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Abstract— A 20 band sp3d5s* spin-orbit-coupled, semi-empirical, 
atomistic tight-binding (TB) model is used with a semi-classical, 
ballistic transport model, to theoretically examine the 
bandstructure carrier velocity under non-degenerate conditions 
in silicon nanowire (NW) transistors. Infinitely long, uniform, 
cylindrical and rectangular NWs, of cross sectional 
diameters/sides ranging from 3nm to 12nm are considered. For a 
comprehensive analysis, n-type and p-type NWs in [100], [110] 
and [111] transport orientations are examined. The carrier 
velocities of p-type [110] and [111] NWs increase by a factor of 
~2X as the NWs’ diameter scales from D=12nm down to D=3nm. 
The velocity of n-type [110] NWs also increases with diameter 
scaling by ~50%. The velocities of n-type [100], and [111], as well 
as those of p-type [100] NWs show only minor diameter 
dependence. This behavior is explained through features in the 
electronic structure of the silicon host material.  
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I.  INTRODUCTION  

Silicon nanowires (NWs) are candidates for a variety of 
applications such as high performance MOSFET [1, 2, 3], 
thermoelectric [4, 5], optical [6] and biosensing devices [7]. 
NWs provide the length scale degree of freedom as an 
additional design parameter for their electronic properties. The 
carrier velocity is an important quantity for both, short-channel 
ballistic, or long-channel diffusive devices by affecting the 
current or the mobility, respectively.  

In this work we present a comprehensive atomistic analysis 
of the bandstructure velocities in thin NWs for electrons and 
holes as a function of diameter (from D=3nm to D=12nm) and 
orientation (transport/confinement). We also consider 
rectangular NWs of different side length aspect ratios. The 
sp3d5s*-spin-orbit-coupled atomistic tight-binding model is 
used to compute the electronic structure of the NWs [8, 9, 10]. 
A semiclassical ballistic model is used for the velocity 
calculation [10, 11]. 

The carrier velocities are a function of the electronic 
dispersion of the NWs. Changes to the dispersions, as a result 
of confinement, orientation and carrier type will affect the 

velocities. We find that other than the trivial shift of the 
different valleys in energy with confinement, the velocities are 
also affected by strong confinement-induced dispersion 
changes, especially in p-type [110] and [111] NW channels and 
at less degree in n-type [110] NWs. This causes a large velocity 
increase with diameter scaling. We further on identify the 
confining surfaces that are responsible for this. Interestingly, in 
[110] oriented channels, mostly the (001) confinement is the 
one which improves the electron velocity, whereas the (1-10) 
confinement the one that improves the hole velocity.   

II. APPROACH 

The NWs’ bandstructure is calculated using the 20 orbital 
atomistic tight-binding spin-orbit-coupled model (sp3d5s*-SO) 
[8, 9, 10]. In this model each atom in the NW is described by 
20 orbitals, including spin-orbit-coupling.  

 

The NW description is built on the actual diamond lattice, 
and each atom is properly accounted in the calculation. It 
accurately captures the electronic structure and the respective 
carrier velocities, and inherently includes the effects of 
quantization and different orientations. The sp3d5s*-SO model 
was extensively used in the calculation of the electronic 
properties of nanostructures with excellent agreement to 
experimental observations on various occasions [12, 13, 14]. It 
is a compromise between computationally expensive fully ab-
initio methods, and numerically inexpensive but less accurate 
effective mass models. In such way, structures of several 
thousands of atoms can be analyzed [9]. Our calculations 
involve from 155 to 5500 atoms. We consider infinitely long, 
cylindrical silicon NWs with hydrogen passivated surfaces 
[15]. The electronic structure of ultra scaled devices is 
sensitive to the diameter and orientation [10, 16, 17]. 
Differences in the shapes of the dispersions between wires of 
different orientations and diameters, in the number of 
subbands, as well as the relative differences in their placement 
in energy, can result is different electronic properties. We 
consider three different transport orientations [100], [110], and 
[111] and diameters from D=3nm to D=12nm. In this study no 
relaxation for the NW surfaces is assumed. 
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Figure 1.  The carrier velocities of cylindrical n-type and p-type NWs in 
[100], [110], and [111] transport orientations vs. diameter. Non-degenerate 

conditions and constant potential in the cross section are assumed.  

 

III. RESULTS AND DISCUSSION 

Figure 1 shows the bandstructure velocity of n-type and p-
type cylindrical NWs in the [100], [110] and [111] transport 
orientations under non-degenerate conditions versus diameter. 
Large velocity variations with orientation and diameter are 
observed for some NW categories, while for others the 
velocities only undergo minor changes. Specifically, for p-type 
[110] and [111] NWs, the velocity can increase by ~2X as the 
diameter decreases. The carrier velocities for the n-type [110] 
NWs also increase as the diameter scales, however, at a smaller 
degree of ~50%. The velocities of n-type [100] and [111], as 
well as the p-type [100] NWs vary only slightly with diameter.  

The velocity behavior originates from the NWs dispersions, 
and how these change under diameter scaling. Examples of the 
different electronic structures for some NW categories in 
different orientations and diameters are shown in Fig. 2. 
Factors that cause velocity variations with diameter are: i) The 
trivial different energy shift of the various valleys with 
confinement. This is shown in Fig. 2a and 2b for the [100] n-
type NWs of diameters D=12nm and D=3nm respectively, and 
ii) The change in the subbands’ curvature and respectively the 
effective mass with quantization [10, 17]. Figures 2c and 2d 
show the electronic structure of p-type [110] NWs for 
diameters D=12nm and D=3nm respectively. The small 
curvature subbands (large effective mass) of the larger 
diameter NW become lighter when the diameter is scaled. This 
effect increases the hole velocities. A very similar behavior is 
also observed in the case of p-type [111] NWs. 

The [100] and [110] orientations are the best for n-type 
NWs, with the [100] NW performing slightly better at larger 
diameters, whereas the [110] NW performing slightly better at 
lower diameters. For p-type NWs, the [111] oriented ones 
perform better, followed by the [110] ones, whereas the [100]  
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weaker, is also observed for the projected Γ valleys of the n-
type [110] NW at D=3nm [10]. This together with the upward 
shift in energy of the off-Γ valleys improves the electron 
velocities of this NW with diameter scaling. On the other hand, 
in the case of n-type [100] NWs, the Γ valley bands become 
heavier with diameter scaling. This tends to decrease the carrier 
velocities, whereas the upward shift in the off-Γ valleys tends 
to increase them. The final result is that the carrier velocity of 
n-type [100] NWs is almost invariant of diameter.  
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For the p-type [100] NWs, the dispersions for D=12nm and 
D=3nm are shown in Fig. 5a and 5b, respectively. The 
curvature of the dispersions does not change significantly with 
diameter, and as a result the hole velocities also do not vary. 
The velocities of this NW remain low, and are lower than the 
rest NW categories. The reasons are evident from the 
dispersions as well. The strong oscillating pattern in the 
curvature of the subbands, and the several flat slope regions 
keep the velocities low since the velocities are proportional to 
the slope of the energy dispersions.    

As we show further on, in some cases, the different 
confining surfaces can have a different effect on the velocities. 
This can be important for the performance assessment of 
rectangular NWs, or even for 2D ultra-thin-body channels. To 
demonstrate this, in Fig. 6 we show the dispersions of 
rectangular [110] NWs with different aspect ratios. NWs in this 
particular transport orientation have (001) confinement in the 
height (H) direction, and (1-10) surface confinement in the 
width (W) direction. Two different geometries are examined, 
thin and tall NWs, and wide and short ones, as shown by the 
rectangles in the sub-figures. In the first case, strong (1-10) 
confinement in the width direction is applied, whereas in the 
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ispersions of rectangular [110] NWs with different cross section 
. (a) n-type, W=3nm, H=12nm. (b) n-type, W=12nm, H=3nm. (c) 
type, W=3nm, H=12nm. (d) p-type, W=12nm, H=3nm. 
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6a shows the dispersion of the n-type [110] NW 
nm and H=12nm. Strong (1-10), but weak (001) 

nt raises the light mass Γ valleys above the heavier 
 valleys. On the other hand, strong (001) but weak 
finement, raises the heavier mass off-Γ valleys above 
ass Γ valleys. In the first case, the electron velocity 
  Dispersions of cylindrical NWs. (a) p-type [100] D=12nm.             
(b) p-type [100] D=3nm. 

lectron velocity in n-type [111] NWs is also 
t of diameter scaling. The dispersions for the 
nd D=3nm NWs are shown in Fig. 4a and 4b, 
y. In this case the dispersion consists of two pairs of 
enerate valleys. When the diameter reduces, only a 
ds remain in the dispersion, and their effective mass 

latter 
applie

Fig
with W
confin
mass o
(1-10)
the lig
  Dispersions of cylindrical NWs. (a) n-type [111] D=12nm.             
(b) n-type [111] D=3nm. 
d to remain low, whereas in the latter case to be 
is is exactly the case, as shown in Fig. 7, which 
 carrier velocity of rectangular [110] NWs with 
spect ratios. In this figure, the side which is strongly 
3nm side size) remains constant, whereas the other 
 from 12nm down to 3nm. The data in the far right 
the figure, therefore, indicate the velocities 
ing to the dispersions of Fig. 6. Indeed, the carrier 
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in the velocities. Most of the velocity benefit in n-
channels originates from the (001) confinement.  
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Figure 7.  Carrier velocities of rectangular n-type (CB) and p-type (VB) NWs 
in the [110] transport orientation. One side is kept at L1=3nm (denoted 

surface), whereas the other varies from L2=12nm down to L2=3nm (filled 
rectangles). The far left points denote the L1=L2=3nm square NW. 

 

NW with stronger (001) surface confinement (right side of Fig. 
7 for the valence band - VB NWs). Scaling the longer side of 
the NWs to 3nm (i.e. moving to the left of Fig. 7) increases the 
velocities to 1.2 x 105 m/s, slightly higher than that of the n-
type NWs. From here, the (1-10) side scaling is the one that 
provides most of the advantage in the hole velocities, whereas 
(001) surface confinement only offers small improvements. For 
the [110] transport NWs, therefore, n-type channels are 
benefited from (001) confinement, whereas p-type ones from 
(1-10) confinement. Careful size optimization should therefore 
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IV. CONCLUSION 

A comprehensive analysis of the carrier velocities of Si 
NWs is presented, considering: i) n-type and p-type NWs, ii) 
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towards optimization strategies in the design of NW devices.  
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