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Abstract—We present a model of quantum transport for Si
nanowire transistor that makes use of the Wigner function
formalism and takes into account carrier scattering. Scattering
effects on current-voltage (I-V) characteristics are assessed using
both the relaxation time approximation and the Boltzmann
collision operator. Within the Fermi golden rule approximation,
the standard collision term is described for both acoustic phonon
and surface-roughness interactions. Then, the model is applied to
study the impact of each scattering mechanism on short-channel
electrical performance of Si nanowire transistors for different
gate lengths.

I. INTRODUCTION

This study comes within the framework of prospective
research in silicon microelectronics, which tries to take advan-
tage of some phenomena emerging from nanoscale dimensions
to continue the downscaling of MOSFET devices. Among
the proposed architectures for the future technological nodes,
the Si nanowires (SiNWs) have become an intensive research
area over the past years. The technological advances made
during the last years are accompanied by theoretical studies
to determine electronic transport properties of SiNWs. Many
theoretical works have been reported on low-field electron mo-
bility calculations accounting for the electron-phonon coupling
and the surface roughness based on band-structure calculated
using effective-mass theory1−4 and tight-binding methods5−6.
However, few attempts have been reported to investigate
dissipative effects in ultra-scaled SiNW-FETs because the
description of scattering mechanisms at a quantum mechanical
level is still computationally very challenging. The inclusion
of scattering mechanisms in the Wigner formulation has been
demonstrated in the case of a purely microscopic approach
based on the Monte-Carlo method for the study of resonant-
tunneling-diode and double-gate MOSFET8−9. However, the
deterministic solution methods usually use phenomenological
models based on the relaxation-time approximation10 (RTA).
The development of such deterministic methods must also tend
towards finding more realistic description of scattering terms
based on Boltzmann collision operator to efficiently simulate
and predict the electrical performance of 1D nanostructures
such as nanowires. It is the purpose of this work to introduce
phonon and surface-roughness scattering for the self-consistent
study of dissipative quantum transport in gate-all-around sili-
con nanowires modeled with Wigner’s function approach.

Fig. 1. Gate-all-around Si NW simulated in this work. x and y axes represent
the quantization directions and the z axis represents the transport direction.
W and H are the width and the height of the NW, respectively.

II. THEORY AND MODEL

The semiconductor device considered in this work is a
gated silicon nanowire (Figure 1). We consider a [001]-oriented
SiNW with a square cross section of W in width. The wire
axis is set to be the z-axis. The x and y axes represent the
quantization directions. The SiNW is surrounded by 1 nm of
SiO2 oxide and a mid-gap metal gate. The device itself is
between the source and drain contacts, which are assumed
to be reservoirs characterized by a thermal equilibrium dis-
tribution of electrons. In order to significantly reduce the
computational burden associated with computing a full 3D
real-space solution, the mode-space approximation is used.
Then, the nanowire is subdivided into a large number of
slices along the transport direction z, and the 2D Schrödinger
equation is solved in each of them. The conduction modes
(or energy subbands) being determined along the transport
direction, the Wigner transport equation can be solved. In 1D,
the WTE is written as11−13,

∂fw(z, k, t)
∂t

+
h̄k

meff

∂fw(z, k, t)
∂z

+∫ +∞

−∞
dk′fw(z, k′, t)Vw(z, k − k′) =

(
∂fw

∂t

)
coll

(1)

Here fw(z, k, t) is the 1D Wigner function at position z,
wavevector k and time t. The second term of the left-
hand side is the kinetic term. It is exactly the same as that
of the Boltzmann equation. Quantum-interference effects are
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induced by the non-local potential term represented by the
third term of the left-hand side. The non-local Wigner potential
Vw(z, k− k′) is calculated from the potential energy Eν . It is
defined as7,

Vw(z, k − k′) =
2

πh̄
×∫ +∞

0

dz′ sin[2(k − k′)z′] [Eν(z + z′) − Eν(z − z′)] (2)

In our application, the simulation domain is taken to be finite.
The boundaries are physically given by the device contacts.
Then, open boundary conditions have to be employed. The
electrodes absorb outgoing particles and inject particles into
the device with a Fermi-Dirac equilibrium distribution. The
Wigner function being calculated, the electron density can be
determined in the whole system7. Self-consistency is ensured
with the calculation of electrostatic potential V (x, y, z) satis-
fying 3D Poisson’s equation.

III. SCATTERING IN THE WIGNER FORMULATION

In the past, the Wigner Monte-Carlo approach has been
shown to provide an efficient way to study quantum trans-
port in presence of scattering8−9. However, a direct solution
of the steady-state Wigner transport equation has frequently
been solved assuming the phenomenological relaxation time
approximation for dissipative transport10,14−15. In this section,
additionally to the relaxation time approximation, a Boltzmann
scattering operator acting on the Wigner distribution is derived
for both acoustic-phonon (AP) and surface-roughness (SR)
scattering mechanisms.

A. Relaxation time approximation

Similarly to the classical transport theory, the scattering
mechanisms are included in the Wigner formulation through
the addition of a collision term in the Liouville equation.
Here, we choose to model the interactions within the RTA,
which includes all dissipation processes into one macroscopic
parameter. The resulting scattering term is defined as10,(

−∂fw

∂t

)
coll

= −1
τ[

f(z, k) − feq(z, k)∫
dkfeq(z, k)

∫
dk′f(z, k′)

]
(3)

where τ and feq(z, k) denote the relaxation time and the dis-
tribution function at equilibrium, respectively. Here, feq(z, k)
was substituted by the equilibrium Wigner distribution func-
tion computed at VDS = 0V . The value of τ is calculated for
each conduction mode from the effective mobility through the
relation τ = meff × µ/e.

B. Boltzmann collision operator

A second approach consists in using classical scattering
rates, such as are used in Monte-Carlo simulations8−9. Within

the Fermi golden rule approximation, the standard collision
term of the Boltzmann equation may be used,(

−∂fw

∂t

)
coll

=∑
i,k′

[Pi(k, k′)f(z, k) − Pi(k′, k)f(z, k′)] (4)

where i refers to the type of scattering mechanism, and
Pi(k, k′) is the 1D transition probability from state k to state
k′. The scattering rates due to acoustic phonons and surface-
roughness interactions are computed using the deformation
potential approximation usually used in the framework of the
effective mass.

1) Acoustic phonon scattering: Here, bulk phonons are
considered and the interaction is assumed to be elastic. The
transition probability, calculated using the Fermi golden rule,
can be written as3−4

P (k) =
∑
ν′

2Ξ2
ackBT

√
2meff

ρh̄2v2
s

Dηη
νν′

Θ[Eη,ν(k) − Eη,ν′ ]√
Eη,ν(k) − Eη,ν′

1 + 2αη[Eη,ν(k) − Eη,ν′ ]√
1 + αη[Eη,ν(k) − εη,ν′ ]

(5)

where

Dηη
νν′ =

∫ ∫
dxdy|ϕη,ν(x, y)|2|ϕη,ν′(x, y)|2 (6)

Dηη
νν′ represents the overlap integral between wavefunction

|ϕη,ν(x, y)| of subband ν related to the valley η and wavefunc-
tion |ϕη,ν′(x, y)| of subband ν′ related to the same valley. Ξac

is the acoustic deformation potential, ρ = 2.3 × 103 kg.m−3

is the crystal density, vs = 9 × 103 m.s−1 is the sound
velocity, meff is the effective mass, Θ is the Heaviside step
function, kB is the Boltzmann constant, αn = 0.5 eV −1 is the
nonparabolicity factor, and T is the temperature.

2) Surface roughness scattering: The surface roughness is
described by two parameters - the root-mean-square deviation
∆ and the correlation length Λ. It is assumed that surface
roughness scattering induces only intravalley transitions and
that the four interfaces are uncorrelated. In the present work,
we give only the derivation of the matrix element for the
surface roughness at the top interface. The matrix element
associated to the surface roughness at other interfaces can be
obtained in a similar way.

The scattering rate due to the surface roughness can be
expressed as3−4,

P (k) =
∑
ν′

√
2meff

h̄2

√
2∆2Λ

2 + q2
zΛ2

|ΓGPN
ηνην′ |2

Θ[Eη,ν(k) − Eη,ν′ ]√
Eη,ν(k) − Eη,ν′

1 + 2αη[Eη,ν(k) − Eη,ν′ ]√
1 + αη[Eη,ν(k) − Eη,ν′ ]

. (7)

with qz = kz ± k′
z the difference between the initial (kz)

and the final (k′
z) electron wavevectors and the top (bottom)

sign is for backward (forward) scattering. ΓGPN
ηνην′ represents

the generalized Prange-Nee term expressed as3−4,
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Fig. 2. IDS − VGS characteristics calculated in the ballistic regime for a
drain voltage VDS = 10mV . The square cross-section is 5× 5nm2 and the
channel length varies from Lc = 20nm down to 10nm.

ΓGPN
ηνην′ = − h̄2

W

∫ W

0
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0
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[
∂

∂y

1
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∂ϕη,ν′
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]

+
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0
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0

dyϕη,ν

(
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W

) ∂V
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ϕη,ν′ +(Eη,ν −Eη,ν′)×∫ W

0
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∫ W

0

dyϕη,ν

(
1 − y

W

) ∂ϕη,ν′

∂y
. (8)

It is composed of three terms which correspond to the fluc-
tuations of wave functions, electrostatic potential and energy
levels induced by the surface roughness, respectively.

IV. RESULTS AND DISCUSSION

A. Ballistic quantum transport

For the gate-all-around Si nanowire transistor represented in
Figure 1, with a width of 5 nm, the IDS −VGS characteristics
calculated at VDS = 0.01V and for different gate lengths are
shown in Figure 2. An example of Wigner’s function resulting
from the solution of the Liouville equation is also illustrated
in Figure 3. In the highly doped source-drain extensions, a
Maxwell-Boltzmann distribution function is recovered. How-
ever, in the channel, oscillations of Wigner’s function induce
by the non-local potential are clearly observed.

B. Relaxation time approximation

To go further into the electronic transport description, the
RTA is used to consider scattering effects10. In Figure 4, we
present the transfer characteristics IDS − VGS calculated in
the ballistic regime and using the momentum relaxation time
for including the collision term. Here, two mobility values
(µ = 96 cm2/V s and 386 cm2/V s) are used in the drain
current calculation. It appears that a reduction of electron
mobility is logically accompanied by a drain current degrada-
tion. By varying the mobility down to 96 cm2/V s, a current
reduction of 71% is obtained. The current reduction is defined
as (Ibal−Iscatt)/Ibal, with Ibal and Iscatt the ballistic and the
dissipative currents, respectively. Since interactions cause the
electron distribution to approach feq(z, k), one may expect

Fig. 3. Cartography of the Wigner function related to the first energy subband
for VGS = 0.2V and VDS = 0.3V . The channel length is Lc = 10nm and
the square cross-section is 5 × 5nm2

Fig. 4. IDS − VGS characteristics calculated in the ballistic regime and
using the momentum relaxation time for including the collision term. The
channel length is Lc = 10nm, the square cross-section is 5 × 5nm2 and
VDS = 0.4V .

that the severe quantum oscillations in the Wigner function
(Cf. Fig. 3) will tend to be degraded in the case of dissipative
transport. Indeed, the Figure 5 reports the cartography of the
Wigner function (only for positive wave vector) related to
the first energy subband. The Wigner function is represented
in the case of ballistic transport, and using the momentum
relaxation time approximation with µ = 386 cm2/V s and
µ = 96 cm2/V s. It is apparent that the oscillations are
diminished greatly by comparison to the collisionless case,
and that for high relaxation time, the oscillations are almost
completely destroyed.

C. Boltzmann collision operator

Let us now concentrate on the calculation of the transition
rates needed to obtain the Wigner distribution function by
using the Boltzmann collision operator. Here, both AP and
SR scattering rates are accounted for. An acoustic deformation
potential of 11 eV is used for silicon. The surface roughness
is defined with ∆ = 0.3nm and Λ = 1.3nm. It has
been previously demonstrated that these parameters are well
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Fig. 5. Cartography of the Wigner function (only for positive wave vector)
related to the first energy subband for VGS = 0.3V and VDS = 0.4V . The
channel length is Lc = 10nm and the square cross-section is 5 × 5nm2.
The Wigner function is represented in the case of ballistic transport and using
the momentum relaxation time with µ = 386cm2/V s and 96cm2/V s.

Fig. 6. Calculation of acoustic phonon (AP) and surface-roughness (SR)
scattering rates. The total scattering rate is extracted in the source of SiNW
with Lc = 10nm, W = 5nm, VGS = 0.3V , and VDS = 0.01V .

Fig. 7. IDS − VGS characteristics calculated in the ballistic regime and
with AP and SR scattering. The channel length is Lc = 20nm, the square
cross-section is 5 × 5nm2, and VDS = 0.01V .

suited to accurately reproduce the mobility curves in SiNW
transistors4. In contrast to the RTA, intersubband transitions
are accounting for. In Figure 6, the calculation of AP and SR
scattering rates for the first four energy subband is reported
as a function of the wavevector. In Figure 7 we show the
IDS −VGS curves calculated in the ballistic regime and using
the Boltzmann collision operator. A drain current reduction of
57% is observed due to the AP scattering against 43% for the
SR scattering at VGS = 0.3V and VDS = 0.01V (Figure 8).

Fig. 8. Drain current reduction due to AP and SR scattering at VDS = 0.01V
as a function of VGS .

V. CONCLUSION

An efficient numerical model for the simulation of dissi-
pative quantum transport in nanoscale SiNW transistors is
presented. The model is based on a direct solution of 1D
WTE coupled with a 2D Schrödinger/3D Poisson algorithm.
Scattering effects on the current-voltage characteristics are
modeled using Boltzmann collision operator with the calcula-
tion of phonon and surface-roughness scattering in each slice
of the NW along the transport direction. This model allows
to identify the different mechanisms limiting the transport in
short-channel MOSFET devices. It can be used to evaluate the
role played by each interaction on electrical performance of
NWFETs for different gate lengths and NW widths.
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