contours (10 meV, 50 meV and 100 meV) for [110] 
uniaxially-stressed Si in the (001) plane with a compressive stress of 500 MPa in the [110] 
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direction. 

To better quantify the level of asymmetry in uniaxially-stressed Si hole bands as a 

function of stress magnitude, a thermal average of the reciprocal of the effective 

mass n̂m  in the chosen transport direction n̂  is calculated from the full-band 

structure by averaging it over k-space and all hole bands α using Boltzmann 

energy statistics at room temperature: 
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The mass reciprocal is used because of its nominally linear relationship to 

mobility.  Results are shown in Figure 3-4.  Note that in unstrained Si, consistent 

with essentially isotropic low field mobility in bulk Si [Ott75], n̂m  is essentially 

isotropic despite the highly anisotropic multi-band band structure (a reminder that 

considering the directional dependence of the band curvature only at the Γ point 

can be highly misleading.)  However, stress and the associated symmetry 

reduction in the band structure breaks the symmetry in the thermal average mass 

reciprocal, advantageously increasing it under appropriate combinations of stress 

and channel orientation. 
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Figure 3-4: Percentile change in the thermal average of the inverse effective mass in the [110] and 

]011[  directions for [110] uniaxially-stressed Si as function of stress.  The zero stress value is 

2.79 times the reciprocal of the free space mass.  For reference, the average inverse effective 
mass value in the [001] direction in unstrained Si is 2.80. 

Similarly, the Boltzmann distribution-weighted average of the thermal velocities 

in the transport direction, vth, was obtained from 
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Results are shown in Figure 3-5 where again significant and growing anisotropy is 

apparent under stress.  (Note that for the highly isotropic HH band there can be 

both forward and backward moving carriers in a given half-k-space, and, thus, the 

integral over all k-space of the directed velocity magnitude was performed.) 
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Figure 3-5: Percentile change of the thermal velocity in the [110] and ]011[  directions for [110] 

uniaxially-stressed Si as function of stress.  The unstrained Si thermal velocity is 8.9×106 cm/s at 
room temperature. 

Another important feature of the impact of uniaxial stress on the band structure is 

the reduction of the DOS and the corresponding reduction in the phonon 

scattering rates.  The phonon scattering processes included in bulk simulations 

were longitudinal acoustic, transverse acoustic and optical phonons.  The 

scattering rates were calculated with Fermi's golden rule based on the band 

structures.  Calibration on the scattering process has been done [Wan02] with 

unstrained Si with respect to drift velocity and carrier energy [Ott75][Jac77].  

The shorter low-energy contours in Figure 3-3 than in bulk Si are indicative of this 

reduced DOS.  The reduced DOS in the HH band results in smaller intra-band 

phonon scattering rates.  The HH/LH energy splitting also leads to fewer inter-

band scattering events.  Analogous to above, the thermal average of the 
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reciprocal of the scattering rate, the mean time between scattering events which is 

again nominally proportional to the mobility, were calculated as a function of 

stress from 
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Results are shown in Figure 3-6.  At low strains the change in the scattering rate is 

small, but at higher strain the increase in the mean time between scattering events 

clearly becomes significant. 

  

Figure 3-6: Percentile change of the thermal average of inverse scattering rates (proportional to 
free flight time FFT) for [110] uniaxially-stressed Si as function of stress.  The zero stress FFT 
(phonon scattering only) is ~0.15 ps at room temperature. 

3.3 Bulk Mobility 

While the results obtained from Equations (3-1) and (3-3) are qualitatively 
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valuable, calculation of actual mobility changes is, of course, a bit more 

complicated than simply multiplying these two results together.  And with 

multiple non-parabolic anisotropic bands and inelastic scattering we have turned 

to the use of the full-band ensemble Monte Carlo device simulator MCUT 

operating in the bulk limit for this purpose.  Mobility calculations were 

performed at room temperature under constant low electrostatic fields of 1×103 

V/cm applied in directions both parallel and perpendicular to stress.  As shown 

in the results of Figure 3-7, a linear relationship between mobility and stress holds 

in the low stress range of –200 to 200 MPa.  The slopes of these lines are close 

to the piezoresistance coefficient measured 50 years ago [Smi54].  However, in 

particular, for large compressive [110] stress, the combination of the reductions in 

]110[m  (Figure 3-4) and in the scattering rate (Figure 3-6) result in a dramatic super-

linear increase in ]110[μ  that reaches 470% at 2 GPa.  As for the thermal 

velocity under the same conditions, not until the 4 GPa limit of our simulations is 

approached does this mobility improvement with compressive stress finally begin 

to roll off toward apparent saturation.  By comparison, the reduction of ]011[μ  

under tensile stress quickly rolls off near saturation with increasing stress ( ]011[μ  

actually eventually increases again slightly at large stress) as the increase in 

conductivity effective mass and decrease in scattering rate work against each other.  

Under tensile stress the mobility advantage offered, for the perpendicular 

component ]011[μ  this time, is relatively much smaller that that offered under 

compressive stress for ]110[μ .  However, in absolute terms it is still quite 
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significant, exceeding 100% by approximately 1.5 GPa. 

The results of these calculations, as also shown in Figure 3-7, are qualitatively and 

mostly quantitatively consistent with experimental behavior where available 

[Gil04] [Tho04] [Smi54] [Shi04] as well as prior theoretical calculations [Wan04].  

Our bulk mobility results are most reliably compared to Smith’s pioneering 

calculations of bulk piezoresistance coefficients [Smi54] at low stress levels up to 

50 MPa.  The study of piezoresistance was extended to 250 MPa for surface 

channel mobility with a wafer bending technique [Tho04].  Moreover, recent 

experiments have used SiGe heteroepitaxy in the source/drain to produce 

longitudinal strain in the channel where around 500 MPa stress in channel 

produced approximately 50% surface channel mobility enhancement [Gil04] 

[Shi04].  However, the comparison to these latter surface channel mobility 

results should be considered primarily qualitatively.  While percent 

enhancements are shown, the absolute mobility in the surface channels is, of 

course, lower due to surface roughness scattering.  The non-crystal-momentum-

randomizing surface roughness scattering, in turn, could respond somewhat 

differently to band structure changes than does the essentially randomizing 

phonon scattering.  Thus, while the near perfect agreement with measured 

surface channel mobility in the super-linear region near 500 MPa for ]110[μ  under 

compressive stress might be considered somewhat fortuitous, the quantitative 

disagreement for ]011[μ  under tensile stress is not overly problematic.  Indeed, 

in the latter case, at low stress the bulk mobility behavior calculated in this work 

falls closer to Smith’s piezoresistance-coefficients for stressed bulk Si than does 

the behavior of the measured surface channel mobility.  Thus, regarding mobility, 
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we emphasize the qualitative behavior even though the quantitative agreement 

elsewhere is also quite good.  For thermal velocities, of course, surface 

roughness scattering is not an issue. 

 

Figure 3-7: Low field mobility of uniaxially-stressed Si vs. stress strength.  Dashed lines follow 
Smith’s piezoresistance coefficient [Smi54].  Squares and diamonds plot MCUT bulk simulation 
results for transport parallel and perpendicular to stress directions, respectively.  Experimental 
results from [Gil04][Tho04][Shi04] and simulation results from [Wan04] are plotted as triangles 
for comparison.  Results are shown on two scales with the lower stress region shown in detail in 
right hand side. 

3.4 Discussion 

Figure 3-7 illustrates the potential mobility advantages of large uniaxial stress for 

silicon pMOS.  It also illustrates that experimental work (for example, [Shi04]) 

is just passing from the low stress regime of near linear behavior to enter the high 

stress regime of strong super-linear behavior.  A recent technical advance has 

promised a reliable stress greater than 1 GPa in pMOS channels [Arg06] placing 

devices into a regime where mobility enhancements could actually far exceed 

expectations based on linear extrapolation from Smith’s piezoresistance 
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coefficients [Smi54]. 

Again, however, it has now long been known that for very short channel devices 

mobility is not the whole story even if it remains important, and that thermal 

velocity plays an increasingly important role in short channel devices [Lun97].  

Therefore, calculated thermal velocities have also been presented, Figure 3-5.  

While the approximately 29% and 47% increases in thermal velocity in the [110] 

direction under 1 GPa and 2 GPa, respectively, of [110] compressive stress may 

seem small by comparison to the approximately 180% and 470% changes in 

mobility under the same respective conditions, in absolute terms these changes in 

thermal velocities are quite large.  For comparison, the maximum increase in 

thermal electron velocity for biaxially strained Si is only approximately 17%, 

assuming parabolic ellipsoidal conduction band energy valleys that are shifted but 

not distorted by strain leading to a conductivity effective mass of approximately 

0.19 me.  For [110] tensile stressed Si, a change of approximately 32% in the 

electron mobility is expected at about 2 GPa, allowing for a distortion in the shape 

of the energy valleys themselves that results in an approximately 0.15 me 

conductivity effective mass parallel to the stress as reported in Fig. 13 of Ref  

[Uch05].  Finally, while the rates of increase of thermal velocity and mobility 

with compressive [110] stress and parallel [110] transport peak by approximately 

1 GPa and 2 GPa respectively, increasing stress continues to provide significant 

improvements in both up to approximately the 4 GPa limit of our simulations 

where each finally appears near, if not quite at, saturation. 
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4 PMOS Wafer Crystal Orientation 

4.1 Motivation 

Impediments to scaling have led to the consideration of new materials and non-

conventional MOSFET device structures such as Silicon on Insulator (SOI) and 

FinFETs.  For example, CMOS fabricated on hybrid substrate are being 

investigated to solve the scaling limitation of devices to provide higher 

performance [Yan03].  In this hybrid substrate and other technologies, p-channel 

and n-channel devices can have different crystal orientations in surfaces.  Thus, 

it is possible to select the best surface and channel direction for n- and p-

MOSFETs separately according to the strong crystal orientation dependent of the 

channel mobility [Yan03][Mom02][Oni03][Mom03][Mom02a][Tag98]. 

The low-field mobility of Si n-MOSFETs on (001) substrate is larger than that on 

(111) or (110) substrate in experiments [Mom02].  For a (001) silicon substrate, 

quantum confinement effects in the inversion region lower the energy of the two 

Δ2 valleys (valleys in the gate direction) of the six equivalent valleys in the 

conduction band and increase the carrier concentration in those two valleys 

[Fis02].  Thus, carriers have a smaller final density of states (DOS) to which to 

scatter, and a smaller conductivity effective mass in transport direction, both of 

which increase the electron mobility.  For (110) or (111) substrate directions, 

there are 4 or 6 degenerate lowest energy valleys, respectively, and the resulting 

electron mobility is smaller due to higher DOS and conductivity effective mass in 
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each case.   

However, the Si valence bands are much more complicated.  The equi-energy 

surfaces are anisotropic and non-parabolic even for room temperature carrier 

distributions.  In conventional Si CMOS technology, (001) wafers are usually 

selected for minimized surface defects that could lead to device aging, and higher 

n-MOSFET low field mobility.  However, modern CMOS technologies have 

raised the possibility of separately choosing the p-MOSFET surface orientation, 

which stimulates both experimental and theoretical research on this topic.  

Furthermore, as devices are scaled toward their ultimate limit of ballistic channel 

transport, the role of mobility, per se, and thus the disadvantage associated with 

lower p-channel mobility may be reduced [Fis03]. 

There have been several reports about the properties of CMOS, particularly 

channel mobility and drive current, on wafers of various orientations [Oni03] 

[Mom03] [Mom02a] [Tag98].  However, the gate oxide interface quality 

dependence on the substrate orientation is a big concern in fabrication and in most 

experiments with different wafer orientations.  A lot of effort has been put in 

Si/SiO2 interface quality control.  Still it is very difficult to isolate inherent band 

structure and gate quantization effects from the effects of differing surface 

roughness/quality, which may or may not be inherent, for different wafer 

orientations.  This uncertainty plus the high costs and risks of novel silicon 

technology development provides ample motivation for device simulation work 

on orientation effects in p-channel devices.  Among the existing device 

simulation methods, the quantum-corrected full-band semi-classical Monte Carlo 

(MC) technique is more predictive and can provide a more complete 
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understanding of carrier transport than drift-diffusion or hydrodynamic transport 

models [Jac83].  MC has the ability to accurately treat full-band structure, high 

energy carriers, and non-local field effects such as ballistic transport and velocity 

overshoot that have become increasingly important as devices are scaled down 

below 0.1 μm channel lengths.  Via “quantum corrections” MC already has been 

adapted to model effects of quantum confinement in gate direction for electrons, 

which suggests the possibility of doing the same for holes. 

4.2 Band Structure Change under Confinement 

Despite the complexity of the hole band structure, conductivity is, of course, 

nearly isotropic in bulk.  Therefore changes in transport associated with surface 

orientation beyond those associated with surface roughness changes, including 

changes between different channel directions for a give surface orientation for 

which surface roughness scattering should be the same, must be associated with 

quantum confinement effects.  Here approximate treatments of quantum 

confinement effects for hole transport as a function of surface orientation within 

an otherwise semiclassical approach surface orientation as they affect transport 

are discussed. 

The sub-band structures of Si hole bands have been re-calculated under various 

gate confinement field to reproduce the result of an early similar approach by 

Fischetti et al [Fis03].  Shown in Figure 4-1 are the sub-band energy levels in 

(100) and (110) surface orientations.  The terms HH, LH and SO are used here as 

to match the results in [Fis03]; they represent just the first, second and higher 

level sub-bands without the conventional “ heavy ”  and “ light ”  m* 
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meanings.  The biggest difference in the sub-band levels in (100) and (110) 

surface orientations lies in that the energy separation between the first and second 

band is much larger for the (110) surface.  The sub-band shape in k// plane is 

shown in Figure 4-2 for (100) and (110) surfaces separately.  Confinement 

actually reduces the band warping in the first sub-band for the (110) surface, 

presumably by reducing the degeneracy between the hh and lh bands, and 

produces a reduction of the conductivity effective mass in [ ]101  direction in k// 

plane.  The sub-band shape in (100) also changes under confinement but on a 

less significant scale. 

 

Figure 4-1: The hole subband energy levels, as measured from the surface potential, formed in a 
triangular well in (left): (100) and (right): (110) surface orientations. The symbols are calculated 
value; the connecting lines only a guide to the eye. 
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Figure 4-2: The first subband E-k dispersion in k// plane for (left): (100) and (right): (110) surface 
orientations separately. 

4.3 Confinement to Stress Mapping 

In the unstrained and unconfined case, the first and second energy bands (namely 

the heavy-hole and light-hole bands) are energy-degenerate at the Γ-point, which 

causes the strong warping of the lowest lying (heavy-hole) band.  Differing 

degrees of gate-induced quantum confinement between the two bands breaks the 

degeneracy.  The strain effect in Si, on the other hand, also breaks the energy 

degeneracy in hole bands.  The band energy contours for [100] and [110] 

uniaxial tensily-stressed Si are plotted in Figure 4-3, which shows a very similar 

effect to gate confinement.  The physical link of degeneracy breaking between 

strain and confinement and the similar results as per Figure 4-2 and Figure 4-3, 

invites us to employ the similarity to our advantage in modeling.   

In semiclassical MCUT, the band structures and associated phonon scattering 

rates are pre-tabulated.  Though sub-band reformation occurs with applied gate 

bias, re-calculation of the band structure and phonon scattering rates with each 

bias condition and position within the channel is computationally prohibited at 
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this level of simulation.  To maintain the computational economy of a semi-

classical formalism while addressing quantum confinement effects within the 

complicated hole band-structure, we apply a mapping from quantum confinement 

effects to strain effects.  The mapping methodology has been chosen to take the 

energy splitting between the first and second hole band (or in other terms, heavy-

hole and light-hole band) as the mapping gauge.  The (001) surface confinement-

induced and strain-induced energy splittings are plotted in Figure 4-4, which 

could be understood as if a (001) confinement field of 0.5 MV/cm maps to 0.4 

GPa tensile stress in (001) direction.  The [110] mobility change as a function of 

(100) uniaxial tensile stress is plotted in Figure 4-5.  Following the mapping 

methodology, it can be extrapolated that the mobility under confinement field of 

0.5 MV/cm is about 11% larger than bulk mobility value, when other confinement 

effects, such as quantum-confinement enhanced phonon scattering (due to 

increased initial and final state overlap rather than densities of state changes that 

are considered) and surface roughness scattering, are not considered. 

In the case of (110) surface orientation, [110] uniaxial stress is used to map to the 

quantum confinement.  The confinement-induced band splitting is much larger 

than that in (001) orientation.  Once again, the mapping relationship is shown in 

Figure 4-6, and the stress-induced mobility change is shown in Figure 4-7.  For 

example, 0.5 MV/cm confinement causes the first and second hole band 

separation of 58.6 meV; this is similar in effect to 1.2 GPa [110] uniaxial stress, 

which is has been shown in Figure 4-7 to induce a 230% mobility change over 

unstrained Si in the conduction channel.  Comparing (110) and (100) surface 

orientations, the mobility ratio would be approximately (1+230%)/(1+11%)≈3.  
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This is qualitatively comparable to the theoretical calculation result (µ(011)[110] 

to µ(001)[110] ratio ≈ 2 at surface charge density of 8×1012 cm-2) of the accurate 

six-band k•p Hamiltonian method, as well as the experimental results (µ(011)[110] 

to µ(001)[110] ratio ≈ 3 at surface charge density of 1×1013 cm-2) shown in Fig. 

11 of Ref. [Fis03].  To match experimental results [Sat69][Sat71][Fis03], full-

quantum phonon scattering and surface roughness scattering need to be 

considered or more complex quantum correction method needs to be applied with 

semi-classical MCUT. 

 

Figure 4-3: The first band E-k dispersion in k// plane. (left) [100] uniaxial tensile stress, (100) 

plane; (right) [110] uniaxial tensile stress, (110) plane, spanned by [001] and [ ]011  axes. 
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Figure 4-4: Band splitting between the first and second hole bands induced by (left) [001] gate 
confinement field; and (right) [001] uniaxial stress. 

 

  

Figure 4-5: [110] Hole transport mobility in [100] and [110] directions in (001) surface 
orientation.  Curves show percentile change with [001] uniaxial tensile stress. 
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Figure 4-6: Band splitting between the first and second hole bands induced by (left) [110] gate 
confinement field; and (right) [110] uniaxial stress. 

 

  

Figure 4-7: [110] transport mobility percentile change with [110] uniaxial stress. 
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5 Optimum Combination of Stress and Crystal Orientation 

5.1 Position Dependent Stress 

As described earlier in related published process techniques (for example, 

[Ran05]), uniaxial strain is introduced into pMOS transistors by depositing SiGe 

alloy in a recessed etched trench in source and drain regions on each side of 

channel.  For a pMOS device of Si0.83Ge0.17 source/drain regions, simulation 

results showed approximately 500 MPa of uniaxial compression in the channel 

[Tho05].  This technique is only applicable for nanometer scale channel lengths; 

in longer devices the compressive force would not have penetrated far enough to 

strain the entire channel.  The strain field is also function of the heat generated 

during processing after the source/drain epitaxial growth.  Even in devices with 

~100 nm channel length as shown in Figure 5-1, the strain field in the channel is 

far from uniform.  For this position-dependent strain field, a new feature is 

added to MCUT to handle this. 
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Figure 5-1: Stress along the channel in a strained Si pMOS transistor, modeled by ISE04 [Ran05] 

In order to handle position-dependent materials (i.e., different stressed Si), MCUT 

needs to read in the band structures and phonon scattering rates of those materials.  

First a second order polynomial fitting is assumed for every k point of the entire 

E-k dispersion of various stressed Si materials, as 

 ( ) ( ) ( ) ( ) 2
0 σσσ ⋅+⋅+= kkkk baEE . (5-1)

K-dependent a(k) and b(k) are calculated by Matlab on each and every k.  The 

polynomial form helps to reduce memory usage for storing band structures.  

However, this technique cannot be used in the reverse E-k lookup and phonon 

scattering rate tables.  For a certain energy at a given stress value, the crystal 

momentum cannot be found by extrapolating from the k found with zero stress 

value.  The scattering rates do not follow polynomial function of stress either.  

So these two tables require a great deal of RAM during simulation.  In reverse E-

k lookup process, MCUT first rounds up the stress value to one of the columns in 
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the table, then finds an E-k pair with that approximate stress.  This process is 

only to provide a set of possible k vectors for the given energy in scattering events; 

the following energy and momentum conservation check still uses the accurate E-

k polynomials.  The phonon scattering rate calculation uses the interpolation 

method. 

Strain in Si also affects the band gap and band edge.  The effect in transport is 

explained in the equation below (similar to Eq. (2-11)). 
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In simulation, a stress value is allocated to each mesh point in the device.  

Carriers then are automatically adjusted for their energy and velocity depending 

on their physical location.  Phonon scattering rates and mechanisms also become 

function of the local stress value.  The library file size increase for one 

dimension and the code requires around 1 GB RAM to run.  The simulation 

speed is not noticeably decreased as the dominating computation is still the 

Poisson equation solver. 

5.2 Simulations with Position-Dependent Stress 

The device simulation was carried out on 50 nm “well-tempered” pMOS 

structures [Mit00].  For this demonstrative purpose, the stress profile within the 

channel is simplified compared to that shown in Figure 5-1.  The stress increases 

laterally from source to channel to reach a maximum stress level, stays constant in 
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the channel, then drops back to zero in the drain end.  This setup is intended to 

model the source/drain SiGe epitaxy technology.  The channel maximum stress 

is varied from 0.0 (unstrained) to 1.5 GPa.  The drain current enhancement is 

plotted in Figure 5-2. 
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Figure 5-2: Drain current enhancement as a function of channel maximum stress. “High current” 
simulation was achieved with gate bias -1.5 V and drain bias -0.5 V; “medium current” simulation 
was with gate bias -1.2 V and drain bias -0.2 V; and “low current” simulation was with gate bias 
of  -1.2 V and drain bias -50 mV.  Source and substrate were grounded. 

Comparing Figure 5-2 with bulk properties Figure 3-5 and Figure 3-7, we find that 

device current response with stress follows the thermal velocity change under the 

“high current” condition.  Under the “low current” condition, the current 

enhancement rate is higher as mobility plays a greater role with the reduced drain 

voltage.  However, as discussed in [Lun97], within short channel devices (50 nm 

in this example), the limiting factors under normal operating conditions are source 

to channel injection efficiency which is related to but not the same as mobility 
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(which shall be discussed in Section 7) and carrier injection velocity (which is the 

thermal average velocity shown in Figure 3-5.)   

5.3 Combination of Stress and Quantum Confinement 

The concept of confinement-to-stress mapping is introduced in Section 4.3.  

Since the purpose of both applying stress in channel and choosing wafer 

orientation is to increase performance (especially for pMOS), optimizing both 

simultaneously should provide the maximum performance enhancement.  For a 

conventional (001) wafer orientation, there are still gate confinement effects on 

sub-bands, phonon scattering rates and confinement-induced scattering.  Though 

MCUT runs on a semiclassical environment, various correction methods are used 

to accommodate the quantum effects.  In the uniaxially stressed Si pMOS 

simulation, modeling quantum effects is important as confinement effects in 

valence band are both significant and quite complicated.  Figure 4-2 shows the 

first sub-band of unstrained Si in (001) and (110) wafer orientations.  For 

uniaxially stressed Si, the consequences of confinement are still under 

investigation with (mostly) the k•p method.  Our findings show that in 

conventional (001) wafers, the quantum confinement effects are insignificant as 

compared to those for uniaxial stress in the [110] direction.  As shown in Figure 

5-3 and Figure 5-4, the HH band (i.e., the first sub-band) does not change shape 

much under confinement the field.  Because of the heavy-hole/light-hole energy 

splitting, most of the carriers stay in the HH band under moderate field, so the 

characteristics of transport (for example, low field mobility) are almost 

determined by the HH band only.  The change of E-k diagram under 



 66 

confinement, as shown in Figure 5-4, is much less than the anisotropy induced by 

uniaxial stress in [110] direction.  So in MCUT simulations, the quantum effects 

being modeled are limited to the confinement-induced phonon scattering change. 

  

Figure 5-3: 2-D energy contours of heavy-hole band (or in other term, first subband),for a [001] 
confinement field of 0.1 MV/cm, 0.5 MV/cm, and 1.0 MV/cm separately, from left to right, in 
energy separation of 5 meV, from band edge upto 100 meV.  The range of k is from -0.1 Å-1 to 0.1 
Å-1.  At different confinement field (0.1, 0.5 and 1.0 MV/cm), the band shape changes but a little. 

 

Figure 5-4: This plotting shows the above figure, the E-k dispersion, in ]110[  and ]011[  

direction, with individual lines represent different [001] confinement fields of 0.1, 0.5 and 1.0 
MV/cm.  The range of k is from -0.1 Å-1 to 0.1 Å-1, with energy unit in eV.  The change is rather 
small, which implies that uniaxial stressed Si behaves similarly in strong confinement as in bulk. 

However, for the non-conventional (110) wafer orientation, the result is quite 

different.  The band diagram change under confinement is dramatic as shown 
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previously in Figure 4-1 and Figure 4-2.  The ellipsoidal shape of HH band, as 

compared to the warped shape of bulk unstrained Si HH, is actually similar to the 

band diagram of [110] uniaxial stressed Si.  Figure 5-5 compares the first sub-

band contours of strongly stressed Si with little confinement to that for confined 

but unstrained Si.  The strongly confined band structure (left hand side) gives an 

average thermal velocity of 1.353×107 cm/s in vertical direction, and 8.961×107 

cm/s in the horizontal direction.  The strongly stressed band structure (right hand 

side) gives an average thermal velocity of 1.395×107 cm/s in vertical direction 

and 9.135×107 cm/s in horizontal direction.  The figures are similar and 

velocities are close, which provides confidence in ability to map between the two 

scenarios, that is to map stress and confinement to just stress. 

  

Figure 5-5: Comparison between (110) orientation confinement effect and uniaxial stress effect.  
In the left hand side case, there is no stress; a field of 1.0 MV/cm is applied in gate (110) direction.  
In the right hand side, the confinement field is small 0.1 MV/cm, but a compressive uniaxial stress 
of 3.0 GPa is applied on transport direction.  The contours show the first sub-band (heavy-hole) 
from band edge to 100 meV, in steps of 5 meV. 

Though this work is in its infancy, this mapping between strain and confinement 
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should allow consideration of both simultaneously, as discussed for electrons in 

Section 2.  Being able to investigate wafer orientation effects in Si pMOS, which 

are believed to be a quantum mechanical effects, with semiclassical Monte Carlo 

technique brings with it all of the existing advantages of full-band semiclassical 

MC.  For example, the Poisson-Schrödinger self-consistent infrastructure is well 

built with MCUT; scattering mechanisms are complete and well calibrated; non-

local field effects and other short channel effects are treated naturally, and device 

structures can be easily read in. 
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6 Dual Gate NMOS Simulation 

6.1 Alternative quantum correction scheme 

Theoretically, dual gate Si nMOSFETs (the technology is also called as “double 

gate nMOSFETs”, “FINFETs”, “SOI”, etc) simulation is quite similar to 

conventional bulk Si nMOS simulation, as long as the simulator takes care of the 

structural difference in its self-consistent Poisson’s and Schrödinger’s equation 

solvers.  MCUT deals with the quantum correction via Schrödinger’s equation 

solver and the “effective strain” mapping scheme (Section 2.4).  Under gate 

confinement, the band edge of energy valleys Δ2 and the Δ4 becomes non-

degenerate, due to different effective masses in gate direction.  The induced 

valley shift and inter-valley phonon scattering rate change are modeled by 

mapping to strain effects. 

In dual gate nMOS, with Si body thickness around 100 nm or lower, the 

confinement effects get stronger than in bulk devices.  Full quantum study shows 

the phonon scattering rate as a function of confinement.  Scattering rate 

increases as gate bias increases.  With the previous quantum correction method, 

this effect is not modeled.  A new quantum correction method for ultra-strong 

confinement becomes necessary, especially for the dual gate nMOS simulations. 

In the full quantum 2-D MC simulator, SEMC2D [Che03], the subband levels in 

the device are calculated, then the phonon scattering rates (i.e., imaginary self-

energies) are accordingly calculated.  The scattering rates as a function of carrier 
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kinetic energy and confinement are drawn in Figure 6-1.  The effects shown there 

are quite significant especially in ultra-small scale CMOS while conventional 

semiclassical Monte Carlo simulators usually neglect them and might have used 

empirical surface roughness scattering models to match experimental results. In 

Figure 6-2 the scattering rates are re-plotted with energy reference fixed at band 

edge at no confinement.  At this fixed energy reference, the phonon scattering 

rates at various confinement situations “converge” well with the bulk scattering 

rates value. 

 

Figure 6-1: Phonon scattering rates as function of carrier energy in confined channels.  
Scattering rates form steps with sub-band levels, while they increase with confinement. 
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Figure 6-2: Replot scattering rates with energy reference fixed to bulk band edge at no 
confinement. 

This interesting phenomenon can be used in MCUT as a new method for the 

quantum correction on phonon scattering rates.  We consider the summation of 

carrier kinetic energy and the quantum shift of band edge to be “carrier quantum 

energy”, as shown in Figure 6-3.  In MCUT, the quantum shift of band edge is the 

first sub-band level, position and valley dependent, solved by the one-dimensional 

effective-mass Schrödinger’s equation normal to the interface. In this version of 

MCUT, the phonon scattering rates are function of the “total energy”, summation 

of the first sub-band energy ΔE and classical kinetic energy.  As shown in Figure 

6-3, due to the difference in m* in confinement direction, ΔE are different for 

different valleys/bands.  Besides the effect that intra-valley scattering rates are 

increased in inversion layers, some inter-valley/band scattering between valleys/ 

bands become energy prohibited, as described by equation set: 
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(6-1)

where Γ(QC) is the quantum corrected scattering rate and γ is the pre-tabulated bulk 

scattering rate, ECL is the carrier kinetic energy, Eph is the maximum phonon 

energy and subscript 1, 2 denotes different bands/valleys.  This treatment 

effectively changes the density-of-states in each band/valley to emulate the sub-

band reformation and phonon scattering rate increase in inversion layers. 

  

Figure 6-3: With confinement, when valleys/bands become non-degenerate, intra- and inter-valley 
phonon scattering rates are function of “total energy”, while some inter-valley scattering becomes 
energy-prohibited.  This effectively alternates valley/band concentration in simulations. 
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6.2 MCUT simulations with dual gate Si nMOS 

The effect of quantum confinement is more evident in dual gate FINFETs.  

When FINFET body thickness decreases, the confinement in body increases, 

which allocates carriers to low energy valleys (Figure 6-4) and also increases 

scattering rates as confinement shifts subbands (Figure 6-5).  In Si nMOS case, the 

low energy Δ2 valleys have lower conductivity m*, so the two effects compete 

with each other.  At high confinement, the phonon-limited mobility decrease 

with body thickness [Sho99] (Figure 6-6). 
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Figure 6-4: Valley population in Δ2 and Δ4 valleys in Si dual gate MOSFET body. tbody shrinks from 
30 nm down to 2 nm.  The solid red lines represent Δ2 valley concentration and the green dashed 
lines for Δ4 valleys. 
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Figure 6-5: Δ2 and Δ4 valley subband level in Si dual gate MOSFETs, with the energy denoted by 
ΔE1 and ΔE2. 
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Figure 6-6: Phonon-limited electron mobility in Si dual gate MOSFETs.  The confinement 
enhanced surface roughness scattering is not included here. 
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7 Injection Efficiency with Bandgap Engineering 

7.1 Motivation 

Strained-SiGe-on-Si has been tried in vertical pMOS structures.  Holes mobility 

in strained-SiGe is subject to the competing effects of enhancement by band 

splitting and degradation by alloy scattering as compared to Si.  Unfortunately, 

the highly strained SiGe on top of Si substrate cannot be grown thick before it 

relaxes, so that the mobility-enhancing effect of band splitting is not generally 

attractive.  A potential new variation on this structure is the use of bandgap 

engineering to improved source-to-channel injection efficiency.  When Ge mole 

fraction varies (or forms hetero-junction steps) in the channel, the transporting 

carriers gain (or loose) kinetic energy at these hetero-junction steps (Figure 7-1).  

When carriers gain enough energy by passing over one of these steps it should 

trigger optical phonon emission, and although they scatter, they should loose 

enough energy to prevent them from being scattering back into the source.  This 

is not the case for the competing processes of ionized impurity, surface roughness 

and low-energy acoustic phonon scattering which dominate for low energy 

carriers.  Thus band-gap engineering might be able to increase device injection 

efficiency. 



 77 

  

Figure 7-1: Vertical pMOS structure with strained-SiGe grown on top of Si.  Note the Ge mole 
fraction in SiGe forms steps from source to drain. 

7.2 Simulation Results 

The vertical pMOS structure with Ge mole fraction steps will be carefully 

designed to maximize channel injection efficiency and thus drive current.  

Injection efficiency enhancements are expected to resemble the test result shown 

in Figure 7-2. 
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Figure 7-2: Injection efficiency comparison between a device with Ge mole fraction steps and a 
control device.  Note the peaks represent the Ge mole fraction steps in channel. 
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8 Conclusions and recommendations 

8.1 Conclusions 

This work focused on semiclassical Monte Carlo simulation with Si CMOS 

devices.  Though the basic infrastructure of semiclassical MC device simulation 

has been established for a long time, work to improve the method and to extend 

the method to new applications has never stopped. 

As the feature size of CMOS shrinks into nanometer regime, quantum 

mechanicals corrections in semiclassical MC have evolved from a novel to a near-

mandatory feature.  Since Schrödinger’s equation solver was introduced into MC 

as the base for quantum correction, the algorithm has been continually improved.  

In MCUT, the valley-dependent quantum correction based on valley effective 

mass Schrödinger’s solver was the first improvement over older MoCa [Win03]; 

the concept of “effective stress” based on the combination of stress-induced and 

confinement-induced valley energy splitting was the direct result of that. 

The valley-dependent quantum correction worked well for nMOS, in which 

electrons are the majority carriers.  The pMOS, or hole carrier, acts differently 

with strong confinement.  The full quantum analysis showed the valence band 

structures were altered in shape by the confinement not merely shifted in energy, 

thus changing the hole transporting characteristics.  The conventional quantum 

correction algorithms do not apply for this category; in fact, there had been less 

hole transport study than electron’s with MC technique due to the complexity of 

valence band structure.  In this Ph.D. work, the hole transport was addressed 
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within a full-band semiclassical MC technique, and a new quantum correction 

mechanism on the full band structure was applied to strong confinement situations.  

The new quantum correction method analyzes the similarity of band structures of 

Si under gate confinement and Si under uniaxial stress, and then utilizes it to do 

the correction directly on band structures. 

While not perfect, these quantum corrections for otherwise semi-classical MC aim 

to achieve a balance between accurate modeling and acceptable computation 

complexity.  Compared with a first-principles treatment of transport within 

individual sub-bands, the correction technique saves the re-calculation of band 

structure over each bias and position in the device; rather, a correction based on 

the confinement strength is added to the bulk band structure for a very low cost of 

computation power.  The accuracy requirement is also guarded by the corrected 

band structures mimicking the real band structure under confinement. 

Modeling of Stress Si has been extensively discussed in this thesis.  Modeling 

stressed Si CMOS the major application of the tool MCUT over the last five years.  

Since the semiconductor industry entered the sub-micron regime in 1990’s, the 

high mobility in stressed Si has raised widespread interest.  Compared with other 

contemporary non-conventional CMOS technologies, such as SOI, FINFET, 

nanowire, etc, use of stressed Si requires the least amount of change to the current 

Si fabrication process, and it has also been proven effective with various 

experiments, and recent generations of Si products [Tho02].  Moreover, there are 

many variations on the use of stress.  Biaxial stress with Si over SiGe substrate 

and uniaxial stress with SiGe epitaxy are the two main topics in this study.  At 

the moment stress is limited to the major surface orientations such as <100> and 
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<110> due to compatibility with existing fabrication. 

For MCUT simulation of non-conventional channel materials, calculation of the 

bulk strained band structure is the first step.  The full Brillouin Zone energy (E) 

vs. wavevector k dispersion is calculated and recorded in the library; then phonon 

scattering rates are then calculated with this full band structure and also recorded.  

A full quantum analysis on band structure under gate confinement is carried out 

and an empirical mapping equation between confinement strength and stress is 

established.  In MC simulation, full band structure and phonon scattering rates 

(together with other empirical scattering rates) are read in for carrier transport and 

scattering events.  The Poisson’s equation solver determines the potential profile 

which directs carrier transport, and the Schrödinger’s equation solver decides the 

correction to put on the band structures and phonon scattering rates.  These two 

solvers run iteratively during simulation to update the potential and corrections 

depending on carrier concentration.  Thus MCUT self-consistently runs the 

simulation till stable result is achieved. 

With all the advantages of the MC technique in modern simulation field, MCUT 

is still not a perfect tool.  Perhaps quantum device simulation will eventually 

replace semiclassical simulation as the reference standard.  However, while full 

quantum transport simulation is still in the development phase and struggling to 

accurately model scattering, semiclassical MC takes advantage of the well-

established infrastructure and empirical scattering models to satisfy the simulation 

needs of contemporary and at least near future generations of semiconductor 

technology.   
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8.2 Recommendations for future research 

Though semiclassical MC may be doomed to be replaced by full quantum 

transport simulation as a reference standard in the future, for the current and near 

future device generations there is still both value and room for improvement.  

Even with fully quantum transport simulators available in the future, semiclassical 

Monte Carlo simulation will likely remain a more practical alternative for many 

applications.  (Certainly, drift-diffusion and hydrodynamic simulators are still 

being used and even improved upon long after semiclassical Monte Carlo became 

the reference standard.)  Over the past few years MCUT has seen many 

modifications and improvements, and its simulation capabilities have been 

increased greatly over its predecessor semi-classical MC simulators.  So the first 

recommendation is now simply the application of MCUT to various topics in the 

current generation of CMOS. 

Most of the uniaxial stressed Si CMOS are built on conventional (100) wafer 

surface with <110> channel orientation, to allow use of existing fabrication 

technology.  As discussed in Section 4, PMOS devices built on (110) wafer 

orientation have higher mobility than conventional ones, which was attributed to 

different gate confinement effects in (110) wafers.  The work to map this 

quantum confinement effect to uniaxial stress effect has been (partially) 

completed (Section 4.3), and a proposal to combine the effect of quantum 

confinement and channel stress is made in Section 5.  This may be an interesting 

topic to continue research on.  If simulation indicates that the benefit of high 

mobility devices exceeds the cost, it may provide a model for the next generation 
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of CMOS. 

The conceptual injection enhancement SiGe PMOS discussed in Section 7 also is 

worthy of continual research.  Despite the difficulties in real fabrication of these 

devices, the theoretically increased injection efficiency is a unique feature.  In 

ultra short channel MOSFETs, the source-to-channel injection efficiency is more 

important than channel carrier mobility, and the ways of changing the injection 

efficiency are very limited.  Simulation is, of course, much easier than actually 

building SiGe PMOS, but it is still a challenge.  Continual research on this 

subject could be rewarding. 

The MCUT program could see continuous improvements too.  One on-going 

project is the addition of Pauli exclusion in the calculation of phonon scattering. 

Impurity scattering, alloy scattering and surface roughness scattering are largely 

based on empirical formula.  For new materials and structures, it is likely that the 

formulae will need to be updated, or, better replaced with more first-principles full 

band scattering rates (with quantum correction). 
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