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Introduction

The treatment of quasi-ballistic transport in nanoscale 
FETs relies on the backscattering coefficient r .

Due to the lack of a theoretical expression, r  is treated 
as a phenomenological parameter to be extracted 
from experimental data.

Taking advantage from an analytical solution of the 1D 
BTE under quasi-ballistic conditions we compute r  
both in the linear and saturation regions from the 
knowledge of the scattering probabilities without 
introducing any major simplifying assumptions.

We propose three different definitions of the ballistic 
ratio and clarify their meanings, thus removing any 
ambiguity.
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The 1D BTE – Relaxation time approx.

f = distribution function
f0 = even part
ux = group velocity
= electric field
= relaxation time

Incoming 
fluxReflected 
flux

Transmitted flux

[1] E. Gnani et al., “Quasi-Ballistic Transport in Nanowire Field-Effect Transistors,” IEEE TED (55), 11, pp. 2918–
2930, 2008.

xm
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The 1D Boltzmann Transport Equation
The 1D BTE becomes:

Separating the even and odd part of the 
BTE

takes the standard form of the 1D 
BTE with a vanishing collision 
integral
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The 1D Boltzmann Transport Equation

Defining:

Solving the BTE for F0 and F1and applying the appropriate 
boundary conditions
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Electron distribution function in the NW-FET

D  = 5 nm

D  = 3 nm

VGS = 0.8 V

VDS = 1.0 V
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Drain-current calculation in NW-FETs

Drain current in one subband of the NW-FET 
The contribution of one subband to the nanowire current requires only 
the knowledge of the odd part of the distribution function. If we assume 
that electrons enter the source contact with a Fermi distribution function, 
we find:

with transmission 
coefficient
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Analytical vs. numerical solution

[2] M. Lenzi et al., “Investigation of the transport properties of silicon nanowires using deterministic and Monte Carlo approaches 
to the solution of the Boltzmann transport equation,” IEEE TED , (55), 8, pp. 2086–2096, 2008.

Good agreement with a numerical solution of the BTE which takes into account 
intersub-band transitions and inelastic optical phonons [2].
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Ballistic ratio

Several definition of ballistic ratio are possible:

Ratio between the FET current with scattering and the 
ballistic current with the same terminal voltages (BR = 
Iscat/Ibal).

It can be defined for a constant carrier inflow at xm (Rt)

It can be defined for a constant carrier density at xm (R't)The carrier density is a function of r  � turning the scattering 
probability on and off changes the carrier and potential 
profiles via Poisson’s equation.
VG has to be changed to keep the carrier density, or the 
carrier inflow, constant at xm under quasi-ballistic and ballistic 
conditions.
the three definitions lead to different quantitative results
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Subband current in the NW-FET

The current flowing within a single subband can be expressed 
as [1]:

[1] E. Gnani et al., “Quasi-Ballistic Transport in Nanowire Field-Effect Transistors,” IEEE TED (55), 11, pp. 2918–
2930, 2008.

represents 
Landauer’
s 
expression

Rt: probability that an electron injected into the channel with 
an energy exceeding the barrier height at xm reaches the 
drain
� constant carrier inflow
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Subband current in the NW-FET

[1] E. Gnani et al., “Quasi-Ballistic Transport in Nanowire Field-Effect Transistors,” IEEE TED (55), 11, pp. 2918–
2930, 2008.

If we express the current as a function of the charge at xm [1]:

� Qinv is a function of the backscattering coefficient r  and, hence, of 
R't At constant charge, R't is reduced both by the lower positive flow 

and by the negative contribution to the current of backscattered 
carriers. 

linear 
region

saturation 
region
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Ballistic ratio & momentum-relaxation length

With these definitions we have:

The backscattering coefficient turns out to be

All the above coefficients are nonlocal quantities which cannot be 
predicted with straightforward calculations
The complete solution of the coupled Schrödinger-Poisson equations is 
required along with the analytical BTE solution, as well as the 
knowledge of the scattering probabilities.
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Electron density per unit length – linear region 

VDS=5 mV Iscat/Ibal

BR = Rt = R't = 1 ̶ rlin

Same carrier density at 
xmD=5 nm

Tox=1 nm
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Electron density per unit length – saturation 
region

Qinv depends 
on scattering

VDS = 1 V

Iscat/Ibal

Rt � r  = 1 ̶ Rt

R't =
1 ̶ rsat

1 + rsat
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Momentum-relaxation length

VDS = 5 mV VDS=1 V

λp=
L(1- r)

2r
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Momentum-relaxation length

VDS=1 V
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Backscattering coefficient

VDS = 5 mV

Symbols: 
total
Solid: first 
sub.

VDS=1 V
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Average velocity

VDS=5 
mV

VDS=1 V
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Conclusions

We examined the ballistic ratio and the backscattering 
coefficient in NW-FETs operating under quasi-ballistic 
conditions.
We proposed three different definitions of the ballistic ratio.
Starting from general expressions of the current-voltage 
characteristics worked out in a previous paper, we extract 
the above parameters and their functional dependence on 
inversion-layer charge and device length. 
The three definitions merge into one at vanishing drain 
voltages, due to the near-equilibrium distribution function.
Each definition is characterized by different expressions 
and numerical values when the device operates in 
saturation.
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Scattering rates

Acoustic-phonon scattering probability (AP)

We avoid the coupling of different subbands � the inter-subband scattering is replaced by 
an additional intra-subband scattering which is meant to emulate its effect
� we impose that the scattering rate and the average final momentum be the same for the 
two types of scattering.

Surface-roughness scattering probability (SR)
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Inverse relaxation time 

Acoustic-phonon inverse relaxation time (AP)

We avoid the coupling of different subbands 
� the inter-subband scattering is replaced by an additional intra-subband scattering which 
is meant to emulate its effect
� we impose that the scattering rate and the average final momentum be the same for the 
two types of scattering.

Surface-roughness inverse relaxation time (SR)


