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Abstract— We report on the phonon-limited hole mobility of 

ultra-narrow Si nanowire (NW) channel transistors as a function 

of inversion charge density. We employ atomistic bandstructure 

calculations and linearized Boltzmann transport theory, and 

examine nanowires of 12nm in diameter in [100], [110] and [111] 

transport orientations. We show that the curvature of the bands 

in the [110] and [111] NWs increases significantly as the channel 

is driven into inversion, which results in a ~50% mobility 

increase. In the case of the [100] NW, on the other hand, such 

feature is not observed. 

 
Index Terms— Si nanowires, Boltzmann transport, hole 

mobility, bandstructure, tight-binding. 

 

I. INTRODUCTION 

ilicon nanowires (NWs) have recently attracted significant 

attention as candidates for next generation transistor 

devices [1, 2]. The NW gate-all-around geometry suppresses 

short channel effects and reduces leakage. Recently realized 

narrow NW transistors have already demonstrated excellent 

performance [1, 2]. In addition, the strong quantum 

confinement can alter the electronic dispersion and thus the 

transport properties of the NW. The transport and surface 

orientations and the confinement length scale are additional 

degrees of freedom in engineering device properties. This has 

been demonstrated by measurements and simulations for NWs 

[3, 4, 5], as well as ultra-thin layers [6].  

Specifically for p-type Si NW channels, regarding the effect 

of orientation it was shown that the [111] channel is 

advantageous compared to the [110] channel, and both are 

largely advantageous compared to the [100] channel [4, 5]. 

Regarding confinement length scale, it was also shown that 

the hole velocity and mobility in these [111] and [110] 

channels increases significantly compared to bulk as the NW 

diameter scales down to ultra-narrow values D=3nm [3, 4, 7].  

In this Letter we theoretically show that an increase in the 

mobility in [111] and [110] p-type NWs can also be observed 

for larger NW diameters under electrostatic confinement. As 

VG increases and the channel is driven into inversion, a 

maximum in the mobility is observed, which can be ~50% 

higher than the low-bias mobility values. As the channel is 

 
 

driven deeper into strong inversion, the mobility drops back to 

the low bias values because the Fermi level is pushed into 

energy regions with larger density-of-states (DOS), which 

increases scattering. The mechanism behind this is related to 

bias-dependent bandstructure modifications.        

II. METHOD AND RESULTS 

We employ the atomistic sp3d5s*-spin-orbit-coupled (SO) 

tight-binding (TB) model [8] for electronic structure 

calculations, and solve self-consistently the 2D Poisson 

equation for the electrostatic potential in the cross section of 

the NW, as described in Ref. [4]. The TB model used captures 

the electronic structure accurately and inherently includes the 

effects of quantum confinement. Once the self-consistent 

electronic structure is obtained, the mobility is extracted using 

linearized Boltzmann transport theory including phonon and 

surface roughness (SR) scattering, and the full energy 

dependence of the relaxation rates as in [7]. We consider bulk 

phonons with bulk deformation potential values. Although the 

effect of phonon confinement could have some quantitative 

influence [9], our conclusions are qualitatively electronic 

structure related and would not be affected by the nature of 

phonons. Our mobility values are still in good agreement with 

experimental data [10] (see Inset of Fig. 1).    

We simulate the low-field mobility in cylindrical p-type 

NWs of D=12nm in the [100], [110], and [111] transport 

orientations as a function of the total charge density in the 

cross section of the NW (divided by the cross section area to 

be converted into a 3D density). In all NW cases the gate 

insulator is assumed to be SiO2 of thickness 1.2nm. The 

results are shown in Fig. 1. A large anisotropy is observed, 

with the [111] NW having ~2X higher mobility than the [110] 

NW and ~3X higher mobility than the [100] NW. As the 

channel is driven into inversion, the phonon-limited mobility 

(solid lines) in the [111] and [110] NWs increases by ~50% 

until it reaches a maximum. Afterwards, it decreases close to 

or even below the initial values at low carrier densities. In the 

case of the [100] NW, the mobility is the lowest, and remains 

almost constant. The dashed lines in Fig. 1 show the low-field 

mobility including phonons plus SR scattering implemented as 

described in [9], using Δrms=0.48nm and LC=1.3nm. The 

improvement in the phonon-limited mobility with channel 

inversion is strong enough to offset the detrimental effect of 
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SR scattering which appears at concentrations beyond 

p=1019/cm3.   

The reason behind the mobility increase for the [111] and 

[110] NWs is explained in Fig. 1b and 1c, which show the 

hole density distribution in the cross section of the [110] NW 

under low and high carrier concentrations (at VG=-0.2V and 

VG=-0.8V, respectively). The latter case is close to the 

mobility maximum. At low VG the hole density is located in 

the entire volume of the channel, and as VG increases it shifts 

towards the surface. This electrostatic carrier confinement, 

however, results in a strong variation in the curvature of the 

subbands. Figure 2a shows the change in the highest valence 

subband of the [110] NW for different VG. For VG=-0.2V, 

when the electrostatic potential in the cross section of the NW 

is almost flat, the dispersion has a small curvature. As VG 

increases the dispersion acquires a larger curvature, which 

results in higher carrier velocities, less final states for 

scattering, and finally higher mobility, which explains the 

increase observed in Fig. 1. A very similar observation is 

made for the subbands of the [111] NW as well (Fig. 2b). We 

note that this subband behavior is observed for these two NWs 

also under diameter scaling [4, 7], but here we show that 

electrostatic confinement can have a similar effect. The 

explanation for this effect originates from the warped shape of 

the heavy-hole (HH) valence band as shown in Fig. 2c and 2d. 

At first order, confinement can be thought of as introducing 

larger curvature bands from Brillouin zone regions away from 

the center, similar to the “particle in a box” quantization 

picture as we explain in Ref. [4]. Alternatively, one can think 

that the HH consists of two ellipsoids rotated at 90º to each 

other (Fig. 2c and 2d corresponding to the relevant surfaces 

for the [110] and [111] NWs respectively) [11]. Electrostatic 

confinement by a (110) surface shifts the lightly confined 

valley (red) away from the initial ground state. The dispersion 

along the [110] or [111] transport directions is then formed 

from the light subbands of the other valley (blue). Beyond the 

band shifts, electrostatic confinement introduces additional 

warping of the bands. 

After the mobility of the [111] and [110] NWs reaches a 

maximum around p=2x1019/cm3, it then starts to drop. To 

understand this, Fig. 3a-c show the electronic structures of the 

[110] NW at (-VG)=0.2/0.8/1.4V, respectively. For the 

dispersion of Fig. 3a, the electrostatic potential in the cross 

section of the NW is almost flat. Under inversion conditions 

(Fig. 3b), the Fermi level is pushed into the subbands, which 

       
Fig. 3.  Electronic dispersions for the p-type [110] NW of D=12nm under 

low and high gate biases. (a) Off-state VG=-0.2V. (b) Inversion VG=-0.8V. 

(c) Strong inversion VG=-1.4V. The Fermi level is indicated. (d-f) The 

phonon-limited TD function versus energy for the cases (a-c). In (f) phonon-

limited and phonon- plus SRS-limited results are shown. 

  

 

(c)(a) (b)

(d) (f)(e)

                     

 
 

Fig. 1.  Low-field hole mobility versus the total carrier concentration in the 

cross section of the NW. Cylindrical NWs of D=12nm in the [100], [110], 

and [111] transport orientations are shown. Solid: phonon-limited results. 

Dashed: Phonon plus SRS-limited results. Three corresponding gate biases 

are indicated (approximate positions). Inset: Simulation (low carrier 

concentration) vs. experimental result from Ref. [10] for the [110] NW 

(square). (b-c) The hole distribution in the cross section of the [110] NW at 

(a) off-state (VG=-0.2V), and (b) inversion (VG=-0.8V). 

(a)
(b)
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Fig. 2.  (a-b) The highest NW valence band for -VG=0.2/0.8/1.4V for (a) the 

[110] and (b) the [111] NW of D=12nm. All bands are shifted to E=0eV. (c-

d) Energy contours of the bulk Si heavy-hole valence band. (c) The (100) 

surface. (d) The (112) surface. At first order, these warped bands can be 

approximated by two ellipsoids with their longitudinal axes perpendicular to 

each other.   
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now have a larger curvature, something also reported for thin 

layers [12]. As (-VG) increases and the channel is driven into 

deeper strong inversion, the Fermi level is pushed even deeper 

into the subbands (Fig. 3c). The number of subbands that 

participate in transport is now increased and their masses are 

heavier, which reduces the mobility. The mobility reduction is 

more clearly understood from the transport distribution 

function (TD) which is defined as [7]:                                        
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Both the carriers’ velocity  n xv k  and relaxation time  n xk  

decrease as the subband mass and the density of the final 

scattering states increase. The TDs for the cases corresponding 

to the dispersions of Fig. 3a-c are shown in Fig. 3d-f. The 

amplitude of the TD around the Fermi level at VG=-0.8V is 

higher than in the other cases, which justifies the shape of the 

mobility in Fig. 1. Figure 3f also indicates how the TD is 

reduced when SRS is included (blue).   

The mobility for the [100] NW, on the other hand, does not 

increase with inversion. Figure 4 shows the [100] NW 

dispersions for (-VG)=0.2/0.8V. The curvature and shape of 

the bands is not strongly affected by VG. Therefore, the 

mobility is not affected either. In addition, the strong 

oscillatory shape of the bands keeps the group velocity low, 

which results in the lowest mobility values.  

Because the mobility trends with bias and orientation in Fig. 

1 originate from the shape of the HH band, we mention that 

similar effects should be observed for p-type semiconductors 

other than Si as well. Note that at smaller diameters the 

magnitude of the bias-induced increase we describe is reduced 

since the bands are already quantized by physical 

confinement. The increase drops to 25% at D=9nm, and is 

unnoticeable at D=6nm. Another point worth mentioning is 

that for short channel devices that operate close to the ballistic 

limit, mobility loses its relevance, and it is limited to a few 

hundred cm2/Vs, even for very high mobility channels [5, 13, 

14]. However, bandstructure effects that improve the intrinsic 

channel performance lead to increased mean-free-paths for 

scattering, which increases the channel ballisticity [15] and the 

transistor’s speed.    

III. CONCLUSION 

 In summary, we investigated the effect of the electrostatic 

confinement on the low-field mobility of p-type Si nanowires 

(NWs) of 12nm in diameter. We used atomistic dispersions, 

self consistently calculated with electrostatics, and linearized 

Boltzmann transport theory. As the holes are electrostatically 

confined near the surface of the NW, their bands become 

lighter. This increases the mobility of the [111] and [110] 

NWs by ~50%. It is therefore possible to achieve improved 

mobility as the channel is driven into inversion, even at the 

presence of SR scattering, and thus improved transistor speed.      
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Fig. 4.  Electronic dispersions for the p-type [100] NW of D=12nm under 

low and high gate biases. (a) Off-state, VG=-0.2V. (b) Inversion, VG=-0.8V. 
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