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ABSTRACT 
 
 
 
Wang, Jing.  Ph.D., Purdue University, August, 2005.  Device Physics and Simulation of 
Silicon Nanowire Transistors.  Major Professor: Mark S. Lundstrom. 
 
 

As the conventional silicon metal-oxide-semiconductor field-effect transistor 

(MOSFET) approaches its scaling limits, many novel device structures are being 

extensively explored.  Among them, the silicon nanowire transistor (SNWT) has attracted 

broad attention from both the semiconductor industry and academia.  To understand 

device physics in depth and to assess the performance limits of SNWTs, simulation is 

becoming increasingly important.  The objectives of this thesis are: 1) to theoretically 

explore the essential physics of SNWTs (e.g., electrostatics, transport and bandstructure) 

by performing computer-based simulations, and 2) to assess the performance limits and 

scaling potentials of SNWTs and to address the SNWT design issues.  A full three-

dimensional, self-consistent, ballistic SNWT simulator has been developed based on the 

effective-mass approximation with which we have evaluated the upper performance 

limits of SNWTs with various cross-sections (i.e., triangular, rectangular and cylindrical).  

The results show that SNWTs provide better scaling capability than planar MOSFETs.  A 

microscopic, quantum treatment of surface roughness scattering (SRS) in SNWTs has 

also been accomplished, and it shows that SRS is less important in SNWTs with small 

diameters than in planar MOSFETs.  Finally, bandstructure effects in SNWTs with small 

diameters have been examined by using an empirical tight binding model, and a channel 

orientation optimization has been done for both silicon and germanium nanowire field-

effect transistors. 
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(a) 

 

(b) 

Fig. 5.3 (a) IDS vs. VGS curves for the simulated SNWT (TSi=WSi=3nm) with smooth 
(solid) and rough (dashed with symbols) Si/SiO2 interfaces.  (VDS=0.4V).  Three samples 

(triangles, crosses and circles) of the rough SNWT are generated based on the same 
roughness parameters (Lm=0.7nm and rms=0.14nm) but different random number seeds.  
The SNWT threshold voltage (VT) is defined as IDS(VDS=VT, VDS=0.4V)=2·10-7·WSi (A), 
where WSi is in nm.   (b) The reduction of electron DOS at low injection energies caused 

by SRS. 
 

VT shift 

VDS = 0.4V 
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Finally, we explore the effects of SRS on the SNWT drain current above 

threshold.  To do this, we compute a current ratio /Rough Smooth
DS DSI Iβ =  at the same gate 

overdrive, VGS -VT, for both rough and smooth SNWTs.  By comparing currents (rough vs. 

smooth) at the same gate overdrive, the effect of the VT increasing induced by SRS is 

removed.  This allows us to examine whether the roughness can cause a significant 

reduction of SNWT ON-current by back-scattering.  Fig. 5.4 shows the β vs. gate 

overdrive curves for the SNWTs with different wire widths and roughness parameters.  

Several interesting phenomena are observed.  First, all the simulated structures display a 

decreasing β with an increasing gate overdrive.  This occurs because more modes become 

conductive under higher gate bias, which, as described earlier, enhances SRS in the 

SNWTs.  

Second, based on the roughness parameters, Lm=0.7nm and rms=0.14nm, which 

are typical of an oxidized Si/SiO2 interface [61], the SNWT with WSi=3nm (solid) 

achieves a surprisingly high β≈0.9 at a typical ON-state condition (gate overdrive = 0.3V 

for a 0.4V supplied voltage).  The same amount of surface roughness scattering severely 

degrades the mobility of a planar MOSFET under a high gate bias. [86]  To explore the 

effects of the correlation length Lm, two additional values (1.4nm for circles and 3.0nm 

for triangles) were examined.  The results show that β is insensitive to Lm, as expected 

from the averaging over a thermal distribution of electron wavelengths that occurs at 

room temperature and high drain bias (VDS=0.4V).  In contrast, doubling the rms 

(diamonds) clearly degrades β at the same gate overdrive, indicating the importance of 

maintaining relatively smooth Si/SiO2 interfaces for the high performance applications of 

SNWTs.  

Third, increasing the wire width reduces the strength of quantum confinement and 

thus increases the number of conducting modes in the SNWT.  Our results (solid vs. 

dashed) clearly show that with a larger number of conducting modes in the wider 

(WSi=9nm) SNWT, SRS is much stronger than in the narrower (WSi=3nm) device.  This 

observation also suggests that SRS is more serious in a planar MOSFET, which can be 

viewed as a SNWT with a very large wire width. 
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Fig. 5.4 Current ratio β vs. gate overdrive curves for the simulated SNWTs with different 
wire widths (WSi) and roughness parameters (Lm and rms).  At all the cases, the Si body 

thickness is fixed to be TSi=3nm and the drain bias is VDS=0.4V. 
 

 

 

5.4 Summary  

 

In summary, we theoretically investigated the surface roughness scattering in 

silicon nanowire transistors by using a full 3D, self-consistent, quantum mechanical 

simulator, developed in Chapter 3.  The microscopic structure of the Si/SiO2 interface 

roughness [61] [62] was implemented into the simulator using the 3D finite element 

method [44] [45].  We found that  

1) SRS significantly deforms electron wavefunction and subbands, and the 

deformation and coupling terms, instead of the variations in electronic 

subbands, dominate the transport, 

2) SRS reduces the electron density of states in the channel, which increases the 

SNWT threshold voltage, 

Increase WSi 

Double  
rms 
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3) SRS is insensitive to the correlation length of the Si/SiO2 interface roughness 

but very sensitive to the rms, so a smoother Si/SiO2 interface is highly 

preferred for the high performance applications of SNWTs, 

4) SRS in SNWTs becomes less serious when fewer propagating modes conduct, 

implying that SRS will be less important in small-diameter SNWTs than in 

planar MOSFETs with many transverse modes occupied. 

This work provides important insights into the nature of SRS in SNWTs and 

suggests that SRS may not be as important in nanowires as it is in conventional, planar 

MOSFETs. 
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6. ATOMISTIC SIMULATIONS OF SILICON AND GERMANIUM 

NANOWIRE TRANSISTORS 

 
6.1 Introduction 

 

 In nanowires, due to the two-dimensional (2D) quantum confinement, the bulk 

crystal symmetry is not preserved any more.  For this reason, the atomistic bandstructure 

effects may play an important role on the device characteristics of semiconductor 

nanowire transistors, especially when the diameters are small (e.g., <3nm).  In this 

chapter, we perform an atomistic simulation of silicon and germanium nanowire 

transistors to explore their ballistic performance limits with the consideration of 

bandstructure effects. 

 Instead of doing a full three-dimensional (3D), atomistic simulation within the 

non-equilibrium Green’s function (NEGF) formalism [37] [38], which is discouraged by 

its huge computational burden, we accomplish our atomistic simulations according to the 

following ‘two-step’ procedure. 

1) Step 1 is the calculation of the energy dispersion (E-k) relations of silicon and 

germanium nanowires by using a nearest-neighbor sp3d5s* tight binding (TB) 

approach [49] [50] [51].  Within this tight binding approach, 20 orbitals, 

consisting of an sp3d5s* basis with spin-orbital coupling, are used to represent 

each atom in the nanowire Hamiltonian.  The orbital-coupling parameters we 

use are from [49], which have been optimized by Boykin et al. to accurately 

reproduce the band gap and effective-masses of bulk Si and Ge (within a <5% 

deviation from the target values [49]).  (It should be mentioned that bulk bond 

lengths are assumed in our calculations.  In real nanowires, the crystal 

structures will relax to obtain a minimum energy [89].  We expect that the 
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general results of this study will also apply to relaxed structures while some 

quantitative differences may appear.)  At the Si/Ge surfaces, a hard wall 

boundary condition for the wavefunction is applied and the dangling bonds at 

these surfaces are passivated using a hydrogen-like termination model of the 

sp3 hybridized interface atoms. [90]  As demonstrated in [90], this technique 

successfully removes all the surface states from the semiconductor band gap.  

Based on this sp3d5s* tight binding approach, we have developed a simulator 

that can treat Si and Ge nanowires with arbitrary wire orientations and cross-

sectional shapes. 

2) Step 2 is to evaluate the I-V characteristics of the Si/Ge nanowire FETs based 

on the E-k relations obtained in Step 1.  Here we exploit a semi-numerical 

ballistic FET model, ‘FETToy’ [52] [53], introduced in Chapter 2.  This 

model captures 3D electrostatics, quantum capacitance [55] [56] and bias-

charge self-consistency in ballistic FETs.  (Since the model assumes a 

semiclassical transport, source-to-drain tunneling [17] and band-to-band 

tunneling [2] [36] are not considered.)  In the past, this model was used to 

evaluate the I-V characteristics of Si MOSFETs [52] and high electron 

mobility transistors [54] with parabolic energy bands and Ge MOSFETs with 

numerical E-k relations [91].  More details about this model can be found in 

the cited references [52] [53] [54] [91] and Chapter 2 of this thesis.  With this 

method, ballistic I-V characteristics of both n-type and p-type Si/Ge nanowire 

FETs can be evaluated. 

This chapter is divided into the following sections.  Sec. 6.2 shows the calculated 

energy dispersion relations of Si and Ge nanowires with various wire orientations, Sec. 

6.3 presents a performance evaluation and optimization of Si and Ge nanowire FETs, Sec. 

6.4 explores the validity of the widely used parabolic effective-mass approximation [43] 

[44] [92] for the I-V calculation of Si nanowire transistors, and Sec. 6.5 summarizes the 

chapter. 
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6.2 Calculated Energy Dispersion Relations 

 

 Figure 6.1 shows an example of one of the simulated nanowire structures in this 

work.  The transport orientation of the wire is along the [ ]100  direction, the shape of the 

cross-section is circular (or more strictly, octangular) and the wire diameter is 3nm.  A 

unit cell of the nanowire crystal consists of four atomic layers along the x (transport) 

direction and has a length of a0=5.43Å (for Si) and a0=5.65Å (for Ge). [49]  It should be 

noted that although Fig. 6.1 is only for a specific nanowire structure with a particular 

wire orientation and cross-sectional shape, nanowires with various wire orientations (e.g., 

[ ]100 , [ ]110 , [ ]111  and [ ]112 ) and cross-sectional shapes (e.g., circular and rectangular) 

are explored in this work. 

  

 

 

Cross-Section 

 
 

Fig. 6.1 The atomistic structure of a [ ]100  orientation nanowire with a circular cross-
section and a 3nm wire diameter (D=3nm). 

 

X [100] 

Z 

Y D 
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 Figure 6.2a illustrates the E-k relation for the Si nanowire structures shown in Fig. 

6.1.  For the wire conduction band, it is clear that the six equivalent ∆ valleys in the bulk 

Si conduction band split up into two groups due to quantum confinement [93] [94], which 

we call ‘unprimed-primed-splitting’ here.  Four unprimed valleys, [ ]010 , 010⎡ ⎤⎣ ⎦ , [ ]001 , 

and 001⎡ ⎤⎣ ⎦ , are projected to the Γ point (kx=0) in the one-dimensional (1D) wire Brillouin 

zone ( 00 // aka x ππ ≤≤− ) to form the conduction band-edge.  Two primed valleys (i.e., 

[ ]100  and 100⎡ ⎤⎣ ⎦ ), located at 0 00.815 2 / 1.63 /xk a aπ π= ± ⋅ = ±  in the bulk Brillouin zone, 

are zone-folded to 0/37.0 akx π±=  in the wire Brillouin zone to form the off-Γ states.  

(A similar observation has been reported in [93] and [94] for square Si nanowires with a 

[ ]100  transport direction and four confinement directions along the equivalent <110> 

axes.)  For the wire valence band, the degeneracy between the light hole and heavy hole 

in bulk Si is lifted up by quantum confinement.  Fig. 6.2b plots the effective-mass m* at 

the Γ point in the wire conduction band vs. wire diameter D for a [ ]100  oriented Si 

nanowire with a circular cross-section.  It is clearly shown that m* increases with a 

decreasing D, due to the nonparabolicity of the ∆ valleys in the bulk Si conduction band. 

[36] [95]  (The effects of this nonparabolicity on the device performance of Si nanowire 

FETs will be discussed in detail in Sec. 6.4.) 

 In Fig. 6.3a, we plot the E-k relation for a [ ]111  oriented Ge nanowire with a 

circular cross-section and a 4nm diameter.  The range of the 1D Brillouin zone for this 

wire is 0 0/ 3 / 3xa k aπ π− ≤ ≤ , since the length of the unit cell is 03a  for this 

structure.  Three L valleys in bulk Ge, 111⎡ ⎤⎣ ⎦ , 111⎡ ⎤⎣ ⎦  and 111⎡ ⎤⎣ ⎦ , are projected to the point 

0/ 3xk aπ= , while another three L valleys in bulk Ge, 111⎡ ⎤⎣ ⎦ , 111⎡ ⎤⎣ ⎦  and 111⎡ ⎤⎣ ⎦  are 

projected to 0/ 3xk aπ= − .  These states form the lowest valleys in the conduction band 

of this Ge nanowire.  Fig. 6.3b shows the E-k relation for a [ ]112  oriented Si nanowire 

with a circular cross-section and a 2nm diameter.  Fig. 6.3c compares the calculated band 
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gaps (solid with circles) for [ ]112  oriented Si nanowires with a circular cross-section vs. 

the experimental results (diamonds) obtained from [20].  The results clearly show that our 

tight binding calculation provides good agreement with the measured data [20]. 

 

 
(a) 

 
(b) 

Fig. 6.2 (a) The E-k relations for a [ ]100  oriented Si nanowire with a circular cross-
section and a 3nm wire diameter (the atomistic structure of this nanowire is shown in Fig. 

6.1).  (b) The effective-mass m* at the Γ point in the wire conduction band vs. wire 
diameter D for a [ ]100  oriented Si nanowire with a circular cross-section. 

Si [100] 
D=3.0nm 

Light hole - 
heavy hole 
split-up 

Unprimed-
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splitting 

m* at Γ point 
increases as D 
decreases due to 
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(c) 

Fig. 6.3 (a) The E-k relations for a [ ]111  oriented Ge nanowire with a circular cross-

section and a 4nm wire diameter.  (b) The E-k relations for a [ ]112  oriented Si nanowire 
with a circular cross-section and a 2nm wire diameter.  (c) Comparison between the 

calculated band gaps (solid with circles) for [ ]112  oriented Si nanowires with a circular 
cross-section and experimental data (diamonds) [20]. 

 
  

In the final part of this section, let us discuss an interesting bandstructure effect, 

‘band-splitting’ [50] [51] [96], in silicon nanowires with small diameters.  Fig. 6.4a 

shows the calculated conduction band for a [ ]100  oriented Si nanowire with a square 

cross-section (four confinement directions along the equivalent <100> axes) and a 

1.36nm wire width.  The results clearly show that the degeneracy of the 4-fold Γ valleys 

Ge [111] 
D=4.0nm 

(a) 

Si [112] 
D=2.0nm 

(b) 
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in this [ ]100  oriented square wire is lifted by the interaction between the four equivalent 

valleys.  Fig. 6.4b plots the wire width (D) dependence of the splitting energy, defined as 

the difference between the highest and the lowest energy (at the Γ point) of the four split 

conduction bands.  The splitting energy is seen to fluctuate as a function of the number of 

atomic layers and the envelope decreases with the wire width according to D-3, analogous 

with the band-splitting observed in Si quantum wells [50] [51] [96]. 

 

 
(a) 

 
(b) 

Fig. 6.4 (a) The calculated conduction band for a [ ]100  oriented Si nanowire with a 
square cross-section and a 1.36nm wire width.  (b) The splitting energy (at the Γ point) vs. 
wire width (D) for the simulated Si nanowires.  The closed circles are for the wires with 

an odd number of atomic layers while the open circles are for the ones with an even 
number of atomic layers. 

Band-
splitting 
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6.3 Performance Evaluation and Optimization of Silicon and Germanium Nanowire 

Transistors 

 

 In this section, we adopt the semi-numerical ballistic FET model, ‘FETToy’ [52] 

[53], introduced in Chapter 2, to calculate the I-V characteristics of Si and Ge nanowire 

FETs based on the numerical E-k relations calculated by our tight binding model.  The 

device performance (e.g., ON-current and intrinsic device delay) of ballistic n-/p-type Si 

and Ge nanowire FETs will be compared for different wire orientations.  By doing this, 

an optimum wire orientation in terms of device performance can be defined for both Si 

and Ge nanowire FETs.  Finally, the dependence of the device performance on wire 

diameter will also be explored. 

 As mentioned earlier in Chapter 2, there are two parameters, αG and αD, used in 

the FETToy model to describe the electrostatic couplings between the top of the barrier 

and the gate and the drain, respectively.  To treat the short channel effects (SCEs) [2] in 

FETToy simulations, the values of αG and αD are tuned for a given structure in such a 

way that the FETToy model provides the same sub-threshold swing and drain induced 

barrier lowering (DIBL) as our detailed numerical simulator developed in Chapter 3.  All 

the values of αG and αD used in this section are listed in Table 6.1.  (When extracting αG 

and αD, a simple parabolic energy band is assumed for both the FETToy model and the 

detailed numerical simulator.  And it is found that the values of αG and αD are not 

sensitive to the bandstructures of the channel materials.)   

Figure 6.5 plots the IDS vs. VGS curves in a semi-logarithmic scale for the 

simulated n-type and p-type Si nanowire FETs with a circular cross-section and a 3nm 

wire diameter.  The channel orientation is [ ]100  and the gate length is assumed to be 

L=8nm.  In our simulations, we assume a different gate work function for each structure 

to achieve a specified OFF-current, 10 A/ m (2 )Dµ µ i , where D is the wire diameter.  Then 

we can compare the device performance of Si and Ge nanowire FETs with various wire 

orientations.  Fig. 6.6 shows the ON-currents (a) and intrinsic device delays (b) for the 

simulated n-/p-type Si and Ge nanowire FETs with four different channel orientations – 

[ ]100 , [ ]110  and [ ]111 , which are the three major crystal orientations, as well as [ ]112 , 
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which is one of the favored growth orientations for bottom-up nanowires [19] [20] [97].  

All the devices have the same wire diameter, 3nm, which is selected with the 

consideration of the tradeoff between the SCEs control and the threshold voltage 

fluctuation (see Sec. 4.2 for the details).  The results clearly show that [ ]110  is the 

optimum channel orientation, which offers the highest ON-current and the fastest intrinsic 

device delay for the same OFF-current, for both n-type and p-type Si/Ge nanowire FETs.  

With this optimum channel orientation, the n-type (p-type) Ge nanowire FET displays a 

~40% (~30%) higher ON-current than the Si counterpart.   

 In Fig. 6.7, we explore the dependence of nanowire FET performance on the wire 

diameter.  As we know, when the wire diameter varies, 1) it affects the strength of the 

quantum confinement in the wire and consequently alters its bandstructure (e.g., band-

edges and effective-masses), and 2) it also changes the electrostatic scale length [58] of 

the nanowire FET and, therefore, affects the SCEs of the device.  In our work, to separate 

these two effects, we first simulate the devices without the consideration of SCEs 

(assuming a perfect gate control, αG=1 and αD=0).  Fig. 6.7a shows the intrinsic device 

delays of the simulated Si and Ge nanowire FETs at three different wire diameters, 2nm, 

3nm and 4nm.  Four channel orientations, [ ]100 , [ ]110 , [ ]111  and [ ]112 , are explored.  It 

is clear that for pFETs, the device performance is improved with a decreasing wire 

diameter at all the cases.  The reason is as follows.  As shown in Fig. 6.2a, quantum 

confinement in a nanowire lifts up the degeneracy between the light hole and heavy hole 

in the valence band, which reduces the average hole effective-mass and consequently 

raises the injection velocity of the holes.  When the wire diameter scales down, quantum 

confinement becomes stronger, which leads to a higher hole injection velocity.  This is 

why the p-type nanowire FETs with smaller wire diameters display higher device 

performance.  For nFETs, however, the dependence of device performance on wire 

diameter is sensitive to the material type (e.g., Si or Ge) and the wire orientation.  To 

explain this, we have to understand how quantum confinement affects the conduction 

band properties of Si and Ge nanowires. 

1) Nonparabolicity.  Due to the nonparabolicity of the bulk Si/Ge conduction 

bands [36] [95], the effective-masses of the lowest conduction-band valleys in 
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a nanowire increase as the strength of quantum confinement increases (or the 

wire diameter decreases).  (An example for a [ ]100  oriented Si nanowire is 

illustrated in Fig. 6.2b.)  Since the electron injection velocity is inversely 

proportional to the square root of the effective-mass, nonparabolicity leads to 

a decreasing device performance as the wire diameter scales down. 

2) Unprimed-primed-splitting.  As shown in Fig. 6.2a, quantum confinement in a 

[ ]100  oriented Si nanowire lifts up the degeneracy between the unprimed and 

primed valleys in the bulk Si conduction band and reduces the average 

effective-mass in the transport direction of the wire.  In fact, this unprimed-

primed-splitting effect also occurs in Si/Ge nanowires with other orientations.  

In general, unprimed-primed-splitting increases the average injection velocity 

of electrons and consequently causes an increasing device speed with a 

decreasing wire diameter. 

3) Band-splitting.  For most of the wire orientations of a Si/Ge nanowire, band-

splitting is modest in the diameter range of 2nm – 4nm.  However, for some 

particular wire orientations (e.g., Si [ ]110 ), band-splitting becomes significant 

when the wire diameter is ~3nm.  It increases the curvature of the lowest 

conduction band in the wire and, therefore, reduces the effective-mass at the 

conduction band-edge of the wire.  For this reason, band-splitting in 

nanowires with some particular wire orientations may lead to an increasing 

device performance with a decreasing wire diameter. 

In a real Si/Ge nanowire, all these three effects mentioned above co-exist, and the 

competition between them finally determines the dependence of the device performance 

on wire diameter.  This explains why for n-type Si/Ge nanowire FETs, there is no general 

trend to describe how the wire diameter affects device performance.  Fig. 6.7b shows the 

same results as in Fig. 6.7a except that the SCEs are considered.  (The values of αG and 

αD used are listed in Table 6.1.)  It is shown that the SCEs degrade the performance of 

nanowire FETs and this effect becomes more serious when the wire diameter is relatively 

large (e.g., 4nm). 
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Table 6.1 The values of αG and αD for different structures simulated in this section.  The 
gate length is L=8nm and the oxide thickness is 1nm. 

 

Wire Diameter (nm) 2.0 3.0 4.0 

αG 0.91 0.84 0.77 

αD 0.014 0.032 0.059 
 

 

 

 

 
Fig. 6.5 IDS vs. VGS curves in a semi-logarithmic scale for the simulated n-type (right) and 

p-type (left) Si nanowire FETs with a circular cross-section and a 3nm wire diameter.  
The channel orientation is [ ]100  and the gate length is L=8nm.  αG=0.84 and αD=0.032 
are adopted to account for the SCEs.  Two drain biases, VDS=0.4V and VDS=0.05V, are 

used in the simulation. 
 

  

p-type n-type 
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(a) 

 
(b) 

Fig. 6.6 The ON-currents (a) and intrinsic device delays (b) for the simulated n-/p-type Si 
and Ge nanowire FETs with four different channel orientations, [ ]100 , [ ]110 , [ ]111  and 

[ ]112 .  For all the devices, the wire diameter is 3nm, the gate length is 8nm and the oxide 
thickness is 1nm.  The supplied voltage (VDD) is 0.4V. 
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(a) 

 
(b) 

Fig. 6.7 The dependence of the intrinsic device delay on the wire diameter for the 
simulated Si and Ge nanowire FETs (a) without and (b) with the consideration of the 

SCEs.  Four channel orientations, [ ]100 , [ ]110 , [ ]111  and [ ]112 , are explored.  For all 
the devices, the gate length is 8nm and the oxide thickness is 1nm.  The supplied voltage 

(VDD) is 0.4V. 
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6.4 On the Validity of the Parabolic Effective-Mass Approximation for the Current-

Voltage Calculation of Silicon Nanowire Transistors 

 

 In this section, we explore the validity of the parabolic effective-mass (pEM) 

approximation [43] [44] [92] for the current-voltage (I-V) calculation of silicon nanowire 

transistors.  To do this, we first compute the energy dispersion relations of Si nanowires 

by our tight binding (TB) approach.  The I-V characteristics of n-type SNWTs are then 

evaluated by the FETToy model [52] [53] using both the tight binding E-k relations and 

parabolic energy bands.  By comparing the results for the two types of E-k relations, the 

validity of the parabolic effective-mass approximation is examined. 

 Figure 6.8 shows an example of the simulated nanowire structures in this section.  

The transport orientation of the wire is along the [ ]100  direction (see Fig. 6.8a), the shape 

of the cross-section is square, and the faces of the square are all along the equivalent 

<100> axes (see Fig. 6.8c).  Fig. 6.8b illustrates a unit cell of the nanowire crystal, which 

consists of four atomic layers along the x (transport) direction and has a length of 

a0=5.43Ǻ.  It should be noted that although Fig. 6.8 is only for a nanowire with a wire 

width D=1.36nm, nanowires with various wire widths (from 1.36nm to 6.79nm) are 

explored in this section. 

Figure 6.9 plots the IDS vs. VGS curves for a square SNWT with D=1.36nm in both 

(a) a semi-logarithmic scale and (b) a linear scale.  The dashed lines are for the results 

based on the tight binding E-k relations while the solid lines are for the parabolic 

effective-mass (pEM) results.  In the parabolic effective-mass approach, all six 

conduction-band valleys in bulk Si are considered, and the effective-masses used in the 

calculation (ml=0.891me and mt=0.201me) are extracted from the bulk E-k relation 

evaluated by our tight binding approach with the parameters obtained from [49].  (By 

doing this, the <~5% deviation in bulk Si effective-masses caused by the TB parameters 

[49] are prevented from affecting our comparison between TB and pEM.)  If we define a 

threshold voltage, VT, as 

IDS(VGS=VT, VDS=0.4V)=300nA,                                 (6.1) 

and an ON-current of SNWTs as 
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ION =IDS(VGS -VT=0.3V, VDS=0.4V),                     (6.2) 

we find that pEM significantly overestimates the threshold voltage by 

0.28VpEM TB
T TV V− =  and the ON-current by ( ) / 42%pEM TB TB

ON ON ONI I I− =  as compared with 

the tight binding results.  Fig. 6.10 compares pEM (solid) vs. tight binding (circles) for 

the I-V calculation of a thicker SNWT with D=6.79nm.  It is clear that pEM provides 

nearly identical I-V characteristics as tight binding except for a small overestimation of 

ON-current by ~5%.  The solid lines with circles in Fig. 6.11 show the wire width (D) 

dependence of the errors, EM TB
T TV V−  in (a) and ( ) /EM TB TB

ON ON ONI I I−  in (b), associated with 

pEM.  It is clear that pEM starts to overestimate threshold voltage by >0.03V when D 

scales below 3nm and ON-current by ≥10% when D is ≤5nm. 

 

 

 
(a) 

 

Fig. 6.8 (a) The atomic structure of a square nanowire (D=1.36nm) with a [ ]100  
transport direction.  (b) A unit cell of the square nanowire illustrated in (a).  (c) The 
schematic diagram of the cross-section of the square nanowire.  D demotes the edge 
length of the square cross-section and the four faces of the square are all along the 

equivalent <100> axes. 
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(a) 

 
(b) 

Fig. 6.9 The IDS vs. VGS curves for a square SNWT with D=1.36nm in both (a) a semi-
logarithmic scale and (b) a linear scale.  The oxide thickness is 1nm, the temperature is 
300K, and the drain bias is 0.4V.  The dashed lines are for the results based on the tight 
binding (TB) E-k relations while the solid lines for the parabolic effective-mass (pEM) 

results. 
 

 

 

D=1.36nm, VDS=0.4V 

D=1.36nm, VDS=0.4V 
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Fig. 6.10 The IDS vs. VGS curves for a square SNWT with D=6.79nm in both a semi-

logarithmic scale (left) and a linear scale (right).  The oxide thickness is 1nm, the 
temperature is 300K, and the drain bias is 0.4V.  The circles are for the results based on 
the tight binding (TB) E-k relations while the solid lines for the parabolic effective-mass 

(pEM) results. 
 

 

 To understand the above observations, we plot the D dependence of the wire 

conduction band-edges, EC, and the transport effective-mass, *
xm , at the Γ point in the 

wire conduction band (Fig. 6.12).  (Note that the square wires are the nominal structures 

we focus on in this section.  For comparison, we also show the results for circular wires 

with the same ([ ]100 ) wire orientation.  The results illustrate that the energy dispersion 

relations are nearly invariant when the cross-sectional shape changes from square to 

circular, indicating that the conclusions in this work also apply to wires with a circular 

cross-section.)  As we can see in Fig. 6.12a, when D>4nm (Area>16nm2), the EC 

obtained from the tight binding calculations (solid with squares) is well reproduced by 

pEM (dashed).  (In pEM, the wire conduction band-edge is determined by the lowest 

subband level of the four unprimed valleys).  At smaller wire widths, however, pEM 

overestimates EC due to the nonparabolicity [36] [95] of the bulk Si bands.  This 

overestimation of EC by pEM directly leads to the overvalued threshold voltages of the 

D=6.79nm, VDS=0.4V 
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simulated SNWTs.  The solid line with squares in Fig. 6.12b shows an increasing *
xm   

(extracted from the tight binding E-k relations) with a decreasing D, which is also a result 

of the nonparabolicity of the bulk Si E-k relations.  When D<3nm (Area<9nm2), *
xm  

extracted from tight binding is >40% larger than the corresponding bulk value used in 

pEM.  Since the electron thermal velocity is inversely proportional to the square root of 

the transport effective-mass, the pEM calculations, which adopt a smaller *
xm  than the 

tight binding approach, overestimate the carrier injection velocity and consequently the 

SNWT ON-currents.  In short, the nonparabolicity of the bulk Si bands plays an 

important role when quantum confinement is strong (small D).  The use of parabolic 

energy bands overestimates the wire conduction band-edge and underestimates the 

transport effective-mass, and consequently provides a higher SNWT threshold voltage 

and ON-current as compared with the tight binding approach. 

 Although we have shown that the parabolic effective-mass approach does not 

perform well at small wire widths, it is still interesting to know whether it is possible to 

modify the effective-mass approach to obtain a better agreement with the tight binding 

calculation, since the effective-mass approximation significantly reduces computation 

time as compared to atomistic treatments.  To do this, we first define a quantum 

confinement energy as the difference between the wire conduction band-edge, EC and 

that for bulk Si ( 1.13eVbulk
CE =  [49]).  Fig. 6.13a shows the quantum confinement energy 

computed by pEM ( pEM
QCE ) vs. that obtained from the tight binding calculation ( TB

QCE ).  It 

is evident that for small wire widths, the data points (circles) stand above the y=x curve, 

indicating that pEM overestimates the quantum confinement energy when it is large.  

Inspired by the expressions for the nonparabolicity of the bulk Si bands [36] [95], we 

propose the following quadratic equation to analytically describe the pEM
QCE  vs. TB

QCE  

relation, 

( )1TB TB pEM
QC QC QCE E Eα⋅ + ⋅ = ,                                       (6.3) 

where α  is treated as a fitting parameter and 10.27eVα −= is used for the solid line in Fig. 

6.13a for the best agreement with the extracted data.  Similarly, the TB
QCE  dependence of 
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the transport effective-mass *
xm  at the Γ point (Fig. 6.13b) can also be described by the 

following equation, 

( )TB
QCbulkx Emm ⋅+= β1** ,                                         (6.4) 

where * 0.201bulk t em m m= = is the transport effective-mass in the unprimed valleys in bulk 

Si and 11.5eVβ −= is chosen to achieve the best match between the extracted data points 

(circles) and the analytical expression (solid) up to 1eVTB
QCE = , which is sufficient for the 

I-V calculation of the simulated Si nanowire transistors. 

 After knowing Eqs. (6.3) and (6.4), the effective-mass approximation can be 

tuned for a better fit with tight binding in the following steps. 

Step 1) Calculate the quantum confinement energy, pEM
QCE by the parabolic 

effective-mass approach with the bulk effective-masses (i.e., *
ym and *

zm ). 

Step 2) Solve Eq. (6.3) for the updated quantum confinement energy, new
QCE , as 

1 1 4
2

pEM
QCnew

QC

E
E

α

α

− + + ⋅
= .                                       (6.5) 

Step 3) Evaluate the tuned transport effective-mass at the Γ point by Eq. (6.4), 

( )* * 1 new
x bulk QCm m Eβ= + ⋅ .                                        (6.6) 

Step 4) Use the computed new
QCE  and *

xm  for the I-V calculation of SNWTs. 

It should be noted that the above tuning process is only necessary for the four unprimed 

valleys because 1) at large wire widths, the quantum confinement energy is small and 

nonparabolicity is insignificant in both unprimed and primed valleys, so the parabolic 

effective-mass approach performs well, and 2) at small wire widths, the two primed 

valleys are well separated from the unprimed ones due to stronger quantum confinement 

(smaller effective-masses in the y and z directions) in these primed valleys, so the 

electron density and current contributed by the primed valleys are negligible (e.g., when 

0.15eVTB
QCE > , over 97% electrons are distributed in the unprimed valleys). 
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(a) 

 
(b) 

Fig. 6.11 The wire width (D) dependence of the errors, EM TB
T TV V− in (a) and 

( ) /EM TB TB
ON ON ONI I I−  in (b), associated with the effective-mass approximations.  The solid 

lines with circles are for the parabolic effective-mass (pEM) approximation while the 
dashed lines with diamonds are for the tuned effective-mass (tEM) approach. 
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(a) 

 
(b) 

Fig. 6.12 (a) The conduction band-edges, EC, for the simulated wires with different wire 
widths.  The solid line with squares is for the values for the square wires obtained from 

the tight binding (TB) E-k relations and the dashed line is for the corresponding parabolic 
effective-mass (pEM) results.  For comparison, the TB values for the circular wires with 
a [ ]100  wire orientation are also shown (circles).  (b) The wire width (D) dependence of 

the transport effective-mass, *
xm , at the Γ point in the wire conduction band (extracted 

from the tight binding energy bands by ( )* 2 2 2/ /x xm E k= ∂ ∂= , where =  is the Plank 
constant).  The solid line with squares is for the square wires while circles are for the 

circular wires.  For comparison, the bulk value of *
xm  for the unprimed valleys (used in 

pEM) is shown by the dash-dot line. 
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(a) 

 
(b) 

Fig. 6.13 (a) The quantum confinement energy computed by parabolic effective-mass 
( pEM

QCE ) vs. that obtained from the tight binding calculation ( TB
QCE ).  (b) The ratio of the 

transport effective-mass, *
xm to the bulk value, bulk

xm vs. TB
QCE .  In both plots, the circles are 

for the data points extracted from the tight binding and parabolic E-k relations (from left 
to right: D=6.79nm, 5.15nm, 3.53nm, 1.90nm, and 1.36nm), while the solid lines are for 

the analytical fit based on Eqs. (6.3) and (6.4). 

 

 

 The dashed lines with diamonds in Fig. 6.11 show the wire width (D) dependence 

of the errors, EM TB
T TV V− in (a) and ( ) /EM TB TB

ON ON ONI I I−  in (b), associated with the tuned 

effective-mass approximation.  For wire widths ranging from 1.36nm to 6.79nm, the 

From left to right: 
D = 6.79, 5.15, 
3.53, 1.90, 1.36nm

Eq. (6.3), α=0.27eV-1

From left to right: 
D = 6.79, 5.15, 
3.53, 1.90, 1.36nm 

Eq. (6.4), β=1.5eV-1
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tuned effective-mass approach provides an excellent match with the tight binding 

calculation – less than 10mV error for VT and less than 5% error for ION.  So far, we have 

shown that the effective-mass approximation can be modified by introducing two D-

independent parameters, α  andβ , to accurately reproduce the I-V results computed by 

tight binding.  It must be mentioned that the values of α  andβ used in this work were 

obtained for SNWTs with one particular channel orientation (i.e., [ ]100 ) and one specific 

cross-sectional shape (i.e., square with all faces along the equivalent <100> axes).  The 

important point is that for I-V calculation it is possible to simply tune the effective-mass 

approach to fit the tight binding model.  We expect that this conclusion may apply to 

other SNWTs with different transport directions and cross-sections while the values of 

the tuning parameters (α  andβ ) are subject to change. 

 In this section, by using our tight binding approach as a benchmark, we examined 

the validity of the parabolic effective-mass approximation [43] [44] [92] for the I-V 

calculation of n-type silicon nanowire transistors.  It was found that the simple parabolic 

effective-mass approach with bulk effective-masses significantly overestimates SNWT 

threshold voltages when the wire width (D) is <3nm, and SNWT ON-currents when 

D<5nm.  However, by introducing two analytical equations with two tuning parameters, 

the effective-mass approximation can well reproduce the tight binding I-V results over a 

wide range of wire widths – even at D=1.36nm.  In conclusion, bandstructure effects 

begin to manifest themselves in silicon nanowire transistors with small diameters, but 

with a simple tuning procedure, the parabolic effective-mass approximation may still be 

used to assess the performance limits of silicon nanowire transistors. 

 

6.5 Summary 

 

 In this chapter, based on a nearest-neighbor sp3d5s* tight binding approach [49] 

[50] [51], we developed a simulator that can calculate the energy dispersion relations for 

Si and Ge nanowires with arbitrary wire orientations and cross-sectional shapes.  The I-V 

characteristics of various Si and Ge nanowire FETs were computed by using the FETToy 
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model [52] [53] based on the tight binding E-k relations.  The results show that 1) [ ]110  

is the optimum channel orientation for both n-type and p-type Si/Ge nanowire FETs, 

which offers the highest ON-current and the fastest intrinsic device delay for the same 

OFF-current, and 2) the device performance of p-type Si/Ge nanowire FETs is improved 

as the wire diameter scales down, while for n-type Si/Ge nanowire FETs, the dependence 

of the device performance on wire diameter is sensitive to the material type and the wire 

orientation.  In addition, we also examined the validity of the widely used parabolic 

effective-mass approximation [43] [44] [92] for the I-V calculation of SNWTs.  It is 

shown that the parabolic effective-mass approach significantly overestimates SNWT 

threshold voltages and ON-currents at small wire widths.  By introducing a simple tuning 

procedure, however, the effective-mass approximation can well produce accurate I-V 

results over a wide range of wire widths (even when D=1.36nm), as calibrated with the 

tight binding approach.  
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7. SUMMARY AND OUTLOOK 

 
 This work addressed device physics, modeling and design issues of silicon 

nanowire transistors (SNWTs).  The main accomplishments of this thesis are: 

1) Chapter 2 discussed an analytical theory for ballistic nanowire FETs, which is 

derived by modifying a semi-numerical, ballistic FET model, ‘FETToy’, 

proposed by A. Rahman and coworkers [52] [53] for ballistic planar 

MOSFETs.  Based on this simple approach, the essential physics and 

peculiarities of 1D wire FETs were investigated.  This FETToy model also 

played an important role when evaluating the ballistic performance limits of 

SNWTs with the atomistic bandstructures (Chapter 6). 

2) In Chapter 3, we described a self-consistent, full three-dimensional (3D) 

quantum simulator of ballistic SNWTs based on the non-equilibrium Green’s 

function (NEGF) formalism [37] [38] and the effective mass (EM) 

approximation. [43] [44]  The coupled/uncoupled mode space approach [41] 

[45] [47] was introduced, which significantly reduced the computational 

expense while maintaining great accuracy as compared with the full 3D real 

space representation.  This makes our simulator a practical tool for the 

simulation and design of ballistic SNWTs with various cross-sections (e.g., 

triangular, rectangular and cylindrical). [4]  Within the NEGF framework 

shown in this chapter, scattering in SNWTs can be phenomenologically 

treated by a simple model, so called the ‘Büttiker probes’ [42] [57].  The 

details of this method are discussed in Appendix. 

3) Chapter 4 discussed the performance limits and scaling potential of ballistic 

SNWTs.  It addressed three different topics.  Sec. 4.1 showed a comparison 

between the upper performance limit of SNWTs with that of the planar 
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double-gate MOSFET. [4]  The results showed that SNWTs scale better than 

planar devices.  In Sec. 4.2, we proposed a general approach to compare 

planar vs. non-planar (nanowire) FETs with the consideration of both 

Electrostatic integrity (gate control) and Quantum confinement (so called the 

‘EQ approach’). [58]  The scaling capabilities of different structures (e.g., 

cylindrical wire FETs, double-gate planar FETs and tri-gate FETs) were 

compared using this approach.  Sec. 4.3 introduced a conceptual study of the 

channel material optimization for both planar MOSFETs and nanowire FETs 

based on the effective-mass approximation. [59]  The results implied that an 

optimum effective-mass can be defined for a given structure, which provides 

the highest ON-current for the same OFF-current. 

4) In Chapter 5, we presented a microscopic simulation of surface roughness 

scattering (SRS) in SNWTs by using the 3D quantum simulator developed in 

Chapter 3. [60]  The microscopic structure of the Si/SiO2 interface roughness 

was directly implemented based on the relevant auto-covariance function [61].  

The results showed that SRS in SNWTs becomes less serious when fewer 

propagating modes conduct, implying that SRS will be less important in 

small-diameter SNWTs than in planar MOSFETs with many transverse modes 

occupied. 

5) In Chapter 6, we performed atomistic simulations of Si and Ge nanowire 

transistors. [63] [64]  Based on a nearest-neighbor sp3d5s* tight binding 

approach [49] [50] [51], we developed a simulator that can calculate E-k 

relations for unrelaxed Si and Ge nanowires with arbitrary wire orientations 

and cross-sectional shapes.  The I-V characteristics of various Si and Ge 

nanowire FETs were computed by using the FETToy model [52] [53], 

introduced in Chapter 2, based on the tight binding E-k relations.  The impact 

of bandstructure effects on SNWT performance was investigated and the 

channel orientation optimization was done for both Si and Ge nanowire FETs.  

Finally, the validity of the parabolic effective-mass approximation [43] [44] 

[92] for I-V calculation of n-type SNWTs was examined. 
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This work can be extended as follows in the future. 

1) Electron-phonon interactions.  Understanding carrier transport in Si nanowires 

is of great importance for the assessment of the performance limits of SNWTs.  

In this thesis, we completed a microscopic treatment of surface roughness 

scattering in SNWTs with small diameters.  Furthermore, the electron-phonon 

interaction [98] is another important scattering mechanism that may limit the 

ultimate performance of SNWTs.  Chapter 6 in this thesis describes a 

simulator that can calculate the E-k relations for Si and Ge nanowires with 

arbitrary wire orientations and cross-sectional shapes.  This work offers a 

useful basis for the calculation of phonon scattering rate and phonon-limited 

carrier mobility using Fermi’s Golden Rule [36], assuming the phonon modes 

in Si nanowires are correctly obtained.  More work can also be done to solve a 

coupled phonon-electron/hole Boltzmann transport equation [36] to explore 

the effects of phonon scattering on SNWT device characteristics. 

2) Nanowire heterostructures.  Recently, different experimental groups reported 

coaxial or longitudinal nanowire heterostructures fabricated in a bottom-up 

approach [22] [23] [25].  These structures are expected to have potential 

applications in nanoelectronics and nano-optics.  Following the work in 

Chapter 6, more work can be done to extend our current tight binding 

simulator to calculate the energy dispersion relations for nanowire 

heterostructures, which will be important for exploring the essential physics 

and design issues of nanowire heterostructure devices.  In general, although 

we focused on the field-effect transistor application of Si (Ge) nanowires in 

this thesis, the simulation capabilities developed here may also be used or 

extended to explore novel applications of semiconductor nanowires. 
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APPENDIX 

A SIMPLE MODEL TO TREAT SCATTERING 
 

In Chapter 3, we developed a three-dimensional (3D), quantum mechanical 

simulator for ballistic silicon nanowire transistors (SNWTs) based on the non-equilibrium 

Green’s function (NEGF) approach [37] [38].  In this appendix, we add a dissipative 

transport model, so called the ‘Büttiker probes’ [42] [57], into this simulator.  The 

Büttiker probes model is a simple, phenomenological approach to treat scattering within 

the NEGF framework and it was previously adopted in MOSFET simulations [42].  The 

simulation results in this appendix will show that this simple model captures the essential 

effects of scattering on both internal device parameters (e.g., charge distribution and 

electrostatic potential) and current-voltage characteristics.  It should also be noted that the 

Büttiker probes model is only a phenomenological method, equivalent to the drift-

diffusion model used in the semi-classical context. [36]  So it is incapable of treating 

detailed scattering mechanisms in SNWTs. 

 
1) Theory: 

 

The simple treatment of scattering with the Büttiker probes has been adopted by 

Venugopal and coworkers [42] for the simulation of nanoscale MOSFETs.  Due to the 

similarity between the transport calculations of a MOSFET and a SNWT, here we will 

follow the basic concepts and formalism of the method described in [42] while making 

necessary modifications and corrections for the case of SNWT simulation. 

In the ballistic regime, as we know, electrons move through the device coherently, 

with their energies and phase information conserved.  When scattering is present, 

however, electrons’ momenta and energies could be altered and their phase information 
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may be lost.  Based on this observation, virtual probes (Büttiker probes) are attached to 

the device lattice (in the channel direction), which serve as reservoirs that absorb 

electrons from the active device, modulate their momenta and/or energies, and then re-

inject them back to the device.  The difference between the probes and the S/D contacts is 

that the probes can only change the electron momentum/energy and not the number of 

electrons within the active device [42].  

Figure A.1 shows the one-dimensional (1D) device lattice (in the channel 

direction) for a SNWT with the Büttiker probes attached.  Each probe is treated as a 

virtual 1D lattice (in the 'x direction) that is coupled to a node in the device lattice.  The 

coupling energy, i
m∆ , between this virtual lattice and the node it is attached to is called 

the Büttiker probe strength [42], which is determined by the ballisticity of the device.  

For instance, when i
m∆  is zero, there is no coupling between the device and the probes, so 

the electrons can travel through the device ballistically.  If this coupling energy is large, it 

means that the electrons in the active device region can easily scatter into the probes, 

which implies that the scatting in the device is strong.  As we will show later, the Büttiker 

probe strength can be analytically related to the electron mean-free-path [36], which 

allows us to calibrate the parameters in our simulation to mimic a low-field mobility that 

can be measured experimentally [42].  It should also be noted that since we treat each 

probe as a reservoir, a Fermi level ( iµ , 2,..., 1Xi N= − ) needs to be assigned to the probe, 

and the values of these probe Fermi levels have to be adjusted to achieve current 

continuity (i.e., the net current at each probe is zero).  The mathematical formalism used 

to treatment this physical structure is described in the following paragraphs.  (Since this 

is an appendix to Chapter 3, all the variables used here have the same definitions as those 

in Chapter 3.) 
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Fig. A.1 A generic plot of the 1D device lattice (solid line with dots, along the X  
direction) with the Büttiker probes attached.  Each probe is treated as a virtual 1D lattice 

(dashed line with dots, along the 'X  direction) coupled to a node in the device lattice.  
The coupling energy between this virtual lattice and the node it is attached to is i

m∆ , and 
that between two adjacent device lattice nodes is mt . The probe Fermi levels are labeled as 

iµ ( 2,3,..., 1Xi N= − ). 
 

 

 

As we show in Sec. 3.2, the retarded Green’s function for mode m is obtained as 

( ) ( ) ( ) ( ) 1

1 2
m m m m m

mm SG E ES h E E E
−

⎡ ⎤= − −Σ −Σ −Σ⎣ ⎦ .                   (3.31) 

If we discretize the matrices by the finite difference method (FDM) method, Sm is a 

X XN N× identity matrix and the device Hamiltonian hmm is expressed as 
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where the coupling energy between adjacent lattice nodes (in the x direction) is 

( )2 22m mmt a a= =  and mma  is defined in Eq. (3.28a).  In the ballistic limit, the scattering 

self-energy 0m
SΣ =  so the total self-energy matrix is 

,1

,

1 2

0 0
0 0

0 0

0 0

m

m NX

ik a
m

m m m m
S

ik a
m

t e

t e
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where ,1mk ( , Xm Nk ) is determined by ( ) ( ),10 2 1 cosm
sub m mE E t k a= + −  

( ( ) ( ),1 2 1 cos
X

m
sub X m m NE E N a t k a⎡ ⎤= − + −⎣ ⎦ ).  After we attach the Büttiker probes to the 

device lattice (Fig. A.1), the device Hamiltonian hmm becomes 
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and the total self-energy matrix turns to 
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where ,m ik (i=1,2,…,NX) is determined by ( ) ( ),1 2 1 cosm
sub m m iE E i a t k a⎡ ⎤= − + −⎣ ⎦ , and i

m∆  

(i=2,3,…,NX -1) is the Büttiker probe strength.  For convenience, we prefer to keep the 

device Hamiltonian hmm in its original form, as in Eq. (A.1), so we move the terms 

containing i
m∆  in the diagonal elements of hmm to the total self-energy matrix mΣ .  Thus, 
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(A.5)  

Inserting Eqs. (A.1) and (A.5) into Eq. (3.31), the retarded Green’s function mG  can be 

evaluated.  

Knowing mG , the state spectral function due to injection from the S/D and all 

probes for mode m is obtained as [42], 

( ) ( ) ( ) ( )†m m m m
i iA E G E E G E= Γ ,                                 (A.6) 

where i runs over all the reservoirs (including the S/D) and m
iΓ  is an X XN N×  matrix 

defined as 

[ ] [ ] [ ]†
, ,, , ,m m m

i p i q ip q j p q p q δ δ⎡ ⎤Γ = Σ −Σ⎣ ⎦ , (p,q=1,2,…,NX).    (A.7) 

The local density of states (LDOS) due to injection from reservoir i is then obtained as 

[ ] [ ]1 ,m m
i iD p A p p

aπ
= , (i=1,2,…,NX, p=1,2,…,NX),          (A.8) 

and the 1D electron density (in m-1) for mode m can be calculated by 

( )1 ,m m
D i i

i
n D f E dEµ

+∞

−∞
=∑∫ ,                                 (A.9) 

where i is the reservoir index that runs over all the probes and the S/D, and iµ is the 

Fermi level for reservoir i (note that 1 Sµ µ=  and 
XN Dµ µ= ). 

The transmission coefficient between any two reservoirs i and r can be evaluated 

as 

( ) ( ) ( ) ( ) ( )†m m m m m
i r i rT E trace E G E E G E↔ ⎡ ⎤= Γ Γ⎣ ⎦ .               (A.10) 

The net current density (at energy E) at reservoir i including contributions from all 

reservoirs (labeled by r), modes (labeled by m) and valleys is 
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( ) ( ) ( ) ( ), ,m
i i r i r

m r

qE T E f E f Eη µ µ
π ↔ ⎡ ⎤= −⎣ ⎦∑∑=

,               (A.11) 

and the net current at reservoir i is 

( )i i
I E dEη

+∞

−∞
= ∫ .                                           (A.12) 

As mentioned in [42], while the S/D Fermi levels are determined by the applied 

voltages, the Fermi levels of the probes have to be adjusted to ensure current continuity, 

which implies that the net current at each probe must be zero, 

( ) 0i i
I E dEη

+∞

−∞
= =∫ , ( 2,3,..., 1Xi N= − ).                   (A.13) 

Inserting Eq. (A.11) into (A.13), we obtain 

( ) ( ) ( ), , 0m
i r i r

m r

q T E f E f E dEµ µ
π

+∞

↔−∞
⎡ ⎤− =⎣ ⎦∑∑∫=

, ( 2,3,..., 1Xi N= − ).  (A.14) 

Solving this nonlinear equation group (A.14) by Newton’s method [42], the Fermi levels 

( iµ , 2,3,..., 1Xi N= − ) of all the probes are evaluated.  It should be mentioned that if we 

implement the elastic Büttiker probes, which can only change the electron momentum 

and not the energy, to capture elastic scattering mechanisms in SNWTs (e.g., surface 

roughness scattering and ionized impurity scattering [36]), the net current for each probes 

has to be zero at any energy, so 

( ) ( ) ( ) ( ), , 0m
i i r i r

m r

qE T E f E f Eη µ µ
π ↔ ⎡ ⎤= − =⎣ ⎦∑∑=

, ( 2,3,..., 1Xi N= − ).  (A.15) 

It implies that the probe Fermi levels are both position and energy dependent.  In this 

case, the Fermi levels of probes at each energy can be computed by solving the linear 

equation group (A.15).  Knowing the probe Fermi levels (by solving either Eq. (A.14) or 

Eq. (A.15)), the electron density and terminal current can be calculated from Eqs. (A.9) 

and (A.12). 

Finally, we list the equations that relate the Büttiker probe strength, i
m∆ , to the 

classical low-field electron mobility 0µ .  Following the procedures in [42], for a single-

mode 1D conductor with a uniform potential, we can obtain 

2i
m

m

a
t λ
∆

= ,                                                    (A.16) 
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where λ  is the electron mean-free-path, which relates to the low-field electron mobility 

by the following equation for a 1D conductor (the λ ~ 0µ  relation for a 2D conductor is 

described in [99]), 
2

0 1/ 2

3/ 2 0

2 [ ( )]
( ) ( )

i
FB

i i
T F F

k T
q

µ ηλ
υ η η

−

−

⎛ ⎞ ℑ
= ⋅⎜ ⎟ ℑ ℑ⎝ ⎠

,                                (A.17) 

where *2 /T B xk T mυ π= is the uni-directional thermal velocity of non-degenerate 

electrons [36] [67].  The function, ( )n xℑ , is the Fermi-Dirac integral [36], and i
Fη  is 

defined as ( )[ ] /i m
F i sub i BE x k Tη µ= − , where ix  is the position of the ith reservoir (probe) 

of the device.  It should be noted that the mean-free-path λ defined in Eq. (A.17) is 

position-dependent and consequently the Büttiker probe strength, i
m∆ , is also position-

dependent.  As mentioned earlier, single-mode occupancy is assumed in our analysis.  If 

more than one mode is occupied, the mean-free-path should be treated as an average 

mean-free-path over all the modes and valleys.  (Please refer to Appendix B in [42] for 

details.) 

 
2) Results: 

 
Figure A.2 plots the LDOS together with the electron subbands for a dissipative 

cylindrical SNWT with a 10nm gate length and a 3nm Si body thickness.  We assume 

that both elastic (e.g., surface roughness scattering and ionized impurity scattering) and 

inelastic (e.g., electron-phonon interactions) scattering mechanisms are present in the 

device (i.e., Eq. (A.14) is used for current continuity), and the equivalent mobility is 

( )255cm / V s⋅  at the S/D extension regions and ( )2200cm / V s⋅  in the channel.  

Compared with the ballistic case (Fig. 3.5), strong oscillations in the LDOS, which is due 

to quantum interference, are washed out.  It is because scattering inside the SNWT 

randomizes the phase of the electrons and consequently destroys the quantum coherence 

in the device [37] [42].  Moreover, the slope of the electron subbands in the S/D 

extension regions manifests the S/D series resistances at the ON-state, which is caused by 
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the strong scattering (i.e., the S/D mobility is only ( )255cm / V s⋅ ) at the heavily doped 

S/D regions.  In Fig. A.3, we compare the IDS vs. VGS characteristics for this dissipative 

cylindrical SNWT (solid) with its ballistic limit (dashed).  It is evidently shown that 

scattering lowers both OFF and ON currents.  For the mobility values we use, the ON-

current of the dissipative SNWT approaches ~70% of the ballistic limit. 

 

 

 

Fig. A.2 The computed LDOS, in ( )1/ eV m⋅ , and electron subbands (dashed lines) of a 
dissipative cylindrical SNWT with a 10nm gate length and a 3nm Si body thickness (the 

details of the device geometry are described in the Fig. 3.3 caption).  (VGS=0.4V and 
VDS=0.4V).  The S/D mobility is ( )255cm / V s⋅  and the channel mobility ( )2200cm / V s⋅ . 
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Fig. A.3 The IDS vs. VGS curves for a cylindrical SNWT with a 10nm gate length and a 
3nm Si body thickness (the details of the device geometry are described in the Fig. 3.3 

caption) in logarithm (left) and linear (right) scales (VDS=0.4V).  The dashed lines are for 
the ballistic limit while the solid lines are for the case with scattering (i.e., the S/D 

mobility is ( )255cm / V s⋅  and the channel mobility is ( )2200cm / V s⋅ ). 
 

 

The above results clearly indicate that the simple quantum treatment of scattering 

with the Büttiker probes captures the effects of scattering on both internal characteristics 

and terminal currents for SNWTs.  The relation between the Büttiker probe strength, the 

only input parameter in this model, with the experimentally measurable low-field 

mobility enables this simple model to be used in engineering simulation and design.  It 

should also be noted, however, that this phenomenological model is only a macroscopic 

description of scattering, which is similar as the drift-diffusion model that is used in the 

semiclassical context. [36]  To quantum mechanically treat various scattering 

mechanisms in detail, a rigorous treatment of scattering within the NEGF formalism [37] 

is still needed. 

 

VDS=0.4V
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