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Abstract
A comprehensive study of Schottky barrier MOSFET (SBMOSFET)
scaling issue is performed to determine the role of wafer orientation
and structural parameters on the performance of this device within
Non-equilibrium Green's Function formalism. Quantum confinement
increases the effective Schottky barrier height (SBH). (100)
orientation provides lower effective Schottky barrier height in
comparison with (110) and (111) wafers. As the channel length of
ultra thin body SBMOSFET scales down to nanoscale regime,
especially for high effective SBHs, quantum confinement is created
along the channel and current propagates through discrete resonance
states. We have studied the possibility of resonant tunneling in
SBMOSFET. Resonant tunneling for (110) and (111) orientations
appear at higher gate voltages.
2013 JNS All rights reserved

1. Introduction
Conventional ultimately scaled MOSFET with
doped source/ drain suffers from a high series
resistance of ultra shallow source/ drain junctions.
Schottky barrier source/ drain MOSFET
(SBMOSFET) has been introduced as an
alternative structure to conventional MOSFETs in
nanoscale regime [1-4]. One of the solutions for
enhancing the on-state current in SBMOSFET is to
seek for the channel orientation with high current
injection.

Quantum

transport

and

channel-

orientation dependence of p-channel SBMOSFET
has been studied in [5]. Wafer orientation
dependence has not been considered for n-channel
SBMOSFET. The main goal of this paper is to
employ the Non-equilibrium Green's function
(NEGF) approach for the study of quantum
transport in n-type SBMOSFET in order to
investigate the influence of wafer orientation and
structural
parameters
on
the
electrical
characteristics of this device. As the effective SBH
increases, due to quantum confinement [6] or
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Fermi leveel pinning, the
t
source/drrain Schottkyy
barriers andd the channell form a quaantum well inn
the channeel which leaads to the formation of
o
resonance states
s
in the transport dirrection [7, 8]].
Resonant tunneling may be observed inn
T especially
y in its ultiimate scalingg
SBMOSFET
limit.
T similar to a
We havee considered SBMOSFET
resonant tuunneling dio
ode in whhich multiplee

confinnement direction

respeectively.

.

is

the 2D
D electrostaticc potential inn the channel.. There
are tw
wo approachess for solving this 2D diffeerential
equatiion.

resonance states are mod
dulated by thee gate voltagee
he current. Im
mpact of wafeer
and are conntributed to th
orientation which may have
h
a fundam
mental role onn
nd can afffect resonannt
the effective SBH an
xtensively in this
t paper.
tunneling is discussed ex

2. Numerical Simulattion procedu
ure
The NEG
GF formalism
m and the effective mass
approach are
a
employeed to simullate quantum
m
transport in nanoscaale SBMO
OSFET. Thee
verse effectiive mass of
longitudinall and transv
electron on wafer orienttations in whhich the mainn
on band connstant energyy
axes of thhe conductio
ellipsoids doo not match with
w the axes of the devicee,
must be revvised. In ord
der to apply the effectivee
mass modeel on arbitrarrily orientatedd wafers, thee
technique inn [9] is used for
f calculatingg the effectivee
mass. The effective
e
masss of metallicc source/drainn
in the transpport direction
n is chosen thee same as thaat
of the silicoon [6]. Ballisttic transport is assumed inn
our study. The structuree of the simuulated doublee
i Fig. 1a.
gate transisttor is shown in
The 2D Hamiltonian
H
in
i the double gate structuree
is as followss:
U x, z Ψ x, z

[
where
electron

and
inn

the

E Ψ x, z

and

w
is computationallyy time
In real space which
consuuming, the eiggenvalue probblem must be solved
in all the individuaal mesh gridss in the devicce [10].
Besides real spacee approach, thhere is anotheer way
to sollve the 2D Hamiltonian in the channnel of
SBMO
OSFET with channel thickkness less thann 5nm;
it is called the subband deccomposition (mode
space)) method [100, 11]. In moode space approach
1D Scchrodinger eqquation is solvved in each slice
s
in
depth of the channnel at each grid
g
in the traansport
directiion, see Fiig. 1b. Harrd wall bouundary
condittion is considdered in depthh of the channnel.
,

(1)

ind
dicate the effeective mass of
o
transsport

Fig. 1.
1 (a) Doublee gate SOI MOSFET
M
withh metal
sourcee/drain simulateed in this studyy. (b) 1D Schroodinger
equatioon is solved inn each slice in depth of the channel
c
at eachh grid in the traansport directioon.

verticaal

ψ ,

ψ ,

(2)

is the eiggenenergy orr vertical modde and
ψ ,

is the eigennfunction in vertical direcction at

each x grid. Onlly few moddes are conssidered

Z. Ahangari et al./ JNS 2 (2013) 477-483

479

because modes (subbands) with high energies are
not occupied by the carriers and do not contribute
to the current. The uncoupled mode space
approach treats electrons in each mode separately
because no potential variation in the vertical
direction is assumed. For calculating current in the
transport direction, Schrodinger equation must be
solved with open boundary condition. The energy
of the vertical mode is added to the Hamiltonian as

Γ is the imaginary part of the self energy and
denotes the broadening function. The 2D electron
density in the channel for mode (i) at a longitudinal

N

φ ,

(3)
is the

eigenfunction in the x direction. The retarded
Greens function

is as follows:
Σ

Σ

(4)
Σ is the self-energy caused by the coupling
between the channel and the source/ drain
reservoirs. Σ is the self energy from the source
contact and Σ

is the self energy from the drain

contact. For calculating electron density, spectral
function ( ) is calculated from the retarded Greens
function [12, 13]:

BT

x

and

are the spectral functions due

to the source/drain contacts:
ΓS G

(6)

ΓD G

(7)

EFD

π

AS

EL

∞
√π O

ε

EFS
(8)

dt

(9)

Where F is the Fermi Dirac integral of the order
. T denotes the lattice temperature and kBT is

the Boltzmann constant. EFS and EFD are the source
and drain Fermi energies, respectively. "a" is the
grid spacing along the x direction. The potential
distribution in the channel is obtained from the
Poisson equation. Poisson equation must be solved
self consistently with the Schrodinger equation.
Laplace equation is numerically solved as the
initial guess for the potential. This potential is used
to calculate the total electron concentration in the
channel. Poisson equation uses this electron
concentration to update the electrostatic potential
building a self consistent loop until convergence is
achieved and a certain error criteria are satisfied.
The Poisson equation is as follows:

(5)
Where

EL

π

AD

ε

of
is the eigenenergy and

D

EL

the potential energy in the transport direction.
NEGF formalism is applied to solve the transport
problem.
φ ,

is calculated as follows:

energy

n

U x, z
Where n

D

x, z

D

x, z

(10)

is the total 3D electron

concentration in the channel. For calculating
current in SBMOSFET, the transmission
probability for the energies in the transport
direction, T(EL), with NEGF formalism must be
calculated as follows:
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trace ΓS GΓD G

T EL
(11)

Total current for the coherent transport must be
summed over all transverse modes (i) and valleys:

ΣV Σ
EFD

dEL T EL

EL

EFS

0.91m0, 0.27m0 and 0.35m0 for (100), (110) and
(111) wafers respectively. (111) and (110) provides
lower effective mass in the quantization direction
and the effective SBH for these orientations is
higher than the effective SBH for (100) wafer.

EL
(12)

3. Results and discussion
3. 1. Electrical characteristics of SBMOSFET
on arbitrarily oriented wafers
Figure 2a illustrates the calculated first lowest
subband profile along the channel on arbitrarily
oriented wafers. The SBH at the source/ drain
channel interface is 0.25eV. The gate and drain
voltages are set at 0.4V. Gate length(LG), the gate
oxide thickness (Tox) and the channel depth (Tch)
are 10nm, 1nm, and 3nm, respectively. The gate
voltage is applied symmetrically to both gates. The
transport direction for (100) and (110) is [100] and
for (111) is [-211]. As it is depicted in Fig.2a the
effective SBH at the source/ drain channel
interface is increased to nearly 0.3eV for (100),
0.38eV for (110) and 0.41eV for (111) oriented
wafer. They are 50meV, 130meV and 163meV
higher than the defined SBH for (100), (110) and
(111) wafers, respectively. The reason is that in
ultra thin body fully depleted SOI MOSFET,
strong confinement in depth of the channel
increases the energy of the first allowed subband.
As the channel thickness decreases or in the case of
channel materials with lighter effective mass in the
confinement direction, increase of the effective
SBH is more evident. The effective mass in the
vertical direction related to the first subband is

Fig. 2. (a) First subband profile along the channel for 3
wafer orientations; VD=VG=0.4V SBH=0.25eV. (b) IDVG characteristic of SBMOSFET on arbitrarily wafer
orientations calculated for 2 different SBHs: 0.1eV and
0.25eV.

Fig. 2b reports the transfer characteristic of
SBMOSFET on arbitrarily orientated wafers.
Simulations are performed for two different SBHs,
0.1eV and 0.25eV. Apparently (110) and (111)
wafers provides lower Ioff in comparison with (100)
due to higher effective SBH. The tunneling width
increases for higher SBHs and reduces both Ion and
Ioff especially for (111) and (110) oriented wafers.
(111) provides higher effective mass in the
transport direction which reduces the tunneling
probability and results in higher subthreshold
slope. The transport effective mass for the lowest
subband is 0.19m0, 0.19m0 and 0.23m0 for (100),
(110) and (111) orientations, respectively. Channel
depth scaling increases the gate control over the
channel and reduces short channel effects. As the
channel thickness reduces, the effective SBH
enhances and lowers Ioff ; tunneling occurs at

Z. Ahangari et al./ JNS 2 (2013) 477-483

481

higher gate voltages and the threshold voltage
increases. Effective SBH versus defined SBH for
Tch=2nm and Tch=5nm for three channel
orientations is illustrated in Fig.3. For Tch=5nm,
the energy of the first subband shifts 16meV,
48meV and 59meV and as the channel thickness
decreases to 2nm, 100meV, 300meV and 360meV
is added to the energy of the first subband for
(100), (110) and (111) orientations, respectively.

towards each other and form a parabolic potential
profile along the channel. In this situation, we have
two quantum confinement in SBMOSFET; one in
depth of the channel and the other in the transport
direction. Materials with low effective mass in
depth of the channel provide higher effective SBHs
and quantum well like channel forms at lower
SBHs. Figure 4a compares the energy of the first
subband profile along the channel for two different

Scaling of the channel thickness increases the
effective SBH for (111) and (110) wafers more
apparently than (100) wafer and it seems that (111)
and (110) are not appropriate for the operation of
ultrathin body n-type SBMOSFET. Wafer
orientations with low effective mass in the
quantization direction degrade the electrical
characteristics of SBMOSFET.

SBHs, 0.25eV and 0.4eV at VD=50mV and
VG=0.45V for Tch=3nm as the gate length scales
down from 10nm to 6nm for (100) orientation. As
the gate length reduces, the schottky barriers
strongly affect the channel potential and besides
reducing the width of the quantum well, the depth
of the conduction band becomes shallow.

Fig. 3. Effective SBH versus initially defined SBH for
Tch=2nm and Tch=5nm are calculated for 3 channel
depth orientations. (110) and (111) wafers provide
higher effective SBH than (100) as the channel
thickness scales down to 2 nm.

3. 2 Resonant Tunneling Effect in SBMOSFET
In the case of low drain voltages, the high
enough SBHs at the source/ drain and the channel
itself form a quantum well similar to
heterostructures that have been fabricated from
compound semiconductors. The schottky barriers
at the source/ drain pull the channel potential

Fig. 4. (a) Energy of the first subband along the channel
for SBH = 0.25eV and SBH = 0.4eV as the gate scales
down from 10nm to 6nm at VD=50mV, VG=0.45V. (b)
Impact of drain voltage on the curvature of the lowest
subband for SBH = 0.4eV, LG=6nm and VG = 0.45V.
As the drain voltage increases, the curvature of the
subband is smoothed out. Wafer orientation is (100).

VD plays important role in the formation of
quantum well. Figure 4b illustrates impact of VD
on the profile of the lowest subband along the
channel for SBH=0.4eV, LG=6nm and VG=0.45V.
For high enough VD, the curvature of the quantum
well channel is diminished.
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Local electron density of states (LDOS) along
the channel for SBH=0.4eV, LG=10nm and
LG=6nm, VD=50mV and VG=0.45V is depicted in
Fig. 5. The first subband profile along the channel
consists of resonant states. Each subband is like its
own quantum well in E-K space. If the subband is
constrained in real space in the transport direction,
the resonant states within the subband will react to
this spatial confinement by shifting in energy,
depending on the curvature of the subband. The
shape of the subband depends on the bias voltages,
LG and SBH. The energy separation between the
first and the second resonant states increases from
60meV to 140meV as LG scales down from 10nm
to 6nm. It is worth mentioning that the energy
separation between the resonant states varies as the
gate voltage increases. Due to discrete resonant
states along the channel, resonant tunneling
appears in SBMOSFET due to filling of
consecutive resonant states by electrons as the gate
voltage is increased. In fact as long as the energy
of electrons in the energy interval between EFS and
EFD matches the energy of the localized states in
the channel, resonant tunneling appears.
Resonant tunneling degrades the performance of
SBMOSFET in nanoscale regime. (110) and (111)
wafers provide higher effective SBH than (100)
wafer. The Possibility of resonant tunneling has
been elucidated for (110) and (111) wafers. Figure
6a illustrates ID-VG for SBH=0.4eV at T=77K,
VD=50mV and LG=6nm for three orientations. We
have no resonant tunneling for (110) and (111)
orientations. These wafers provide higher effective
SBHs and lead to an increase in the minimum of
the lowest subband. Hence higher gate voltage is
needed for the occurrence of the first resonant
tunneling. (111) orientation also has higher
effective mass in the transport direction which
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degrades tunneling probability as the effective
SBH increases.

Fig. 5. Local electron density of states (LDOS) and first
subband profile along the channel with (100) orientation
at VG=0.45, VD=50mV, SBH=0.4eV for (a) LG=10nm
and (b) LG=6nm. As LG scales down to 6nm, the energy
separation between resonance states increases.

Impact of channel length on the transfer
characteristic of SBMOSFET for (111) wafer
orientation for SBH=0.4eV, at T=77K and
VD=50mV is presented in Fig. 6b. For LG=10nm,
multi resonance states are contributed to the
current and resonant tunneling has been
diminished. Current oscillation is visible in the
current characteristic. For LG=7nm, the energy
separation between consecutive resonance states
increases and resonant tunneling is distinguishable.
As the gate length scales down to 6nm, tunneling
occurs only in the first resonance state and higher
gate voltage is needed for tunneling through
resonance states with higher energy. Resonant
tunneling is visible for (100) orientation in
comparison with (111) wafer as LG scales down to
nanoscale regime.

Z. Ahangari et al./ JNS 2 (2013) 477-483

483

the current characteristic of SBMOSFET in
nanoscale regime, the effective SBH must be
reduced. Our simulations reveal that (100) wafer
improves the performance of SBMOSFET in terms
of on-state current, threshold voltage and
subthreshold swing.
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4. Conclusion
NEGF formalism is employed to study quantum
transport in SBMOSFET on arbitrarily orientated
wafers to seek for the best orientation that
improves the performance of this device in
nanoscale regime. Tunneling is the main current
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