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Abstract—In this paper, we present a full 3-D real-space
quantum-transport simulator based on the Green’s function for-
malism developed to study nonperturbative effects in ballistic
nanotransistors. The nonequilibrium Green function (NEGF)
equations in the effective mass approximation are discretized
using the control-volume approach and solved self-consistently
with the Poisson equation in order to obtain the electron and
current densities. An efficient recursive algorithm is used in order
to avoid the computation of the full Green function matrix. This
algorithm, and the parallelization scheme used for the energy
cycle, allow us to compute very efficiently the current–voltage
characteristic without the simplifying assumptions often used in
other quantum-transport simulations. We have applied our sim-
ulator to study the effect of surface roughness and stray charge
on the ID –VG characteristic of a 6-nm Si-nanowire transistor.
The results highlight the distinctly 3-D character of the electron
transport, which cannot be accurately captured by using 1-D and
2-D NEGF simulations, or 3-D mode-space approximations.

Index Terms—Nanowire MOSFET, Nonequilibrium Green
Function (NEGF), stray charges, surface roughness.

I. INTRODUCTION

THERE are concerns that atomic-scale inhomogeneities,
such as surface roughness, stray dopants, and trapped

charges will introduce intolerable variability and degrade
the nanoscale CMOS device performance [1]. The quantum-
transport simulation of such effects requires full 3-D treatment.
This is particularly important in nanowire MOSFETs [2]–[4],
which, due to superior transport properties and electrostatic
integrity, are becoming strong candidates for nano-CMOS
applications near and beyond the end of the current ITRS
edition [5].

Three-dimensional quantum-transport simulation studies of
atomic-scale variability in nanowire transistors have been ini-
tially conducted using a so-called mode-space (MS) approxi-
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mation [6], which couples 1-D nonequilibrium Green function
(NEGF) transport simulations to transverse states obtained
from solutions of the Schrödinger equation in 2-D slices.
However, the use of the MS method cannot be justified in the
case of cross-sectional variation and meandering flows. The
coupled-mode (CM) approach [7]–[9], which is a refinement
of the MS approach, coupling the different modes between the
different cross sections, usually samples a small number of
modes to reduce computational complexity [9]. In [9], it has
been rigorously applied to simplified 2-D model problems with
arbitrary changing cross sections reproducing the results of full
2-D NEGF simulations. Still, its accuracy is questionable in the
case of sharp changes in the direction of the current flow, and
it has not been tested in the 3-D case in comparison with full
3-D NEGF simulations. A fortiori, the present CM formulations
cannot handle tunnelling through the oxide regions or gate
leakage. Alternatively, the contact-block-reduction approach
[10], which reduces the 3-D open-boundary transport problem
to a closed-boundary problem, is efficient only when a small
number of eigenvectors, and the corresponding eigenvalues, are
utilized. The NEGF does not have the above limitations and is
ideally suited to 3-D simulations of nanoscale devices with a
complex geometry.

In this paper, for the first time, we demonstrate a real-space
fully 3-D NEGF formalism coupled self-consistently with the
3-D Poisson equation in order to determine the performances
of small nanowire transistors in an efficient way: i.e., by em-
ploying an effective mass approximation. This paper extends
our previous non self-consistent 3-D NEGF simulation results
reported in [11] and [12].

The advantages of the 3-D real-space Green functions are
that, even if the potential distributions have discontinuities, the
Green functions and their spatial derivatives for each energy
will be continuous. Crucially, this leads to the guaranteeing
of microscopic current continuity for each electron. Other
methods, such as mode decomposition or the MS approach,
do not guarantee explicit current continuity at the microscopic
level, unless all modes are taken into account. It follows
that, when strong discontinuities in the potential occur, the
mode- and/or eigenvalue-decomposition methods need to be
carefully validated against full methods (that solve the full
3-D problem without projection to lower dimensions and with-
out arbitrary smoothness assumptions).

In this paper, we use anisotropic bulk effective masses rather
than confined-geometry masses. Therefore, we do not claim to
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give a fully quantitative assessment of the quantum transport;
instead, we aim to provide a first qualitative insight into the
quantum-transport processes; it is nevertheless a reasonable
quantitative approximation, as discussed further in Section II.

The capabilities of the simulator are illustrated in the simu-
lation of ballistic transport in a 6-nm channel-length nanowire
MOSFET. In this range, the devices are expected to have a high
degree of ballisticity, according to recent theoretical studies
based on a simplified treatment of inelastic scattering computed
by an MS-based Green function method [13], [14]. We have
studied the effect of surface roughness and unintentional ran-
dom dopants on the current–voltage (I–V ) characteristics of the
nanowire transistor. Our objective is an evaluation of the effect
of surface roughness and long-range effects produced by the
Coulomb tails of individual unintentional random dopants lo-
cated in the channel on the I–V characteristics of the nanowire
transistor.

In Section II, we provide a deeper discussion of the sim-
ulation strategy and the physical model. In Section III, we
present the implemented 3-D NEGF formalism. Section IV
details technical aspects of the simulator design. The example
simulations of a nanowire transistor in the presence of surface
roughness and stray charges are presented in Section V, and the
conclusions are drawn in Section VI.

II. COMPUTATIONAL STRATEGY AND PHYSICAL MODEL

We do not intend a rigorous quantitative study at this stage;
however, a qualitative study of different local quantum phenom-
ena due to roughness and unintentional defects in the channel is
presented. The capability of the (3-D real space) NEGF simula-
tor to treat these space inhomogeneities and their effect on de-
vice performance is the main subject of this paper. At the core of
our approach is the assumption of an anisotropic effective mass
model for the carriers. In addition, the bulk effective masses
have been used in this paper rather than geometry-dependent
confined masses. Following the tight-binding (TB) community,
the bulk masses are quite similar to the confined masses when
the body thickness is larger than 3 nm [15]. Additionally, first-
principles analysis for a slab of silicon [16], [17] shows smaller
changes in the extracted effective masses due to confinement
than that predicted by the TB approach; the changes depend
on the assumed atomic structure for the interfaces which is
still controversial. Besides, the penetration of the electron-wave
function into the oxide increases the effective physical cross
section.

It has been argued previously [18] that effective mass the-
ory cannot be used below the 3–4-nm limit without some
modifications; however, it is still possible to use the effective
mass approximation by calculating the band structure for each
nanowire cross section and extracting the new longitudinal and
transversal masses. It should be mentioned that, as long as
the perturbation coming from roughness leads to small mass
changes, the “body-thickness-dependent effective mass” for
silicon can still be used down to 1.5-nm body thickness (private
communication with K. Nehari, F. Michelini, N. Cavassilas, and
M. Lannoo). At that scale (1.5 nm), the energy levels of the
three first subbands of the conduction band (the ones which

are involved in the electron transport) are exactly the same
as the levels resulting from TB calculations. It will then give
very similar transmission profiles. It should be observed that
our simulation methodology is targeted on devices down to
5-nm body thickness (as the maximum cross section that can be
treated), but to speed-up the simulation time, we present results
for smaller devices.

The surface roughness is modeled using a randomly gen-
erated surface with one interatomic-layer step normal to the
interface and an appropriate correlation length. The approach
follows our earlier model described in [19] and [20] based on
results reported in [21]. The details are given in Section IV,
but some general remarks are made here. Ideally, it might
be imagined that a full microscopic (atomic level) description
of the Si:SiO2 interface would be necessary rather than our
phenomenological model. However, the atomic SiO2 interface
is mostly amorphous and difficult to describe precisely; for
example, a recent first-principles calculation of a slab geometry
[16] shows different results for the extracted mass depending
on the way the interface is described. Our phenomenological
model provides, instead, an exemplar surface that is chosen to
approximate our best typical information on the large range of
possible microscopic configurations. As discussed in [19] and
[20], our interface model is compatible with atomic-level (step)
discretization of the interface profile.

Even if it were true that the precise specific atomic-wave
functions and orbitals are necessary for device modeling, it is
unfortunately true that, at the present time, there is no precise
atomistic description of a SiO2 interface. It is also the case
that the potentials that arise from the bare atomistic interface
are, in practice, renormalized by the screening processes in-
duced self-consistently by the conduction electrons. Indeed,
the devices under consideration are not single-electron devices:
Many electrons are involved, and the corresponding states are
mostly open-boundary extended states for which the precise
electrostatic environment remains unchanged or only slightly
affected by the presence of other electrons.

A rigorous treatment of the self-consistent electrostatic-field
distribution has proved very important in previous studies for
quantitatively accurate descriptions of the correct performance
of the devices; changes in oxide thickness, for example, may
produces large changes in the output currents. Devices such as
nanotransistors are bounded by two large (essentially classical)
reservoirs (the source and drain contacts), and the electrostatic
coupling described by Poisson’s equation (including coupling
to the gate electrode) determines the average electrostatic
electric-field profile that is “seen” by each conducting electrons.
This means that field-distribution accounts for all the other
electrons, dopant atoms, and external fields (gate potential,
work function, etc.). It is clear, therefore, that the electrostatic
self-consistent field plays a crucial role in the regulation of how
much current will pass through these devices.

Most published TB simulation papers describe the inter-
face roughness by hydrogen-terminated ends, which indeed
represents an atomistic description of the interface; but the
true atomic interface of SiO2 is very different, and even here,
there are widely different competing models of the crystalline
interface. Moreover, in most cases, the interface is amorphous.
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It is worth noting that the Slater–Koster approach uses TB as
a fitting technique; therefore, it is not clear whether or not the
resulting wavefunctions genuinely represent the interface as it is
presented to the conduction electrons. Thus, there are inherent
limitations in the microscopic alternatives to our model. Any
realistic atomistic description of the interface will need to
be found using first-principles density functional techniques,
which are much more complex and computationally heavy and
which are prohibitive for designing simulation tools for modern
device optimization and design. It is for the latter reason that
our simulation strategy is to pursue the effective mass model
and phenomenological interface models as far as possible.

As a final commentary on the effective mass model used here,
we comment on the role of fluctuations in the channel width.
There are two main effects: One is that the effective oxide
thickness changes locally and affects directly the electrostatic-
field distributions. The other is due to quantum effects: For
long correlation lengths (as in our example for roughness), an
additional confinement occurs (nondissipative shift in energy
levels and spatial redistribution of charge) as well as scattering
induced by the local change of the potential energy near the
interface (a momentum-relaxation process). A change in body
thickness of 10% implies, theoretically, that a further mass
renormalization will occur, but this correction is estimated
to be small as compared with the mass associated with the
average cross section and as compared with dominant dynamic
effects associated with the perturbation in the electrostatics.
We observe that the change in the transversal states depend
on the penetration of the wave function into the oxide or, in
more refined models (atomistic), on the wave function that the
electron will occupy in the interface; as we have mentioned, a
discussion of this point is in the literature for the SiO2 interface.
We conclude that there remains scope for using corresponding
calibrated masses in a future fully quantitative analysis.

In the device model, we consider the uniform doping in
source/drain as a technique for enforcing charge neutrality
and the correct electrostatic potential in source and drain; the
latter are regarded as an extension of a large (macroscopic,
dissipative) reservoir at a fixed Fermi level. In principle, to
perform a full analysis of dopants in source and drain, discrete
dopants should be considered throughout the entire simulation
domain. One of the difficulties with a full discrete-doping
model of an extended source and drain is that, in principle,
we need to solve a complicated many-body problem. We know
from extensive many-body theory, developed in the 1960s,
that the renormalized solutions for uniformly doped systems
at these very high densities are close to our starting model
assumptions. Self-averaging effects (Kohn–Luttinger theorems)
and screening ensure this. For strong departures from uniform
doping in the source and drain, the charge-concentration model
is equivalent to an adiabatic extension of the Kohn–Luttinger
models.

III. THREE-DIMENSIONAL NEGF FORMULATION

The 3-D real-space Green’s function method transforms the
double-time dependence in the Schrödinger equation to energy
space, and all the modes are implicitly included automatically

without approximation. The formalism controls the injected
carrier energies, but the modal decomposition does not appear
explicitly in the formulation nor do the transversal eigenfunc-
tions of the system. In essence, the NEGF method solves the full
Schrödinger equation throughout the volume irrespective of the
varying cross section. Within limits set by the convergence cri-
teria and mesh discretization, the NEGF method generates both
the exact open-boundary Green function and, most importantly,
gives explicit current conservation (a feature missing in some
modal-decomposition implementations).

In the framework of ballistic transport, the NEGF equations
[22] contain similar physics to the solution of the Schrödinger
equation but there are certain advantages, one of which is the
fact that NEGF approach yields directly the electron density and
current without the need to compute the wave functions of the
problem. In the NEGF approach, the transport-boundary con-
ditions are more naturally imposed through self-energies and
the generalization to inelastic scattering is more straightforward
due to the intrinsic use of self-energies.

The following two matrix equations [22] are in the core of
the NEGF formalism:
(
H0

ik(E) + ΣR
ik(E)

)
GR

kj(E) = Iij (1)

G<
ij(E) = GR

ik(E)Σ<
kl(E)GA

lj(E) (2)

where H0 is the Hamiltonian representing the kinetic energy
and the self-consistent electrostatic potential on one particle,
ΣR is the retarded self-energy matrix of the contact; the indexes
number the spatial coordinates. This latter matrix is obtained
from the contact Green function, which is calculated as in
[23]. GR

ij is the retarded Green function and represents the
probability amplitude for an electron to move in space from
the point xi to the point xj . G< is the less-than Green function
[22], which is directly proportional to the density, and Σ< is the
scattering self-energy matrix. In our case, the scattering matrix
is just proportional to the electron-distribution function and
the self-energy of the source and drain. Equation (1) contains
the dynamical information, while (2) controls the statistical
mechanical information. In the ballistic case, (2) becomes a for-
mula to compute the density and current. From the electrostatic
potential and the Fermi energy in the source and drain, we may
compute the interim electron density by using (1) and (2).

IV. SIMULATION ASPECTS

In the self-consistent simulation approach, the computed
interim electron density from (2) is fed back to the Poisson
equation and used to compute the new potential. The process is
repeated until the difference between the old and new potentials
becomes less that the desired tolerance. In order to take into
account the effect associated with the quantum resistance of
the nanowire leads, the electrostatic potential in the source and
drain are allowed to float, corresponding to Neumann (open)
boundary conditions. At the same time, the difference between
the Fermi levels at the source and drain contacts must be equal
to the applied voltage. This is essentially different from the
boundary conditions used in the Poisson equation for drift-
diffusion and Monte Carlo simulation of electron transport.
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The interface-roughness model describes the random inter-
face as a randomly generated surface with one interatomic-
layer step (0.28 nm) normal to the interface and mesh-space
resolution, separating the Silicon and the SiO2 and the cor-
responding values of the dielectric constant. The correlation
length of 2 nm along the interface plane used to generate the
surface is essentially identical to the one used in Monte Carlo
simulations to reproduce the Si/SiO2 universal mobility curve
[24]. A recent finite-element coupled MS (CMS) approach to
study quantum transport in the presence of interface roughness
in 3-D nanowires [25] uses a correlation length of 0.7 nm,
which leads to a physically much rougher model.

A 3-D Cartesian mesh with variable mesh spacing is used
to discretize the solution domain. In order to include, in a
simple way, interface roughness in the simulations, we have
adopted a control-volume discretization [19] approach for both
the Poisson and the NEGF equations. Following the interface-
roughness generation approach, the complex shape of the
Si−SiO2 interface is easily approximated by a collection of
nodal planes. Hence, a unique dielectric constant can be as-
signed to every volume element (brick) of the grid. In this
case, the Poisson equation can be easily integrated around a
node (control-volume discretization), conserving the electric
displacement vector around every node and naturally taking
into account the dielectric constants of the eight bricks condens-
ing at the node. Bearing in mind that each of the eight bricks
could have two different dielectric constants (Si or SiO2) each
node may have 256 essentially different neighborhood config-
urations. A finite-difference scheme would need to treat all
those different cases, but in the control-volume-discretization
scheme, these cases are automatically taken into consideration.
The volume-discretization technique permits solution of the
integral formulation of Poisson’s equation; the method allows
the dielectric constants of the neighboring points to appear
explicitly in the discretization equation. In the case of finite
discretization, if the dielectric constant changes from element
to element, we require a different discretization equation as
compared with the case of a uniform dielectric constant. The
difference arises because the displacement vector must be
continuous across the interface between different dielectric
media. Thus, we would require different equations depending
on the particular combination or arrangement of the dielectric
constants of the elements, which meet in a node. The num-
ber of different arrangement is very large, but in the volume
discretization scheme, the continuity of displacement vector
is automatically assured, which results with only one type of
equation.

An additional advantage of the volume-control discretization
is that it automatically includes the image charge created by the
different dielectric constants.

Our discretization scheme can be extended to include off-
diagonal derivatives in the Hamiltonian, such as ∂2/∂x∂y, to
account for transport that is not aligned with the principal
axes. However, this will introduce coupling with diagonal
points in a rectangular mesh. This leaves the coupling between
different cross sections still local (i.e., just the neighboring
cross sections are coupled to each other), and therefore, the
recursive algorithm can still be used, but now, every element

in a cross section is coupled to five elements in the neighboring
cross sections. This produces a five-diagonal-block matrix. The
introduction of the nondiagonal mass tensor would require
simple modifications, but essentially, the block structure of the
recursive algorithm will remain the same.

In order to compute the electron and current density, only
the diagonal and the first offdiagonal blocks of G< are needed.
The corresponding matrix elements are efficiently calculated
using the recursive algorithm described in more details in [22].
It is based on the standard algorithm that is used to compute
particular elements of the Green function using the Dyson
equation [22] recursively without inverting the whole matrix.
The difference as compared to this standard recursive algorithm
is associated with the fact that, in our case, the Dyson equation
for G< is more complicated than the usual Dyson equation
because of its coupling with GR. The algorithm exploits the
total symmetry of (1) and (2), minimizing the computational
time used. The inversion of the full 3-D Nx × Ny × Nz matrix
is replaced by Nz inversions of Nx × Ny matrices, where Nz is
the number of nodes along the transport direction and Nx and
Ny are the number of nodes in the device cross section. Apart
from speeding up the computations, the recursive algorithm
also reduces the memory footprint of the simulator. As an
example, a relatively small mesh (Nx × Ny × Nz) 20 × 20 ×
100 will produce a 3-D matrix with a 1.6 × 109 elements.

In the NEGF simulation approach, the single-particle energy
E is discretized, and (1) and (2) are solved for each discretiza-
tion energy value Ei. The total electron density and current are
calculated by summing the weighted contributions associated
with each discrete energy Ei. The accuracy of the results, par-
ticularly in the presence of quantization and resonance, depends
on the accurate sampling of the relevant energy space. In order
to reduce further the computation time, the energy cycle is
parallelized using OpenMP, allowing the computation of the
density for every energy separately on different processors,
which leads to very high parallel efficiency. The typical number
of energy cycles is around 400, and by using 30 processors in
parallel, the overall computation time is reduced to approxi-
mately 3% of the time of the equivalent serial run. Running on
15 processors on a (shared memory) SGI Origin 300 machine
with 500-MHz processors takes one day to produce a point on
an I–V curve, with 20 Poisson/NEGF iterations to achieve self-
consistence. Therefore, we are able to obtain a complete I–V
curve in approximately one week.

V. APPLICATION TO NANOWIRE MOSFETS

In very small nanowire transistors, surface roughness
and discrete defects introduce nonperturbative effects, which
greatly distort the transverse wave function from cross section
to cross section along the transport direction. Such effects lead
to a current-density vector that is not necessarily parallel to the
transport direction: The flow direction alters along the channel
of the transistor leading to a meandering current flow.

In order to demonstrate the capabilities of our 3-D NEGF
simulator, we have simulated a gate-all-around silicon nanowire
MOSFET with 2.2 × 2.2 nm2 cross section, 6-nm channel
length, and 1-nm gate oxide thickness, as illustrated in Fig. 1.
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Fig. 1. Nanowire transistor and the orientation of the coordinated system;
y is the transport direction.

Fig. 2. (a) Three-dimensional view of the rough-surface potential through
a constrained nanowire. (b) Three-dimensional view of the current of the
constricted nanowire.

The doping in the source and drain region is 1 × 1020 cm−3,
and the channel is undoped. The Poisson equation is solved in
the external box of Fig. 1, and the Green function equations are
solved in the internal box. As noted in Section II, we use the
anisotropic bulk effective masses.

Initially, we focus on the effects associated with the atomic-
scale roughness at the channel/gate dielectric interface. In all
the simulations of this paper, the surface roughness is only con-
sidered in the channel region. Fig. 2(a) shows the 3-D surface
potential distribution associated with one randomly generated
atomic-scale interface-roughness configuration at VG = 0.4 V
and VD = 0.2 V. In this case, the interface roughness produces
a constriction in the middle of the channel. Fig. 2(b) shows
the 3-D plot of isosurfaces of the y-component of the current
density. The tubular isosurfaces became wider in the middle of
the channel, reflecting an increase in current density. The color
code of the figures associates maximum values of the mapped
field to the dark red color and minimum values to the dark
blue color.

Fig. 3(a) maps in the zy plane the electrostatic potential and
the current density for the constricted nanowire from Fig. 2 at
VG = 0.4 V and VD = 0.2 V. The current density increases
in the middle of the channel due to the constraint. Fig. 3(b)
shows the potential and current in the same plane but for a

Fig. 3. (a) Nanowire with constriction. Upper: Potential profile. Lower:
Current-density profile (both at x = 1.1 nm). (b) Potential and current density
in a stepped nanowire (x = 1.1 nm).

nanowire with a synchronized step in both the top and bottom
interfaces, which does not reduce the cross section but increases
the current path. In this case, the current changes direction in
the vicinity of the step, following a meandering path.

Fig. 4(a) and (b) shows the electrostatic potential along
the middle of the channel, in both the uniform and the con-
stricted devices, respectively, for gate voltages in the range of
0.1–0.5 V and a drain voltage of 0.2 V. The electrostatic
potential distribution at low gate bias is similar for both devices.
At high gate bias (VG = 0.4–0.5 V), the gate control of the
electrostatic potential in the constriction region is stronger,
resulting in lower potential compared to the uniform case. It
is interesting to compare these results which show a relatively
smooth electrostatic potential with the CMS study [25], which
shows a very rough variation in electrostatic potential (even in
the source and drain regions), and where the CMS study uses
a longer channel length, larger cross section, and very much
rougher interface-roughness profile. The electron-density dis-
tributions along the channel of the uniform and the constricted
devices, under the same bias conditions, are illustrated in
Fig. 5(a) and (b), respectively. Despite the better electrostatic
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Fig. 4. (a) Potential along the center of the uniform nanowire at different gate
biases. (b) Potential along the constricted nanowire for different gate bias.

control, the electron density in the constrained device at equiv-
alent gate biases is lower as compared to the uniform device.
This is due to an energy shift in the transverse states in the
constriction. For the same reason, the injection of electrons in
the channel of the constrained device is lower when compared
to the smooth device at all gate voltages.

The ID–VG characteristics of the uniform device and the
two devices from Fig. 3 are shown in Fig. 6. The effect of the
constriction is dramatic and produces a threshold voltage shift
of 150 mV when compared to the uniform device. The threshold
voltage shift of the device with synchronised step (∼50 mV)
is significantly smaller. Additionally, the ON-current at VG =
0.5 V in the constrained device is three times smaller than that
in the uniform device. The constriction introduces a change in
body thickness, which is around 30% of the original thickness.
The effect on the carrier concentration and the current is not
perturbative, and the corresponding change in current is large.
The difference between the ID–VG curves of the nanowire with
the synchronized steps and the uniform one reflects the effect
of the surface-roughness scattering only. Clearly, for the
nanowire studied here, the confinement effect has a much
greater impact on the current compared with the scattering com-
ing from the interface roughness. However, with the increase

Fig. 5. (a) Electron concentration the along the uniform nanowire.
(b) Electron concentration along the constrained nanowire.

Fig. 6. (dot dash) ID–VG characteristics of the uniform nanowire, (dashed)
stepped nanowire, and (solid) constrained nanowire.

in the nanowire cross section, the confinement effects asso-
ciated with atomic-scale interface roughness will play a less
important role.
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Fig. 7. Three-dimensional plot of the y-current component in a nanowire with
a single impurity in the center of the channel.

Fig. 8. Potential in a nanowire with an impurity in the (upper) middle of the
channel and (lower) current density, at x = 1.1 nm.

Fig. 7 shows the isosurfaces of the y-component of the
current density in a nanowire with a single electronic charge
associated with an ionized acceptor or a trapped electron lo-
cated almost at the middle of the channel (x = 1.1 nm, y =
6.0 nm, and z = 1.1 nm) VG = 0.4 V and VD = 0.2 V. The
electrons are able to propagate across the middle of the channel
mainly through the ground state in the potential created by
the impurity and the channel interface, which requires higher
injection energy. There is also a small contribution associated
with a direct tunneling through the Coulomb potential. This
is reflected in the narrowing of the tubular isosurfaces at the
middle of the channel. The situation is clarified further in
Fig. 8(a) and (b),which maps the electrostatic potential and the
current density through the impurity in the z−y plane. Note the
crowding of the current between the impurity and the interface.

The potential distribution along the center of the channel
for different positions of the impurity in the xz plane at y =
6 nm and at low gate bias VG = 0.2 V and VD = 0.2 V is
illustrated in Fig. 9. Fig. 9 indicates that the potential due to
the impurity rises locally to the seemingly large value of 2 eV.
This is a consequence of the impossibility of screening the
short-range part of the Coulomb potential. Practically, there is
no consequence of this large peak for transport. The tunneling
in the immediate vicinity of this potential is 99% for thermal
electrons, so the quantitative effect of this large energy is negli-
gible for transport. The 2-eV peak is removable if the impurity
charge is delocalized more (as would be obtained in a full

Fig. 9. Potential profile along the channel at different distances from the
interface (at low bias).

Fig. 10. Potential contour plots for the impurity located at (1.1, 6.0, 1.1) nm
and (1.1, 6.0, 1.5) nm.

many-body treatment). However, to do this rigorously requires
more detailed knowledge of the wave function to be certain
that the distribution of the charge does not affect the long-
range Coulomb tail. A better treatment could be performed
from density functional methods but they would introduce other
complications that hamper the description of transport.

The impact of the Coulomb tail on the potential barrier in the
middle of the channel is still strong even when the impurity
is 1 nm off the center of the channel. In order to study the
current sensitivity with respect to the position of the impurity
in a particular cross section of the channel, we have carried
out simulation for two impurity positions (x = 1.1 nm and
z = 1.1 nm) and (x = 1.1 nm and z = 1.5 nm) in the xz plane
at y = 6 nm. The isocontours of the electrostatic potential at
VG = 0.4 V and VD = 0.2 V are plotted in Fig. 10(a) and (b) for
the two impurity configurations. The electrostatic perturbation
caused by the impurities in the channel is rather strong for
both impurity positions and should have a strong impact on the
ID–VG characteristic.

Fig. 11 illustrates the isosurface plot of electron concentra-
tions for the impurity in the middle of the channel for low
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Fig. 11. (a) Electron density isosurfaces at low gate bias with the impurity in
the middle of the nanowire. (b) Electron density isosurfaces at high bias with
the impurity in the middle of the nanowire.

Fig. 12. ID–VG characteristics of the uniform and nonuniform nanowires.

(VG = 0.2 V) and high (VG = 0.4 V) gate bias. The high-
doping regions in the source and drain are clearly seen. At
high gate bias, the electron concentration at the source extends
farther in the channel as expected. In essence, Fig. 11 shows
the effect of the Coulomb tail, which has been screened by the
conduction electrons from the drain but which still produces
a blocking effect on the electron entering from the source.
The isosurface line shows a stronger screening of the impurity
potential in the drain side due to the high doping in that region.

Fig. 12 compares the ID–VG characteristics of the uniform
device, and the two devices with a single negative charge in the
middle and 1 nm off the middle of the channel at y = 6 nm. The
characteristics of the transistors with the two different positions
of the impurities are very similar, both yielding a threshold volt-
age shift of approximately 100 mV. This similarity is associated
with the small (∼2.2 nm) cross section of the nanowire, which
is comparable with the characteristic radius of the screened
Coulomb potential, which is on the order of 1 nm, as shown
in Figs. 9 and 10.

VI. CONCLUSION

We have developed a full 3-D real-space NEGF simulator for
the future generation nano-CMOS devices, which can handle
nonperturbative effects associated with interface roughness,
body-thickness variation, and random discrete dopants. The
simulator is parallelized in respect of the energy cycle and uses
an efficient recursive algorithm. The simulator allows full 3-D
real-space quantum calculations of small transistor on medium-
size SMP platforms.

The capabilities of the simulator have been illustrated in
a qualitative study of the effect of interface roughness and
stray charges in the channel of a nanowire gate-all-around
transistor. The full 3-D NEGF simulations at room temperature
produce smooth monotonic ID–VG characteristics, despite size-
quantization and contributing subband quantum transport. Sur-
face roughness has a dramatic effect at nanoscale dimensions
due to the energy shifts, surface-roughness scattering, and 3-D
meandering current flows associated with the random surface-
roughness configurations. Constrains of the channel have a
more dramatic effect on the current compare to synchronised
roughness that does not change the channel width. The in-
fluence of a single dopant on device behavior is dramatic,
independent of its spatial location due to the comparable char-
acteristic Coulomb radius and the cross-sectional dimensions of
the nanowire channel.
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