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ABSTRACT
Transport characteristics and subthreshold behavior of a structurally modified high-κ dielectric Double Gate MOSFET in which
each gate was a parallel combination of three gates with different work functions were analyzed. Various scattering mechanisms
were modeled through simple Bϋttiker probe method. The subthreshold leakage and the drain induced barrier lowering decreased
and the threshold voltage increased when the screen gate workfunction was greater than the middle gate (control gate) workfunction. The improvement in the subthreshold parameters was further enhanced when high- κ materials were used as insulator layers.
High workfunction parallel connected metal gates exhibited better ballisticity as energy relaxing scattering mechanisms in those
devices were less because of the decrease in the critical scattering length. It was concluded that to enhance further the comparatively better subthreshold behavior exhibited by double gate MOSFETs with high- κ insulator materials, screen gates with large
work function could be used.
Keywords: DG MOSFET, high- κ materials, screen gate, control gate, gate workfunction, critical scattering length.

I. INTRODUCTION
The double gate MOSFET (DG MOSFET) is one of
the best device structures [1] to carry on the process of
downscaling as envisaged in the ITRS road map, as it
shows significantly superior short channel behavior
when compared with its other competitors in
miniaturization [2]. Many theoretical and experimental
endeavours to further improve the short channel
behavior of double gate MOSFETs have been reported
recently [3]-[8]. In a previous work, D. Datta et al.
proposed a novel DG MOSFET structure [9] in which
parallel connected hetero-material double-gates were
employed. They reported that such parallel connected
hetero-material double-gate (PCHEM-DG) MOSFETs
showed a reduction in the leakage components
compared to bulk MOSFETs.
Double Gate MOSFETs with high-  dielectric
materials have shown better subthreshold performance
compared to their SiO 2 counterparts. However, such
high-  devices show poor ballisticity, because of the
dominance of energy relaxing phonon scattering. In
our work, it was found that a double gate structure,
that combined parallel connected gate contacts of
different workfunctions and high-  dielectric
materials, possessed superior subthreshold behavior
and ballisticity. The aim of this paper is to present
using two-dimensional simulation, the reduced short
channel effects and better ballisticity exhibited by such
a device structure while simultaneously achieving a

higher on current and better on-off ratio compared to
the „conventional‟ DG MOSFET.
II. DEVICE STRUCTURE OF DG MOSFETS
WITH HIGH  GATE DIELECTRICS AND
PARALLEL CONNECTED GATE CONTACTS
OF DIFFERENT WORK FUNCTIONS
The structure of the device under study is that of a
double gate MOSFET with heavily n-doped (ND=1020
cm-3) source and drain regions. Si is the channel

Figure 1: A Double Gate MOSFET with parallel connected
metal contacts of different workfunctions forming the bottom
and top gates.
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material. The top and bottom gates of the MOSFET
consist of three laterally contacting metals of different
work functions as shown in figure 1. The pairs of top
and bottom gates G1 and G3 closer to the source and
drain extension regions are called screen gates, which
are shorter in extension when compared with the
middle gate G2, called the control gate. The parallel
combination of the gates G1G2G3 forms the top and
bottom gates. Unlike in an ordinary DG MOSFET, the
effective gate voltage is controlled by the workfunction differences of different metals used in the
gate, thereby introducing variation of electrostatic
potential in the active device region.

where µS/D are the electrochemical potentials of
source/drain contacts, a is the length of one finite
difference mesh along the propagation direction,  1


is Fermi integral of order -1/2 and A
is the spectral
function relevant to the source/drain contacts. The 2D
electron density for each sub band is obtained by
multiplying the 1D density with the corresponding
distribution function  m ( y, x)
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to obtain the electrostatic solution. In (3) U is the
electrostatic potential, N D is the donor concentration,
and n is the free carrier electron concentration. The
above equation can be solved to obtain the potential
energy, after imposing suitable boundary conditions at
all contact electrodes. The Dirichlet boundary
conditions at the gate electrodes are calculated from
the gate bias and the band bending.

U G = VG   M  Si

The non-equilibrium nature of electron transport from
source to drain is well represented by the non
equilibrium Green‟s function formalism. For a given
sub band m , the 1D electron density can be obtained
from the diagonal elements of
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In a self consistent simulation scheme, the electron
density obtained in (2) is substituted into the 2D
Poisson equation

j



at each longitudinal

n( x, y ) = n m ( x, y ) = n m ( x)  m ( y, x) (2)

III. MODELING SCHEME OF THE DG MOSFET
WITH
PARALLEL
CONNECTED
GATE
CONTACTS

1
n ( x) =
a

2

lattice node, and the total 2D electron density is
calculated by summing the contributions from all sub
bands.

All the device structures that we analyzed in this work
had channel length of 10 nm and channel thickness of
3nm. Different gate dielectric materials–SiO2, Si3N4,
HfSiO4, Y2O3 and Ta2O5–were used in different
structures and metals Ta, TaSiN and Al were used to
form gate combinations such as Ta-Al-Ta, TaSiN-AlTaSiN, Al-Al-Al etc. These metals were selected as
they give the desired on and off currents when used as
gate contact materials in DG MOSFETs in the 10 nm
regime. Each screen gate had an extension of 2nm and
the control gate had a length of 6nm in all cases. The
source and drain extension regions were 3nm in
extension and the physical thickness of the insulator
layer was kept at 1nm to minimise the gate leakage
current.
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simple approximation that individual scattering centers
couple to the device in a manner identical to the S/D
reservoirs [13], were used to simulate the cumulative
effects of scattering due to all possible mechanisms as

(a)

(a)

(b)

(b)
Figure 3: Potential profile along the middle of the Si channel
with different high-  dielectric layers for a device (a) with
Al and (b) with TaSiN-Al-TaSiN gates.

implemented in the popular 2D simulator nanoMOS
[14].
(c)
Figure 2: Plot of (a) on-current ION (b) off-current IOFF and
(c) on-off ratio ION/IOFF (logarithmic scale) versus  .

V. RESULTS AND DISCUSSION

Si is the electron affinity in the silicon channel. At
the source/drain contacts, Neumann boundary
conditions are applied. The coupled set of NEGF
equations and Poisson equation could be solved in a
self-consistent loop to obtain the charge density and
electric potential in the active region.

A finite difference mesh of grid spacing 0.1nm both in
the x and y directions was used for the discretization
of the Hamiltonian and the Poisson equation. The bulk
values of silicon effective mass were used in the
calculations. Both the top and the bottom gates were
biased at the same potential from 0 to 600mV. The
source electrode was grounded while the drain
electrode was biased from 0 to 600mV.

IV. SCATTERING IN HIGH  DG MOSFETS
WITH PARALLEL CONNECTED GATES

Figure 2(a) is the plot of the off-current IOFF (which is
the drain current at VG = 0 and VD = VDD ) in linear
scale, for different insulator layers and gate
combinations. The inset of figure 2(a) shows the same
quantities in logarithmic scale for presenting the
variation of the current at lower magnitudes more
clearly. It shows an almost exponential decrease in
I OFF with the increase in  . For a given  , the offcurrent depends on the screen gate metal, being

Experimental data [10], [11] show that the on-current
in a nanoscale device increases with decreasing
dimensions initially, however decreasing the
dimensions further reverses the trend and reduces
current density. This behavior has been attributed to
electron-phonon scattering and interface roughness
scattering [12]. In our work Büttiker probes, a
phenomenological treatment of scattering based on a
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smaller for larger workfunctions.

Substantial increase of I ON /I OFF is evident from figure
2(c) as  increases, for all gate combinations. For a
given  , I ON /I OFF increases with the workfunction of

Figure 2(b) shows the variation of on-current I ON (the
drain current at VG = VDD and VD = VDD ) for different
insulator layers and gate combinations. I ON increases
almost linearly with  for a given screen gate metal.
The on current decreases for high workfunction screen
gates because of the increase in the height of the

the screen gates. The increase in on-current and the
reduction in off-current for high-  devices and high
workfunction screen gates could be explained by
analyzing the potential profile along the channel at
different gate voltages and drain voltages. The
transmission and hence the drain current is determined
by the height and width of the potential barrier at any

(a)
(a)

(b)
(b)

(c)

(c)

Figure 4: Potential profile along the middle of the Si channel
with different dielectric layers for (a) Al and TaSiN-Al-TaSiN
gates at VG=0 and VD=600 mV (b) Ta2O5 and SiO2 layers with
Al gates at VG=600 mV and (c) Al and TaSiN screen gates at
VG=600 mV.

Figure 5: Plot of subthreshold parameters against dielectric
constant. (a) DIBL (b) subthreshold swing S and (c) threshold
voltage for different parallel connected gate materials.

VG and VD . Figure 3 shows the potential profile of the
device for different gate combinations and  . Figure

potential barrier at the source, but this reduction is not
appreciable as most of the channel is under the control
gate and the high workfunction screen gates were very
much shorter in extesion than the control gate.

3(a) is the potential along the channel for screen metal
Al at a gate voltage VG = 0.6V and drain voltage

VD = 0.6V for different insulator layers. As 
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increases, the width of the barrier increases slightly,
decreasing the on-current. But at the same time, the
height of the barrier decreases, contributing to the oncurrent. For instance, in figure 4(b) where we have
redrawn the potential profile of Ta 2 O5 and SiO 2 for

channel controls the steady state on-current of
MOSFETs [15]. Carriers diffuse across this low field
region and they are collected by the high-field portion
of the channel near the drain. The length of this
current-limiting region at the beginning of the channel
can be termed as the critical scattering length  , which
is the distance from the top of the potential barrier to
the point where potential drops by  k BT/q  , where
 is a numerical factor greater than 1.

better analysis, the potential barrier for Ta 2 O5 starts
near the source-channel junction and extends all the
way to the middle of the channel. The width of this
barrier is larger than that of SiO 2 . But the barrier

Table 1 shows the decrease in the drain currents from
their ballistic values along with the critical scattering
lengths  , for devices of different screen gates and
insulator layers.  was calculated from the potential
profiles shown in figure 4, with  = 3 . The critical
scattering length increases with  , and hence the
drain current decreases from the ballistic limit, as
obvious from table 1. However for a given insulator
layer, the critical scattering length is smaller for a
higher workfunction screen gate and the reduction in
drain current is less for such higher workfunction
screen gates. Thus it is clear that to obtain
simultaneously better ballisticity and subthreshold
behavior, the combination of high-workfunction screen
gates and insulator layers with suitably high-  is
desired.

height of Ta 2 O5 is smaller than that of SiO 2 . The net
effect is a slight increase in on-current with  for all
gate combinations, a fact shown quantitatively in
figure 2(b). Comparing the potential barriers of a given
insulator for different gate combinations, we observe

Table 1: Critical scattering length l(nm) and the reduction in
drain current I D ( A/m) from the ballistic value for
different screen gate metals and insulator layers.

Figure 6: The surface potential along the channel of an Al gate
device and a TaSiN-Al-TaSiN device for SiO2 layer and
Ta2O5 layer.

that the on-current must increase with an increase in
screen gate workfunction. It indeed is the case as is
evident from figure 2(b).

SiO 2

Si 3 N 4 HfSiO 4 Y2O3 Ta 2O5

3.39

3.65

4.12

4.36

4.82

I D 851

1240

1604

1835

2125



3.49

3.99

4.64

4.95

5.34

I D 962

1391

1815

2115

2586



The off-current depends on the shape of the barrier at
VG = 0 . In figure 4 we have plotted the potential
profile of Ta 2 O5 and SiO 2 for two gate combinations

TaSiN

Al

TaSiN-Al-TaSiN and single gate Al at (a) VG = 0V
and (b) VG = 0.6V . It is clear from figure 4(a) that the
height and width of the potential barrier increases as
 increases for all gate combinations, reducing the
off-current. Figure 2(a) is a quantitative demonstration
of this fact. It must be noted that the dielectric constant
of the insulator layer is the most crucial parameter
determining the on-current and off-current. The
workfunction of the screen gate can however modify
the on-current and off-current appreciably.

In figure 5(a) we have plotted the variation of DIBL
with change in  of the insulator, for different gate
combinations. For all gate combinations, DIBL
decreases rapidly and asymptotically approaches zero
as  is increased. For any particular insulator
material, the DIBL decreases with the increase in
screen gate workfunction. This suppression of DIBL in
high workfunction screen gates is attributed to the
perceivable step in the surface potential profile under
the screen gate G3 , which screens the drain potential
as in dual gate MOSFETs [16]. The potential profile
along the middle of the channel and the surface
potential along the channel for devices with different
gate combinations and insulator layers at a drain bias

The deviation of the transistor from ballistic transport
can be expressed in terms of the decrease in drain
current due to various scattering mechanisms from its
value in the ballistic limit. It has been shown that only
a short low field region near the source end of the
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