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This work will review the development of 2D/3D device simulators based on the Non-Equilibrium
Green Function (NEGF) formalism, which has been developed in order to study variability issues.
We have concentrated on the variability deriving from the particular arrangement of dopants, unin-
tentional defects and roughness of the Si/SiO2 interface. The device simulators developed have the
capability to address very strong local potential inhomogeneities that stem from discrete dopants.
We have implemented volume discretisation techniques that allow us a more precise representation
of interfaces and dopant localization. The simulators have been parallelized and recursive algo-
rithms have been implemented in order to reduce the computational time, which is a killer effect in
the Poisson-NEGF loop in a 3D quantum simulator. The simulator is designed for an effective mass
tensor approximation. Finally, we have carried out studies of the performance of nanotransistors
due to the effect of the discreteness of dopant and interface roughness.
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1. INTRODUCTION

Currently the semiconductor industry works at the 45 nm
technology node, which has approximately 1 billion tran-
sistors per chip area (1.5 cm2). The channel length of these
transistors is around 30 nm. In the next few years the semi-
conductor industry will be targeting to double or triple the
number of transistors per chip. The dimensions of the tran-
sistor active region will shrink to under 10 nm. Consider-
ing that the density of silicon is approximately 64 atoms
per cubic nanometre, the number of atoms involved in the

∗Author to whom correspondence should be addressed.

transport (along the channel) will be less than 40 atoms. At
these dimensions transistor behaviour is mainly governed
by the quantum statistical mechanics of several atoms cou-
pled to a relatively large system, forming the contacts. It
is crucial that the development of a new set of simula-
tion tools will incorporate the relevant physics, in order to
predict device behaviour in a reliable and accurate manner.

When a positive charge is located in the channel of a
small nanotransistor, the repulsive potential of the charge
acts to block the current flow, but some electrons are
able to tunnel through the potential barrier changing the
screening potential and the current density. It is clear
that a treatment of these phenomena requires a quantum
mechanical approach, and similarly for an accurate treat-
ment of discrete dopants in source and drain. In the latter
case the impurity potential is attractive but the concen-
tration of electrons around the acceptor follows the wave
nature of electrons dictated by their wavelength. Besides,
at nanometre scale the interaction of the electron with the
dielectric interface is more like to be dependent on the
electron wavelength and the size of the spatial variation
of the interface. The reflection at the interface is more
like a scattering of waves than a particle bouncing on a
stair and for small channel lengths the electron can reach
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the drain end even without scattering with phonons, keep-
ing the transport coherent throughout the entire channel.
In this case, the probability amplitude that an electron
moves from source to drain is given as a superposition
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of the amplitudes that describe all the possible ways that
the electron can move ballistically from the source to the
drain. This picture shows clearly the difference between
the quantum and the Monte Carlo approach to transport.
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In the Monte Carlo approach the particle takes only one
of the possible paths (minimum action).

Previous quantum transport simulations have been car-
ried out, but most of these are using simulators, which
simplify the transport to 1D,1–4 or are using some kind of
phenomenological models. Recently a full atomistic based
simulator has appeared but the simulator is very time con-
suming and the implementation of dissipative physics in this
simulator will increases the computational times consider-
ably unless further physical approximations are made. Our
approach uses a simple effective mass model Hamiltonian
which folds the physics of the band structure into the effec-
tive masses. Based on this Hamiltonian we may calculate
the Green function of the system under open boundary
conditions to allow electron to be injected into the sys-
tem (this method when applied to non-equilibrium condi-
tions is called the Non Equilibrium Green Function (NEGF)
approach and will be explained later). This approach is
very similar to the atomistic or tight-binding one but uses
essentially one effective orbital, instead of the 10 orbitals
usually used in the atomistic case. The property of this
orbital can be obtained from tight-binding band struc-
ture calculations or from first principles. This simulator is

therefore fast and can incorporate the correct physics of con-
finedsystemthrough themass renormalization.Wecan incor-
porate full band effects due to the fact that the low-lying
energy dispersion can be fitted by energy-dependent masses
in our Hamiltonian. The future implementation of dissipative
process such as phonon scattering is very natural except for
the extra computational load.

As devices become ever smaller, two identical techno-
logically fabricated devices, which differ in the particu-
lar microscopic atomic configurations, may perform in a
completely different way, due to atomistic effects, which
do not self-average away at such scales. In this paper we
will concentrate on the development of a quantum simu-
lator to study specifically two sources of variability: the
variability that arises from the discreteness of the dopants
and defect charges; and variability coming from the atomic
scale roughness of the interface between the dielectric and
the semiconductor.

In the case of the discrete dopants and stray charges,
we have studied the effect of the position of a stray charge
in the channel of a Double Gate (DG) MOSFET. We
have also examined the effect on the performance of a
DG MOSFET due to different spatial configurations of
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3 unintentional charges in the channel of a nano-transistor.
The variability of ID–VG characteristics has also been stud-
ied for the case of dopant fluctuations in source/drain.

The influence of the interface roughness between oxide
and semiconductor on carrier transport increases particu-
larly in thin-body double gate devices where the roughness
is correlated to body thickness fluctuations.5 The effect of
interface roughness on the device performance was studied
in the past, predominantly using Monte Carlo techniques
with various surface roughness scattering models.6–8

When the body thickness of double gate transistors is
on the order of a few nanometres the current flow is 2D
due to the irregularity of both Si/SiO2 interfaces. A careful
treatment is therefore required in order to resolve the sub-
nanometre scale features of the interface.

In this work, we have used a full (real space) 2D self-
consistent NEGF simulator,5�9 while implementing a new
discretisation scheme that allows us to describe precisely
the interface profile. The same simulator has been used to
simulate the effect of the dopants and stray charges in the
device performance. The 2D work is concentrated on DG
MOSFET structures.

We have also developed a full 3D real space simulator
based on the NEGF formalism and we have made pre-
liminary studies of the effect of interface roughness and
a stray charge in a wrap-around nanowire transistor. The
simulator uses a recursive algorithm5�9�10 and the energy
cycle has been parallelized. The code is written in Fortran.

Following the introduction, this paper is divided into four
chapters; first we will give a glimpse into the NEGF tech-
nique as applied to nano-transistors including the recur-
sive algorithm. The second and third chapters describe the
2D and 3D simulators respectively. Those chapters also
present the applications of the simulator to study the var-
ious sources of fluctuation mentioned before. Conclusions
are drown in the final chapter.

2. THE NON EQUILIBRIUM GREEN
FUNCTION APPROACH

The NEGF approach to carrier transport in mesoscopic
systems, comes from the marriage of two old ideas due to
Schwinger-Keldysh (SK) and Landauer-Buttiker (LB).11–14

The first idea, (SK), was the use of propagators and corre-
lation functions (Green’s functions) to describe the motion
of electrons in non-equilibrium quantum statistical sys-
tems or systems coupled to non-coherent systems such
as random oscillators or reservoirs. The second idea, LB,
is based on the observation that when a difference in
potential is applied to a mesoscopic system, which essen-
tially consists of two or more reservoirs connected by
(short channel length and cross section) quantum channels,
the same difference in the chemical potentials between the
respective reservoirs is induced and this determines the
current, while the electrostatic potential is allowed to float

(Neumann boundary conditions) in order to fulfil charge
neutrality. The current flowing between two reservoirs is
controlled by (quantum) transmission in the channel con-
necting the reservoirs, so implicitly the reservoirs are kept
with a fixed difference in chemical potential between them.
Under certain simplifying assumptions15 the current flow
between two reservoirs is proportional to the transmission
function and the difference of chemical potentials between
the reservoirs.13�15 Essentially, in this approach resistance
is represented by transmission.16

In the modern NEGF formalism17 the current and elec-
tron density in a mesoscopic system, when a difference
in potential is applied, is computed with the help of the
electron propagator GR and correlation function G<. The
boundary conditions are included in the self-energy �R

(dynamic boundary condition) and statistical self-energy
matrix �< (statistical boundary condition). The matrix
equations (the Green functions are matrices in the coor-
dinate representation) for the electron propagator and the
correlation function may be written as:17�18

[
G−1

0 −�R
]
GR = I (1)

G< =GR�<GA (2)

n
E� r
=−2iG<
E� r� r
/� (3)

J
E� r
=− e�

4�
m∗−1 · 
� −� ′
G<
E� r� r′
 �r=r′ (4)

Where G−1
0 = H − i� and H is the Hamiltonian of the

finite device; �R contains the effect of the injecting and
absorbing (IA) boundaries on the open system. The sta-
tistical self-energy matrix �< is given by the imaginary
part of the self-energy for each IA boundary multiplied
by the distribution function at the boundary value of the
chemical potential (including the external potential). Scat-
tering is not considered. iG<
E� r� r) or n
E� r) are the
density of electrons at the position r with energy E; J is
the energy-resolved current density associated with elec-
trons of energy E. The total electron density is obtained by
integrating equation (3) over all energies. Expression (4)
also should be integrated for all energies to give the total
current density. The electron density must satisfy Poisson’s
equation; therefore a self-consistent iterative cycle is set up
to compute the electron density and potential throughout
the device.

As can be seen from Eqs. (3) and (4), we only need to
calculate the diagonal and off-diagonal elements of the G<

function in order to compute the current and electron den-
sity. For this purpose we deploy a recursive algorithm tech-
nique based on the symmetry of the Dyson equation, which
allows us to compute the diagonal, and off-diagonal blocks
of G< without the need to invert the Hamiltonian matrix
of the whole device. A detailed presentation and proof of
the recursive algorithm used in this work may be found in
Ref. [9]. In the following, we present the equations in a
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simplified fashion, but they can directly apply for compu-
tational purposes, these formulas are essentially in Ref. [9],
but a few misprints19 may cause difficulty for implementa-
tion. If we call A the inverse matrix of the retarded Green
function Gr , we may write the equations which allow the
computation of the diagonal (density) and first off-diagonal
block of G<; these diagonal blocks represent the interac-
tion inside the device cross section and the first off-diagonal
represents the coupling of the cross section with the neigh-
bouring cross section. The crucial point is the partition
of the A matrix in blocks, which represent the interaction
inside the cross section (Aqq) and the cross section–cross
section interactions (Aqq+1). To calculate the Gqq and Gqq+1

blocks of the retarded Green function, a series of auxiliary
matrices need to be calculated recursively; there is a for-
ward and a backward recursion, the steps are as follows:

g
rLq+1
q+1� q+1 =

[
Aq+1� q+1 −Aq+1� qg

rLq
q�q Aq�q+1

]−1
(5)

grL1
11 = A−1

11 (6)

q = 1� � � � �N −1
Following these steps we can calculate the diagonal and
first off diagonal blocks of Gr by backward recursion.
They are used to compute the electron density

Gr
N�N = grLNN�N (7)

Gr
q�q = grLqq�q +grLqq�q 
Aq�q+1G

r
q+1� q+1Aq+1� q
g

rLq
q�q (8)

Gr
q+1� q =−Gr

q+1� q+1Aq+1� qg
rLq
q�q (9)

q = N −1� � � � �1
The G<

q�q+1 and G<
q�q are calculated from the above matri-

ces, using the following forward and backward recursion
schemes; the forward recursion computes auxiliary matri-
ces using a forward algorithm:

g
<Lq+1
q+1� q+1 = g

rLq+1
q+1� q+1

( <∑
q+1� q+1

+�<
q+1 −

<∑
q+1� q

gaLqq�q A
+
q�q+1

−Aq+1� qg
rLq
q�q

<∑
q�q+1

)
g
aLq+1
q+1� q+1 (10)

�<
q+1 = Aq+1� qg

<Lq
q�q A

+
q�q+1 (11)

g<L1
11 = gr0

11

<∑
11

ga0
11 (12)

gr0
11 = A−1

11 (13)

q = 1� � � � �N −1
A backward recursion is used to finally computed the G<

q�q

and G<
q�q+1:

G<
q�q = g<Lqq�q +grLqq�q Aq�q+1G

<
q+1� q+1A

+
q+1� qg

aLq
q�q

−g<Lqq�q A
+
q�q+1G

a
q+1� q −Gr

q�q+1Aq+1� qg
<Lq
q�q

−g<0
q�q+1A

+
q+1� qG

a
q�q −Gr

q�qAq�q+1g
<0
q+1� q (14)

g<0
q�q+1 = gr0

q�q

<∑
q�q+1

ga0
q+1� q (15)

g<0
q+1� q = gr0

q+1� q+1

<∑
q+1� q

ga0
q�q (16)

G<
N�N = g<LNN�N (17)

gr0
q�q = A−1

q�q (18)

G<
q+1� q = g<0

q+1� q −Gr
q+1� qAq�q+1g

<0
q+1� q

−G<
q+1� q+1A

+
q+1� qg

gLq
q�q −Gr

q+1� q+1Aq+1� qg
<Lq
q�q

(19)

q = N −1� � � � �1
The above equations form the generalized recursive algo-
rithm for calculating the diagonal and off diagonal block
of Eq. 2.

We are using a simplified version of the recursive algo-
rithm due to the fact that the �< is diagonal. Equations
(20) and (22) are solved in a forward recursion and Equa-
tions (23)–(25) are solved in a backward recursion. Those
equations are solved following the order in their equation
number.

g
rLq+1
q+1� q+1 =

[
Aq+1� q+1 −Aq+1� qg

rLq
q�q Aq�q+1

]−1
(20)

g
<Lq+1
q+1� q+1 = g

rLq+1
q+1� q+1

( <∑
q+1� q+1

+�<
q+1

)
g
aLq+1
q+1� q+1 (21)

Gr
q+1� q =−Gr

q+1� q+1Aq+1� qg
rLq
q�q (22)

G<
q+1� q =−G<

q+1� q+1A
+
q+1� qg

aLq
q�q −Gr

q+1� q+1Aq+1� qg
<Lq
q�q

(23)

G<
q�q = g<Lqq�q +grLqq�q Aq�q+1G

<
q+1� q −g<Lqq�q A

+
q�q+1G

a
q+1� q

(24)

Gr
q�q = grLqq�q −grLqq�q Aq�q+1G

r
q+1� q (25)

Note that Eqs. (23) and (24) compute the blocks of G<,
which are necessary in order to calculate the density and
current (Equations (3) and (4)). The simplified recursive
algorithm is used in the 2D and 3D simulator. Essentially
the same algorithm can be used for the implementation of
scattering if the corresponding self-energies are diagonal.

As we mention before we used a control volume ele-
ment discretisation to allow a more precise treatment of
the interface, the variation of the dielectric constant and
the variation of the effective mass from element to ele-
ment. An element in 2D is the rectangle formed by the four
nodes (for a rectangular mesh). In 3D this is the region
inside the 8 nodes forming a cuboid. An elliptical second
order partial differential equation can be put in a canoni-
cal form (not mixed derivatives). Using Gauss’s law in the
node bounded for elements we can integrate the Laplace
operator in the Poisson and in the Schrödinger equation
producing a discretised equation which takes into account
the difference in dielectric constants of neighbouring ele-
ments. In the following we present the explicit steps to
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get the element discretisation equation for the case of the
Poisson equation:

� · 
�
r
��
= � (26)∫∫∫
V
� · 
�
r
��
dV =©

∫∫
!V
�
r
�� ·ds (27)

©
∫∫

!V
�
r
 	E ·ds =

∫∫∫
V
�dV (28)

Here � is the dielectric constant, � the total charge den-
sity, � the electrostatic potential and E the electric field.
Equation (28) is discretised around the nodes and used in
the simulators. This equation contains the continuity of the
displacement field and therefore the polarization charge.

3. THE 2D NEGF DEVICE
SIMULATOR AND APPLICATIONS

This section describes simulation studies of variability
mechanisms in Double Gate MOSFET using the 2D NEGF
simulator. As it has been mentioned before, the 2D simula-
tor uses control volume discretisation. The equation which
follows, represent explicit the basis transformation step of
the volume discretisation for the Laplacian operator and
the retarded Green function.
∫
HGds = �

2

2

∫
�

(
1
m
�G

)
ds = �

2

2

∫ ( 1
m
�G

)
·ndl

(29)
Figure 1 illustrates the control volume discretisation (in

this case the area) for the retarded Green function equation
around the node (i� k). The four parameters m1, m2, m3
and m4 represent the effective masses of the neighbouring
elements to that node. The dashed line encloses the area
used in the integration to eliminate one of the derivatives.
The expression on the far right in the Eq. (29) is discre-
tised, but now in the dashed line, which is always inside
an element with constant mass. In the case of the Poisson
equation, instead of different masses we will have differ-
ent dielectric constants for each element. Figure 2 shows a
section of the Si/SiO2 interface. Six nodes are highlighted
in red showing the correspondence with the 6 nodes of
Figure 1. The yellow or light colour represents the SiO2

(i, k)

(i, k–1)

(i–1, k–1) (i+1, k–1)

(i, k+1)

(i–1, k)

(i–1, k+1)

(i+1, k)

(i+1, k+1)

m1 m2

m3 m4

Fig. 1. Control volume discretisation scheme for the Green function
operator showing the average on the node (i� k) of the gradient of G.

Fig. 2. A piece of the SiO2/Si rough interface, yellow and green stand
for SiO2 and Si regions respectively. Red dots stand for the discretisation
nodes.

region, and the grey or dark colour represents the Silicon
region. The central node has two elements in Si and two
elements in the SiO2. The effective masses in Si, and the
dielectric constants are different from those in SiO2. In
our code, properties such as doping are associated with
elements and not with nodes, this makes clearer the char-
acterisation of the interface. In the 2D case the matrix that
represent the cross section Eq. (9d) is tri-diagonal, making
the inversion straightforward.

4. IMPURITY IN CHANNEL

We will start with the effect of a stray charge in the
channel. The device considered is a Silicon DG MOSFET
with SiO2 gate oxide. The transistor structure is shown
in Figure 3. The channel length is 10 nm, which justi-
fies the use of a ballistic approach. The channel thickness
is 3 nm; the doping in the source and drain regions, ND,

Fig. 3. Structure of the double gate MOSFET.
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Fig. 4. Location of charges investigated, S, D and G stand for source,
drain and gate.

is 1020 cm−3; and the background channel doping, NA,
is 1014 cm−3. In general, the location of the single stray
charge in the device is completely random. However, in the
case of our 2-dimensional simulations we consider six dif-
ferent key cases of charge location illustrated in Figure 4.
The circles in this figure represent the different positions
of the stray charge considered in this work. Those cases
are chosen because they represent worst-case scenarios or
because they are a representative case. Cases not consid-
ered have the same qualitative behaviour as the cases con-
sidered or an intermediate behaviour between the cases
considered.

The resulting ID–VG characteristics for the six cases
studied are shown in Figure 5. Through most of the range
of applied gate voltages the largest change in threshold
voltage (relative to the control device with no stray charge)
is produced by a charge placed in the middle of the chan-
nel. The reduction in current due to this charge is very
high at low gate voltages but as the gate voltage increases
the screening effect from the charge in the channel and
increasing tunnelling reduce the blocking effect. Due to
the applied drain bias, when the impurity is located in the
middle of the source boundary the reduction in current is
larger than the case where the charge is at the middle of
the drain interface.

As the gate voltage is increased, and the potential barrier
lowered, the influence of the charge located in the very
centre of the channel is reduced. As a consequence, at very
high gate voltage the location with the largest impact is at
the source end of the channel.

Fig. 5. ID–VG curves showing the effect of a fixed charge at different
points within the channel. VD = 0�6 V.

Fig. 6. 2D potential distribution with a charge in the centre of the chan-
nel. VG = 1�5 V and VD = 0�6 V.

The 2D potential profile for the case of a centrally
located charge is shown in Figure 6, for VG = 1�5 V and
VD = 0�6 V. The potential profile along the centre line of
the transistor, midway between the two gates is shown in
Figure 7. The height of the potential barrier of the charge
located close to the oxide interface is very small in the
middle of the channel at high gate voltage as shown here.
This is due to the screening effect of the mobile charge in
the channel. In the sub-threshold regime, where screening
does not play a part, the effect of the charge at the inter-
face is felt in the middle of the channel and the current
reduction is substantial.

Figure 8 shows the density for one electron with energy
of 0.7 eV coming from the source showing the penetration
through the potential from a fixed charge in the middle of
the channel. This high energy electron distribution shows
few oscillations in the channel corresponding to the short
wavelengths. But even the high energy electrons show their
wave nature by reflecting from the stray charge potential
barrier. Low energy electrons are expected to show even
stronger wave behaviour. This shows to some extent the
quantum mechanical effects taking place at microscopic
levels and for a single carrier. More severe effects come

Fig. 7. Potential profile through the middle of the channel with different
locations of fixed charge.

J. Comput. Theor. Nanosci. 5, 1–22, 2008 7
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Fig. 8. Density for one electron with energy of 0.7 eV coming from
the source and reflecting from the potential barrier resulting from a stray
charge located in the middle of the channel.

with the addition of several charges in the channel, or inho-
mogeneity of the interface caused by interface roughness.
It is shown in the figure that there is a tunnelling pene-
tration into the potential resulting from the charge at the
point x= 0�0, y = 0�0. However, the probability to find an
electron drops off rapidly for positive y coordinates.

Figure 9 shows the electron concentration through the
channel, at the middle of the channel, and at 0.6 and
1.2 nm off the middle of the channel. As is expected the
density decreases away from the centre of the channel.
The picture shows clearly a substantial electron density in
the region where the stray charge is located, and where
classically a significant reduction in electron concentration
would be expected. These electrons will contribute to the
current and will affect the I–V curves dramatically when
compared to classical simulations.

The current density for this case, with the stray charge
in the middle of the channel, is shown in Figure 10. In the
central portion of the channel the current partially flows
around the potential “spike” resulting from the charge,
however there is also a tunnelling current flowing through
the centre of the channel.

Fig. 9. The electron concentration along the channel for the case of the
stray charge in the middle at VG = 1�2 V.

Fig. 10. The 2D-surface plot of the current density in the transport
direction for the case of Figure 6.

Fig. 11. The potential profile through the channel cross section at the
middle of the channel for the case of Figure 7.

Fig. 12. The current density in the transport direction (y) plotted along
a cross section in the channel halfway between source and drain.

8 J. Comput. Theor. Nanosci. 5, 1–22, 2008
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Fig. 13. Density of states through the middle of the channel at VG = 1 V
without stray charge.

The potential and current density through the cross-
section between the two gates are shown in Figures 11
and 12. Figure 12 shows that approximately 30% of the
total current flows through a high potential barrier at x= 0
in Figure 11 which indicates that the tunnelling current
cannot be ignored.

Figures 13 and 14 show the density of states along the
centre line of the transistor, midway between the two gates
for a gate potential of 1.0 V without and with the fixed
charge present, respectively. In the case of Figure 13 we
can see the interference effect at the drain and the density
of electrons in the first sub-band. In Figure 14 the energy
of the conduction band edge in the middle of the device
has increased because of the confinement and the potential
barrier introduced by the stray charge. The figure shows
interference patterns at the source and drain. A high den-
sity of states is located between the source and the stray
charge because of the formation of quasi-bound states as
can be inferred from the potential profile in Figure 7.

As conclusions, threshold voltage and the sub-threshold
slope of the ID–VG characteristics are strongly affected
by the position of the charge in the channel. The sub-
threshold slope in the ID–VG curve depends more on the
distance of the charge from the source than the in the

Fig. 14. Same as Figure 7 but with stray charge placed at the centre of
the channel.

direction perpendicular to the gates. The tunnelling of car-
riers through the stray charge potential plays an important
role in the I–V characteristics. There is a substantial tun-
nelling current through the stray charge at high gate volt-
age. The current density is pushed to the oxide interface
by the repulsive potential of the stray charge.

5. THREE IMPURITIES IN THE CHANNEL

We have also studied the effect on the ID–VG characteris-
tics of various spatial configurations of 3 acceptor dopants
in the channel of a nano-transistor.

The simulated device is a DG MOSFET at 300 K with
metal gate and 1 nm oxide thickness. The channel length
of the transistor is 12 nm that justifies the use of a bal-
listic approach. The channel body thickness is 5 nm, the
doping in the source and drain regions, ND, is 1020 cm−3,
and the channel doping, NA, is 1014 cm−3. Four devices
which differ in the arrangement of three point charges in
the transistor channel have been considered in the cal-
culation. We have used both multi-valley anisotropic and
isotropic effective mass models and compared the results.
Figure 15 shows the potential for four different configu-
rations of three dopants in the channel of the transistor at
VG = 1�5 V. The source and drain are located at the left
and right of every panel. The two gates are located at the
top and the bottom of the panels.

Figure 16 shows the ID–VG characteristics of the four
devices using isotropic and anisotropic mass models at
VD = 0�6 V. The device with the vertical arrangement pro-
duces the lowest current because the channel is completely
blocked by the potential barrier created by the impurities.

In the horizontal arrangement of dopants the blocking of
the current is very effective at low gate voltages but at high
bias there is a substantial lowering of the barrier and the
current flow is concentrated close to the gates. The block-
ing by the triangle configuration is very effective at low
gate voltages but as the gate voltage increases the poten-
tial barrier decreases substantially because the charges are
mainly located in the middle of the channel. The symmet-
ric triangle configuration has two point charges very close
to the source that block the current effectively and are less
sensitive to the gate voltage. As a result of these effects
the ID–VG curve for the symmetric triangle is crossed by
the ID–VG curve for the case of the asymmetric triangle as
can be seen in Figure 16. The current for the anisotropic
mass device models are larger than for the isotropic mass
models due to a smaller threshold voltage shift associated
with the large effective mass components in the confin-
ing direction and the increase of tunnelling due to small
effective mass components in the transport direction. The
horizontal arrangement of dopants displays the largest dif-
ference in currents between the two effective mass models.
This follows from the high degree of confinement in the
channel created by the alignment of the impurities along

J. Comput. Theor. Nanosci. 5, 1–22, 2008 9
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Fig. 15. The potential landscape (at VG = 1�5 eV) for the four arrangements of the three charges in the channel: upper left panel (vertical configuration),
upper right panel (horizontal configuration), lower left panel (symmetric triangle configuration), and lower right panel (triangle configuration).

the channel. For the device with the symmetric triangle
configuration Figure 17 shows a comparison of the cur-
rent density vector fields between the isotropic and the
anisotropic effective mass models. It is clear that for the
anisotropic mass model the current flow is more horizon-
tal compared to the isotropic mass model. This is mainly
due to the low effective mass in the transport direction and
the high effective mass in the confined direction for the
anisotropic model that act to reduce the meandering of the
current flow through the potential landscape.

The current density profile Jy
x� y
 at low gate voltage
(VG = 1�5 V) is illustrated in the right panel of Figure 17
for the symmetric triangle configuration. It shows that the
majority of the current flow is between the two foremost
dopants followed by bifurcation of the flow around the

Fig. 16. ID–VG characteristics of the four devices (see Fig. 1) using the
isotropic (I) and the anisotropic (A) mass models at VD = 0�6 V.

farthest dopant. At very high gate voltage (VG = 2�4 V) the
current flow concentrates close to the gates in two parallel
streams that avoid the dopants. This high voltage behaviour
does not occur for the isotropic mass model. The left panel
of Figure 18 shows the electron density in the channel.
A charge density of approximately 1019 cm−3 is present in
the dopant locations indicating electron tunnelling.

As a conclusion, the threshold voltage and the sub-
threshold ID–VG slope are strongly dependent on the par-
ticular arrangement of a small number of point charges
inside the channel of a short channel double gate MOS-
FET. Distortion of the ideal uniform quasi 1D flow
through the channel occurs due to tunnelling, diffraction
and interference from the potential landscape of the dis-
crete dopants. The distortion is significantly smaller for
the realistic multi-valley anisotropic mass model than in
the isotropic mass model. The differences between the
isotropic and anisotropic models are strongly dependent
on the specific charge configurations. The current flow
through the device shows a non-classical non-uniform 2D
character: the current meanders through the channel poten-
tial landscape created by the point charges. There is sig-
nificant tunnelling through the potential barrier created by
the unintentional doping charge at high gate voltage. For
the perfect channel the underlying transmission function is
a multi-stepped function of carrier energy. For the imper-
fect device the transmission functions have reduced slope
and the steps are smoothed out due to scattering and tun-
nelling processes in the potential landscape induced by the
dopants.

These results are for a 2D model: a worst-case scenario
for a wide 3D device. A full 3D model would be expected

10 J. Comput. Theor. Nanosci. 5, 1–22, 2008
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Fig. 17. The current density Jy in the channel of the symmetric triangle configuration device at VG = 1�5 V. The upper left and right panels represent
the current landscape for the isotropic and anisotropic effective mass model; the two lower panels show the current density vector field J respectively.

to exhibit more scope for the current flow to avoid the
discrete point dopants.

6. DOPING INHOMOGENEITY

In this section we have assumed that the doping in source
and drain is inhomogeneous and/or forms clusters. The
device studied is a DG MOSFET shows in Figure 19,
S/D dopings is 2e20 cm−3, and the channel is un-doped.

Fig. 18. The left and right panel show the electron density and the current density profile Jy respectively for the symmetric triangle device using the
anisotropic model at VG = 2�4 V.

Channel length and width are 12 nm and 5 nm respectively.
We have studied several devices that differ in the spatial
configuration of dopant clusters in source and drain, and
in the number of clusters.

To set the background for the device characteristics
we first present the potential distribution of one of the
devices with a random distribution of clusters (upper panel
of Fig. 20). The corresponding electron distribution in
the channel and the discrete dopant aggregation regime

J. Comput. Theor. Nanosci. 5, 1–22, 2008 11
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Fig. 19. Double gate MOSFET structure (DG-MOSFET).

(clustering) of source and drain is shown in the lower panel
of Figure 20. Similar data is shown in Figure 21 but for
fewer clusters (i.e., an effective lower average doping). The
corresponding configurations of the clusters are presented
in Figure 22 (the upper panel corresponds to Fig. 20; the
lower panel corresponds to Fig. 21). Figure 23 shows
the ID–VG characteristics for 5 devices that differ only in
the arrangement of clusters (
N = 0). Data for the case of
uniform continuum doping (smooth doping distribution) is
included for comparison. Figure 24 shows two cluster con-
figurations with the same number of dopants correspond-
ing to Figure 23. Figure 25 shows the ID–VG characteristics
for a different number of total clusters (
N �= 0) ranging
from 13 to 35 discrete cluster locations. Again, data for
the case of continuum doping (smooth doping distribution)
is included for comparison. In Figure 26 we represent the

Fig. 20. Spatial profile of potential (upper panel) and electron concen-
tration (lower panel) in the source, channel and drain regions of a 12 nm
channel length DG-MOSFET for the dopant aggregation configuration
shown in Figure 6 (upper panel). Average doping concentration in S/D =
1020 cm−3, number of high doping clusters �N 
 = 10; actual number of
high doping clusters N = 12.

Fig. 21. Spatial profile of potential (upper panel) and electron concen-
tration (lower panel) in the source, channel and drain regions of a 12 nm
channel length DG-MOSFET for the dopant aggregation configuration
shown in Figure 6 (lower panel). Average doping concentration in S/D =
1020 cm−3, number of high doping clusters �N 
 = 10; actual number of
high doping clusters N = 6.

current density Jx (lower panel) through the self-consistent
potential landscape (upper panel) corresponding to the
device with the doping configuration shown in the lower
panel of Figure 24.

From Figures 20, 21 and 22 it becomes clear that the
self-consistent potential landscape effectively obscures the
bare cluster potentials. It should be stressed that this result
is a consequence of the thermal averaging (at 300 K)
over the quasi-continuum of energy states inherent in the
Green function simulation. Sharper features are found in
the spectrally-resolved Green functions G
E
 which lead
to complex features in the energy-resolved electron con-
centration n
E� r
. The total electron concentration n
r

and hence the total self-consistent potential distribution
results from the thermal average of n
E� r
 which obscures
many of the obvious quantum effects in n
E� r
. How-
ever, full self-averaging does not take place and the source
and drain regions, for example, exhibit inhomogeneous

Fig. 22. Doping cluster aggregation map for DG MOSFET source and
drain regions. Upper panel: the high doping configuration corresponding
to Figure 4. Lower panel: high doping configuration corresponding to
Figure 5.
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Fig. 23. Computed ID–VG characteristics of devices that differ only in
the arrangement of high doping clusters ()N = 0).

potential distributions and carrier distributions. Figure 26
shows the typical result that, despite the uniform undoped
channel, the current meanders through the channel; the
flow is non-uniform. This is a direct result of the inhomo-
geneous injection through the random potential landscape
of the source; it is characteristic of spatially inhomoge-
neous doping resolved structures similar to atomistically
resolved structures.20–22 The resulting injected current flow
is reflected from the walls of the channel. The spatial char-
acteristics of the flow are different from classical mod-
elling: the transport is thermodynamic quantum transport.
The spectrally-resolved current density along the chan-
nel Jx
E� r
 shows more complex behaviour, consistent
with channel quantization, but the total current density is
smoothed by the thermal average over the energy states, E.
No trace of the characteristic quantized current response
found at low temperatures is found at electron tempera-
tures Te ≥ 300 K. However, the monotonic current–voltage
characteristics display quite different values for threshold
voltage, sub-threshold response and on-current response
from the classical results.23

Fig. 24. Two high doping configurations with the same number of clus-
ters corresponding to Figure 6.

Fig. 25. Computed ID–VG characteristics of devices that differ in the
arrangement of high doping clusters and in fluctuations of doping cluster
number ()N �= 0
.

Comparing Figures 23 and 25, we find that the fluctua-
tion in total number of dopants has a stronger effect (50%
fluctuation in on-current) than purely positional fluctua-
tions of the clusters (10%). In both cases the impact on the
on-current is stronger than the effect on the sub-threshold
response. The computed on-current fluctuations are signif-
icantly larger than the classical predictions.23 We conclude
that for practical device design it is crucial to control pre-
cisely the total number of dopants (
N → 0) in the source
and drain to avoid large performance fluctuations.

This section has explored the effects of the doping inho-
mogeneity in the source/drain regions confirmed recently in
experiments24 using a 2D NEGF formalism in a DG MOS-
FET. As the STM experiments show,24 the existence of
clustering and aggregation are likely to appear around the
end terminations. This clearly affects the injection of car-
riers in the channel of the device, and creates fluctuations
from device to device as has been show in our calculations.

In this work, symmetry in the perpendicular direc-
tion is assumed and all the physical magnitudes have

Fig. 26. Potential and current density landscapes corresponding to the
device with the high doping configuration of the lower panel in Figure 7.
Upper panel: potential landscape. Lower panel: current density Jx along
the channel.
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lateral symmetry reflected in the 2D electrostatics as a
logarithmic dependence of the potential as a function of
coordinates. This is the case in every 2D simulation. An
analysis in three dimensions of three-dimensional doping
inhomogeneities is beyond the scope of this work. Even
so, a 3D analysis could be more relevant for bulk MOS-
FETs (three spatial dimensions of the device in the same
order of magnitude) with intrinsically 3D character. This
type of analysis for DG MOSFET will require a very large
three-dimensional model in order to avoid the effect of the
lateral boundaries and to be able to restore the global lat-
eral symmetry. A 3D NEGF description of this device is
computationally complex and will be addressed in a future
work.

7. INTERFACE ROUGHNESS

The effect of the microscopic roughness profile of the
interface on the ID–VG characteristic of a DG MOSFET
has been studied. The current–voltage characteristics of
eight devices that differ in their specific interface rough-
ness profiles have been compared in order to understand
the impact of the roughness on the device performances.

In our simulations the electron density can penetrate
into the oxide in order to describe properly the quantum
mechanical boundary condition when small interface irreg-
ularities occur. Several randomly generated interfaces have
been simulated and a detailed study of the 2D current
density has been carried out. The interfaces are randomly
generated assuming an exponential auto-correlation func-
tion with correlation length, += 1�8, and assuming a digi-
tised interatomic layer step height of 0.3 nm.25 The grid
at the interface is designed to match the one-interatomic-
layer interface steps.26 Figure 27 shows the simulated dou-
ble gate (DG) MOSFET with a channel length of 10 nm

Fig. 27. Structure of the DG MOSFET. The channel thickness is 2 nm,
the doping in the source and drain regions is 1020 cm−3 and the back-
ground channel doping is 1014 cm−3.

Fig. 28. Photoshop™ impression of a 10 nm DG MOSFET constructed
from TEM images of real interfaces.

and a channel thickness of 2 nm. The oxide thickness
is fixed to 1.6 nm. An impression of a realistic device
composed using TEM pictures of real Si/SiO2 interfaces
is shown in Figure 28. The picture shows atomic layer
steps at the top and bottom interfaces. Figure 29 shows the
interface configurations for one of the simulated transis-
tors (denoted rough3 later in Fig. 37). The body thickness
variation correlated to the random steps at the interfaces
results in confinement variations and produces a meander-
ing flux of the current (see Fig. 30). The current is flow-
ing through an effective cross-section, perpendicular to the
current flow, which could be wider than the vertical chan-
nel cross section but the current path is longer compared
to the smooth interface case. The 2D map of the hori-
zontal (y-direction) current vector component is plotted in
Figure 31 showing reduction in the corner regions of the
channel.

The body thickness variation associated with the rough
interfaces, and the corresponding variation in quantum
confinement throughout the channel, produces strong vari-
ations in the electron concentration in the channel as

Fig. 29. Channel discretisation of one of the simulated cases showing
various effects created by the interface thickness.
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Fig. 30. The 2D current density vector field and the effective cross-
section created as a result of the interface roughness shown in Figure 4.

Fig. 31. 2D profile of the current in the transport direction showing the
non homogeneity along the channel.

Fig. 32. 2D electron density profile showing the inhomogeneity along
the channel.

Fig. 33. Electron concentration on a vertical cross-section at differ-
ent positions from the middle of the channel (y = 0�15) to the source
(y =−5�0).

illustrated in Figure 32. In Figure 33, the electron concen-
tration along cut lines normal to the channel are plotted
for different positions along the channel (y = −5�51 nm
is in the source region and y = 0�15 nm is close to the
middle of the channel). There is a significant carrier pen-
etration into the oxide at the interface in the regions with
interface steps. There the wave function is penetrating the
oxide from two different directions—perpendicular to the
channel and parallel to the channel. The fluctuation in the
electron concentration along the channel at different dis-
tances from the middle of the channel (x = 0�0 denotes
the middle of the channel) is presented in Figure 34. It
shows that the variation in the electron density near to the
interface may be more than one order of magnitude.

Figures 35 and 36 show the density of states for the
device of Figure 31 and the device without roughness
respectively at identical gate voltages. The density of states
of the device with roughness exhibits localised peaks due

Fig. 34. Electron concentration along the channel at different distances
from the middle of the channel (see Fig. 33).
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to the body thickness fluctuations. The ID–VG characteris-
tics at 300 K for 8 different devices with randomly gener-
ated surface roughness are shown in Figure 37 for a drain
voltage of 0.5 V. The current for the device without the
surface roughness is also shown for a comparison. The
device with highest current has an averaged body thick-
ness of almost 2.3 nm (rough6) as the patterns of the upper
and lower interfaces combine to maximise the channel

Fig. 35. The density of states at VG = 0�4 V for the surface roughness
of Figure 4.

Fig. 36. The density of states at VG = 0�4 V for the device without
surface roughness.

Fig. 37. ID–VG characteristic for different randomly generated inter-
faces. The I–V characteristic of the device without interface roughness
is showing for a comparison.

Fig. 38. The interface roughness corresponding to the case rough1 (see
the Fig. 12). The bottleneck is located at the beginning of the channel.

thickness. The lowest current comes from interface rough-
ness patterns, which result in an effective body thickness
approaching the minimum limit of 1.7 nm. In general if
the body thickness is reduced at the beginning of the chan-
nel (close to the source) instead of in the middle, or the
end, the current will be more drastically reduced, as will
be shown later.

The sub-threshold slope is similar for all of the simu-
lated cases, although the devices with larger average oxide
thickness do exhibit minor degradation in sub-threshold
slope due to increased short channel effects. However,
the fluctuations in oxide thickness induced by the rough-
ness are a small perturbation compared to the total oxide
thickness, which controls the electrostatics. The magni-
tude of the current is affected by the interface because the
constrains in the body result in stronger carrier confine-
ment and local quantum mechanical shift of the threshold
voltage.

Figures 38 and 39 illustrate the interfaces/body pattern
for two transistors denoted rough1 and rough8, respec-
tively. As indicated with the arrows in the figures, the con-
finement for the device rough1 is located at the beginning
of the channel while in the device rough8 the confinement
is located at the middle of the channel. Figures 40 and 41
represent the electron density for the two cases. We can

Fig. 39. The interface roughness corresponding to the case rough8 (see
Fig. 12). The bottleneck is located at the middle of the channel.
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Fig. 40. 2D electron density for the case of Figure 39.

Fig. 41. 2D electron density for the case of Figure 40.

see that the electron injection in the channel is greater in
the case rough8 producing a slightly higher current than
in the case of rough1 as shown in Figure 39.

As a result of this work, we can conclude that the
detailed unique pattern of the interfaces is reflected in a 2D
current and density profile of the electrons in the channel
which a 1D transport model is unable to describe prop-
erly. The current is changing direction inside the channel;
therefore the effective current path is longer than the met-
allurgical channel length. This, in combination with the
average increase or reduction of channel thickness, causes
an intrinsic current variation as illustrated in Figure 37.
The injection of electrons into the channel is affected by
the surface roughness. The density exhibits an inhomoge-
neous pattern in the channel and strong fluctuation (one
order of magnitude) close to the interface. Fluctuations in
the threshold voltage produced by the interface roughness
are on the order of 100 mV but the sub-threshold slope is
only slightly affected.

8. THE 3D NEGF DEVICE SIMULATOR
AND APPLICATIONS

The newly developed 3D quantum simulator10 is based on
the NEGF equations and uses the recursive algorithm in

order to compute the current and electron density assum-
ing that the Hamiltonian is expressed in the effective mass
approximation. The random rough interface between Si
and SiO2 is introduced using the approach described in
Ref. [5, 27] based on results reported in Ref. [28]. The
model describes the random interface as a randomly gen-
erated surface with one interatomic layer step (0.28 nm)
normal to the interface, and mesh space resolution, separat-
ing the Silicon and the SiO2, and the corresponding 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 simu-
lations to reproduce the Si/SiO2 universal mobility curve.29

A 3D Cartesian mesh with variable mesh spacing is used
to discretise the solution domain. In order to include, in a
simple way, interface roughness in the simulations we have
adopted a control volume discretisation5 approach for both
the Poisson and the NEGF equations. Following the inter-
face 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 assigned to every volume element (brick) of the grid.
In this case the Poisson equation can be easily integrated
around a node (control volume discretisation), conserving
the electric displacement vector around every node and
naturally taking into account the dielectric constants of the
eight bricks condensing at the node. Bearing in mind that
each of the eight bricks could have 2 different dielectric
constants (Si or SiO2) each node may have 256 essentially
different neighbourhood configurations. A finite difference
scheme would need to treat all those different cases but in
the control volume discretisation scheme these cases are
automatically taken into consideration.

In very small nanowire transistors, surface roughness
and discrete defects introduce non-perturbative 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.

This work intends only to show the capability of the 3D
simulator and therefore presents only a qualitative study.
We have applied the simulator also to study the effect of
a stray charge in the channel of a nanowire transistor.

In order to demonstrate the capabilities of our 3D 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 Figure 42. 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 Figure 42 and the
Green function equations are solved in the internal box.

Initially, we focus on the effects associated with the
atomic scale roughness at the channel/gate dielectric
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Fig. 42. The nanowire transistor, and the orientation of the coordinated
system; y is the transport direction.

interface. In all simulations of this work, the surface
roughness is only considered in the channel region.
Figure 43(a) shows the 3D surface potential distribution
associated with one randomly generated atomic scale inter-
face 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. Figure 43(b)
shows the 3D plot of iso-surfaces of the y component of
the current density. The tubular iso-surfaces became wider
in the middle of the channel reflecting an increase in cur-
rent density. The colour code of the figures associates max-
imum values of the mapped field to the dark red colour
and minimum values to the dark blue colour.

Figure 44(a) maps in the zy plane the electrostatic poten-
tial and the current density for the constricted nanowire
from Figure 43 at VG = 0�4 V and VD = 0�2 V. The current
density increases in the middle of the channel due to the
constraint. Figure 44(b) shows the potential and current
in the same plane but for a nanowire with a synchronised
step in both the top and bottom interfaces, which does not
reduce the cross section but increases the current path. In

(a)

(b)

Fig. 43. (a) 3D view of the rough surface potential through a con-
strained nanowire. (b) 3D view of the current of the constricted nanowire.

(a)

(b)

Fig. 44. (a) A Nanowire with constriction. Upper: Potential profile.
Lower: Current density profile (both at x = 1�1 nm). (b) The potential
and current density in a stepped nanowire (x = 1�1 nm).

this case the current changes direction in the vicinity of
the step, following a meandering path.

Figure 45(a) and (b) show the electrostatic potential
along the middle of the channel, in both the uniform
and the constricted devices respectively, for gate voltages
in the range 0.1 V to 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 poten-
tial compared to the uniform case. The electron density
distributions along the channel of the uniform and the
constricted devices, under the same bias conditions, are
illustrated in Figure 46(a) and (b) respectively. Despite the
better electrostatic control the electron density in the con-
strained device at equivalent gate biases is lower 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 Figure 44 are shown in Figure 47. The
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(a)

(b)

Fig. 45. (a) The potential along the centre of the uniform nanowire at
different gate biases. (b) The potential along the constricted nanowire for
different gate bias.

effect of the constriction is dramatic and produces a thresh-
old voltage shift of 150 mV when compared to the uni-
form device. The threshold voltage shift of the device with
synchronised step (∼50 mV) is significantly smaller. Addi-
tionally, the on current at VG = 0�5 V in the constrained
device is 3 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 pertur-
bative and the corresponding change in current is large.
The difference between the ID–VG curves of the nanowire
with the synchronised 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 coming from the interface roughness. However
with the increase in the nanowire cross-section the confine-
ment effects associated with atomic scale interface rough-
ness will play a less important role.

Figure 48 shows the iso-surfaces of the y-component of
the current density in a nanowire with a single electronic

(a)

(b)

Fig. 46. (a) The electron concentration the along the uniform nanowire.
(b) The electron concentration along the constrained nanowire.

Fig. 47. The ID–VG characteristics of the uniform nanowire (dot-dash),
the stepped nanowire (dashed) and the constrained nanowire (solid).
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Fig. 48. 3D plot of the y current component in a nanowire with a single
impurity in the centre of the channel.

charge associated with an ionised acceptor or a trapped
electron located almost at the middle of the channel (x =
1�1 nm, y = 6�0 nm, 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 poten-
tial created by the impurity and the channel interface, which
requires higher injection energy. There is also a small con-
tribution associated with a direct tunnelling through the
coulomb potential. This is reflected in the narrowing of the
tubular iso-surfaces at the middle of the channel. The situa-
tion is clarified further in Figure 49(a) and (b) which maps
the electrostatic potential and the current density through
the impurity in the zy plane. Note the crowding of the cur-
rent between the impurity and the interface.

The potential distribution along the centre 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 Figure 50. 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 centre
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

Fig. 49. The potential in a nanowire with an impurity in the middle of
the channel (upper), and current density (lower), at x = 1�1 nm

Fig. 50. The potential profile along the channel at different distances
from the interface (at low bias).

for two impurity positions (x = 1�1 nm, z = 1�1 nm) and
(x= 1�1 nm, z= 1�5 nm) in the xz plane at y = 6 nm. The
iso-surfaces of the electrostatic potential at VG = 0�4 V
and VD = 0�2 V are plotted in Figure 51(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.

Figure 52 illustrates the iso-surface plot of electron con-
centrations for the impurity in the middle of the channel
for low (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 further in the channel as expected.

Figure 53 compares the ID–VG characteristics of the
uniform device and the two devices with a single nega-
tive charge in the middle and 1nm 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

Fig. 51. Potential contour plots for the impurity located at (1.1, 6.0,
1.1) nm and (1.1, 6.0, 1.5) nm.
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(b)

(a)

Fig. 52. (a) Electron density isosurfaces at low gate bias with the impu-
rity in the middle of the nanowire. (b) Electron density isosurfaces at
high bias with the impurity in the middle of the nanowire.

similar, both yielding a threshold voltage shift of approx-
imately 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 of the order of 1 nm, as is
shown in Figures 50 and 51.

The full 3D NEGF simulations at room tempera-
ture produce smooth monotonic ID–VG characteristics,
despite size-quantisation and contributing sub-band quan-
tum transport. Surface roughness has a dramatic effect at
nano-scale dimensions due to the fact that both the energy
shifts, surface roughness scattering and three-dimensional
meandering current flows associated with the random sur-
face roughness configurations. Constrains of the channel

Fig. 53. The ID–VG characteristics of the uniform and non-uniform
nanowires.

have a more dramatic effect on the current compare to
synchronised roughness that does not change the chan-
nel width. The influence of a single dopant on device
behaviour is dramatic, independent of its spatial location
due to the comparable characteristic coulomb radius and
the cross-sectional dimensions of the nanowire channel.

9. CONCLUSIONS

In this work we have presented the development of self-
consistent 2D/3D ballistic quantum device simulators; we
have explained in detail the recursive algorithm and the
principles used for the discretisation of the NEGF and
Poisson equations. The simulators solve the electron trans-
port problem in 2 and 3 dimensions calculating the full 3D
and 2D electron and current density without any approx-
imation; this allows us to address very strongly varying
potentials such as surface roughness and discrete dopants
modelled by Coulomb potentials. Finally, we demonstrate
the capability of these simulators by addressing specific
problems: interface roughness and discrete dopants (stray
charges are consider as acceptors in the channels) in two
and three dimensions. These simulators use an effective
mass approximation, but the masses can be extracted from
various atomistic techniques such as Tight binding and first
principles methods, which makes the simulators powerful
fast tools for predicting the device performance of very
small devices.
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