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We report on a multiscale approach for the simulation of electrical characteristics of metal disilicide based
Schottky-barrier metal oxide semiconductor field-effect transistors �SB-MOSFETs�. Atomistic tight-binding
method and nonequilibrium Green’s function formalism are combined to calculate the propagation of charge
carriers in the metal and the charge distribution at the MSi2�111� /Si�111� and MSi2�111� /Si�100� �with M
=Ni, Co, and Fe� contacts. Quantum transmission coefficients at the interfaces are then computed accounting
for energy and momentum conservation, and are further used as input parameters for a compact model of
SB-MOSFET current-voltage simulations. In the quest for nanodevice performance optimization, this approach
allows unveiling the role of different materials in configurations relevant for heterostructure nanowires.
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I. INTRODUCTION

Scaling down metal oxide semiconductor field-effect tran-
sistors �MOSFETs� is one of the most challenging tasks for
nanoelectronics device designers. As the physical limits of
conventional MOSFETs are being reached, alternative struc-
tures are proposed to circumvent or limit parasitic effects
that emerge with size reduction, such as increasingly large
contact resistances owing to intrusive dopant redistribution at
the contact/channel interfaces. Among these candidates,
Schottky-barrier MOSFETs �SB-MOSFETs� have been
widely investigated in recent years, both experimentally1 and
theoretically.2–4 In SB-MOSFETs, the highly doped source
and drain contacts are replaced by metallic ones, which
could reduce, in principle, both contact resistances and short
channel effects.5,6 However, in contrast with the Ohmic con-
tact generally achieved with traditional MOSFETs, SB-
MOSFET current-voltage characteristics become largely
dominated by the interface electrostatics due to Fermi level
pinning.7 In the past, this phenomenon has been a major
drawback to engineering performant, versatile and well con-
trolled transistor devices and logic circuits.8,9

Despite this situation, remarkable improvements have
been achieved in the past years in the epitaxial growth of
high quality NiSi2 and CoSi2 films on both �100�- and �111�-
oriented silicon substrates, owing to the very similar crystal
structures of disilicides and silicon materials.10 More re-
cently, a metallic phase has been identified for iron disilicide
��-FeSi2� with the same fluorite structure although its growth
on silicon substrates remains delicate.11,12 The low Schottky-
barrier height �SBH� arising at the interface between these
three disilicides and silicon13,14 makes them promising mate-
rials for the fabrication of metal disilicide source/drain SB-
MOSFETs with good performances.

Moreover, catalytically grown undoped silicon nanowires
�Si-NWs� have been recently made with a further self-
aligned formation of nickel silicide �NiSix� source and drain
segments along the nanowire.15,16 The initial characterization

of these nanodevices shows promising performances, such as
large sustained current densities.16 This opens novel perspec-
tives for large scale integration of low-dimensional SB-
MOSFETs using chemically driven bottom-up integration
methods.

Finally, first principles calculations17 suggest that weak
doping of the silicon channel could strongly reduce the SBH,
bringing silicide/silicon contact resistance way below the tar-
geted value of the International Technology Roadmap for
Semiconductors.

Schottky contact resistances between disilicides and
silicon-based materials are known, however, to be sensitive
to quantum reflection phenomena. These backscattering ef-
fects occur during charge transfer at the interface because
symmetry-induced selection rules of contacted materials re-
strict the possibilities to simultaneously conserve energy and
momentum.18 It is, thus, of relevance to explore in depth the
material-dependent role played by quantum reflections in or-
der to assess the conditions for the ultimate performances of
SB-MOSFETs.

In this work, we present a multiscale modeling of SB-
MOSFETs with metal disilicide source and drain contacts,
combining atomistic based transport calculations with com-
pact modeling of SB-MOSFET devices. The paper is divided
as follows. In Sec. II, the atomistic tight-binding Green’s
function formalism is detailed, and the ballistic propagation
of electrons in the metallic source/drain is computed in Sec.
III, taking into account the materials’ nature, electronic struc-
ture, and symmetry orientations. Quantum reflection phe-
nomena are then addressed in Sec. IV by matching the en-
ergy and k� vector between outgoing states from the metal
and the incoming states in the silicon channel, which is tack-
led within the effective mass approximation. This allows ex-
tracting a transmission coefficient that will be further incor-
porated into a compact model for the simulation of transistor
current-voltage characteristics in a heterostructure nanowire
configuration. The theoretical background for this compact
model is presented in Sec. V. In this way, we can include
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complex quantum effects in the study of the material optimi-
zation versus the device performances. Results for the device
characteristics are presented and discussed in Sec. VI.

II. THEORY OF BALLISTIC TRANSPORT IN
THE METAL DISILICIDE CONTACTS

The calculation of the charge transport in the disilicide
metal is based on a tight-binding Green’s function formalism
successfully applied to analyze electronic transport in ballis-
tic electron emission microscopy �BEEM�.19,20 In BEEM ex-
periments, a slice of metal is deposited on a semiconducting
substrate. The tip of a scanning tunneling microscope �STM�
is used as a microscopic electron gun to inject electrons to
the metal, which propagate through the metal, overcome the
Schottky barrier at the metal-semiconductor interface, propa-
gate through the n- or p-doped semiconductor, and finally,
the current is measured out from a back contact in the semi-
conductor.

The theoretical model uses a Hamiltonian written in a
linear combination of atomic orbitals �LCAOs� basis:

H = HT + HS + VTS, �1�

where HT defines the tip, HS the metal sample, and VTS the
coupling between the tip and the surface in terms of a hop-
ping matrix, T�m, between orbitals in the tip ��� and the
surface �m�. Propagation of carriers, one of the central key
physical processes for modeling MOSFET devices at the
atomic level, can be treated very accurately by applying non-
equilibrium Keldysh Green’s functions.21,22 In particular,
given a Hamiltonian formally separated as two independent
terms plus its interaction �Eq. �1��, this formalism allows us
to find solutions for the whole system in terms of simpler
solutions for each of the two independent parts, and the ap-
propriate Green’s functions. From the point of view of trans-
port calculations, this is a truly microscopic formalism, free
of adjustable parameters once the Hamiltonians are given in
some representation. In order to keep the computational cost
of our calculations under control, and keeping in mind that
our goal is to compute the corresponding Green’s functions,
we choose to represent the Hamiltonians for the independent
parts of the system in a LCAO basis. Therefore, we can
immediately benefit from highly accurate parametrized ver-
sions of these Hamiltonians, constructed to coincide along
the important symmetry lines of the Brillouin zone with ab
initio calculations to accuracies better than 1/100, at the in-
expensive cost of diagonalizing matrices of quite modest
sizes.28

The so-called advanced �GA� and retarded �GR� Green’s
functions of the system are defined as

GA�E� = �E − H − i��−1,
�2�

GR�E� = �E − H + i��−1,

where an arbitrary small imaginary part � is added to the
energy E to ensure convergence. As soon as a bias voltage is
applied, the system should be treated as out of equilibrium. It
is then convenient to use the Keldysh technique,21 which

corresponds to the generalization of the many-body Green’s
function theory to systems that are out of equilibrium. Within
this formalism, the current between two sites i and j in the
sample can be written as

Jij =
e

��
� Tr�Tij�Gji

+− − Gij
+−��dE . �3�

Matrices Gji
+− are nonequilibrium Keldysh Green’s functions

that for this kind of transport problem can be calculated in
terms of the retarded and advanced Green’s functions of the
interacting system as follows:22,23

Gji
+−�E� = �I + GR�E�T�g+−�I + TGA�E�� . �4�

In turn, the Green’s operators for the interacting system,
GR,A�E�, can be obtained from the Green’s functions of the
decoupled systems �gR,A� and the operator giving the inter-
action between them �T� by solving a Dyson-like equation:

GR,A�E� = gR,A + gR,ATGR,A. �5�

This latter equation, carried out up to infinite order, yields a
self-consistent solution for the Green’s function of the inter-
acting system in terms of the simpler objects g and T. For
our purposes, however, it is enough to take into account that
T is not too strong and seek solutions up to second order
only. As given in Ref. 20, this reduces our equations to

Gij
+− = gij + Gj0

R T01g1i + gj1T10G0i
A + Gj1

R T10g00T01G1i
A ,

Gji
+− = gji + Gi0

R T01g1j + gi1T10G0j
A + Gi1

R T10g00T01G1j
A ,

where the different Keldysh Green’s functions �g� are ob-
tained from the equilibrium functions �gR,A� and the Fermi
distribution functions of the tip �fT� and the sample �fS�:

g1i = fs�g1i
A − g1i

R � ,

gj1 = fs�gj1
A − gj1

R � ,

g1j = fs�g1j
A − g1j

R � ,

gi1 = fs�gi1
A − gi1

R � ,

g00 = 2��00fT,

�00 being the density of states matrix at the 0 site. In these
equations, the injection takes place in the 0 site �in the tip�,
and the hopping matrix T connects this site with the first 1
site in our system.

Plugging these Green’s functions in Eq. �3�, after some
algebra, the current between two sites i and j in the metal can
be calculated using the following formula:20

Jij�V� =
4e

�
I�

EF

eV

Tr 	
m�	n

�Tijgjm
R Tm���	T	ngni

A �dE , �6�

where Greek letters refer to the injecting tip sites and Latin
letters to sites inside the sample. gR�A� are the Green’s func-
tion of the uncoupled parts of the system, and Tm� the hop-
ping matrix elements. The integration is performed between
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the Fermi level of the metal �EF� and the applied bias �eV�.
The symbol I stands for the imaginary part of the integral.
The summation runs over tunneling active atoms in the in-
jecting tip �� ,	� and the sample �m ,n�. ��	 is the matrix of
density of states for the tip: �g�	

A −g�	
R �=2�i��	. The trace

denotes summation over the atomic orbitals of the LCAO
basis.

To take into account quantum reflection effects inside this
microscopic approach to transport, i.e., looking for energy
and k�-vector conservation at the interface, it is necessary to
compute the current distribution in reciprocal space. There-
fore, the current distribution is expressed between two planes
i and j as19

Jij�k�,V� =
4e

�
I�

EF

eV

Tr 	
m�	n

�Tij�k��gjm
R �k��Tm��k��


��	�k��T	n�k��gni
A �k���dE . �7�

We notice that all quantities in this equation are the
k�-Fourier transforms of the corresponding objects in Eq. �4�.

This theory of BEEM was originally developed to inves-
tigate the transport of electrons injected from a STM tip to
unoccupied metallic states, i.e., at energies greater than the
Fermi level of the metal. In this work, the formulation of the
electron distribution has been modified to fit the case where
the metal disilicide is actually the reservoir of electrons for
the injection in the semiconducting channel of a MOSFET.
The main issue was that electrons injected to the channel
correspond to electronic states mainly located below the
Fermi level, although at room temperature the occupation of
levels above EF is nonzero due to the Fermi-Dirac distribu-
tion function. Thus, the position of the metal Fermi level has
been artificially modified so that the contribution of elec-
tronic states, the energy of which is lower than the true EF,
can be treated. Finally, the simulations will be performed for
nanowires with rather large diameter �20 nm�. For that rea-
son, the atomistic electrons’ transport and current distribution
will be calculated for semi-infinite materials, as first intended
in the BEEM theory. Yet, this approximation will allow us to
use an out-of-equilibrium formalism at an atomistic level of
sophistication with a very good level of accuracy.

III. CURRENT DISTRIBUTIONS IN
THE METAL DISILICIDE

Calculations using the above formalism have been per-
formed for three different metal disilicides: NiSi2, CoSi2, and
�-FeSi2. All of these crystallize in the fluorite structure
�CaF2�, which can be described as two sublattices where the
metal atoms �M, in Fig. 1� occupy fcc-like positions, with
respective lattice parameters of 5.406,24 5.365,24 and
5.387 Å.25 The low lattice mismatch with the silicon crystal
�0.46%, 1.2%, and 0.82%, respectively� makes possible the
growth of these disilicides on both �100�- and �111�-oriented
silicon substrates with high quality.26,27

The exact electronic structure of each disilicide is calcu-
lated using the tight-binding parameters of Ref. 28. The ori-
entation of the metal is chosen so that the interface with

silicon is made along its �111� surface. The transport calcu-
lation is made in the direction perpendicular to that plane.
Using the formalism described above, the current distribu-
tions are computed in reciprocal space after propagation in
30 layers of metal, which corresponds to a thickness of about
170 Å, large enough to avoid any modification of the charge
distribution due to a longer propagation. The 30th layer of
metal will, thus, be considered as the interfacial layer with
the silicon channel. Finally, the density of disilicide elec-
tronic states involved in the transmission would depend on
the polarization conditions for the device simulation, mean-
ing the source-drain and gate voltages. The charge distribu-
tion at the interface will then be calculated for an energy
range wide enough to include all desired conditions applied
to the device. Hence, the simulations have been performed
for an energy window of �EF−0.45 eV; EF+1.0 eV�.

The evolution of the charge distributions with respect to
the energy is presented in Fig. 2 for the three disilicides. In
this figure, the current distributions have been plotted in re-
ciprocal space for three different energies corresponding to
EF−0.3 eV �Figs. 2�a�, 2�d�, and 2�g��, EF+0.3 eV �Figs.
2�b�, 2�e�, and 2�h��, and EF+0.7 eV �Figs. 2�c�, 2�f�, and
2�i��. Each dot on the figure is a k� vector of the first Bril-
louin zone �BZ� of the �111�-oriented metal surface. A gray
scale is used to represent the density of current associated
with each k� vector. Figure 2 shows that not only the current
distribution strongly depends on the energy but also that the
nature of the metal disilicide is very influent. These results
demonstrate that considering the exact electronic structure of
each material is of crucial importance on the transport prop-
erties and, consequently, on the transmission. Although the
current distribution in reciprocal space exhibits a threefold
symmetry for the three disilicides, the focusing of the
charges around the � point in the Brillouin zone is different
from one material to the other. Hence, NiSi2 shows a stron-
ger localization of the charges around � compared to CoSi2
and �-FeSi2. Moreover, �-FeSi2 exhibits a lack of charges
around this point for high energies �Figs. 2�h� and 2�i��. This
already suggests that the transmission of electrons to the sili-
con channel will strongly depend on both the injection’s en-
ergy and the nature of the metal disilicide. Knowing the
charges’ distribution at the interface, in the reciprocal space,
will then allow studying the conservation laws for energy
and momentum that play the key role for the transmission in
the silicon channel.

FIG. 1. �Color online� Conventional cell of the fluorite �CaF2�
structure of NiSi2, CoSi2, and �-FeSi2. Silicon atoms are repre-
sented in blue �dark gray� and metal atoms �Ni, Co, or Fe� in beige
�light gray�.
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IV. TRANSMISSION AT THE METAL
DISILICIDE/SILICON INTERFACE

The problem of the charge transmission at the metal/
semiconductor interface is twofold. As already mentioned in
the Introduction, the first limitation for the electrons to cross
the interface is known as quantum reflection. These back-
scattering effects occur because the symmetry-induced selec-
tion rules �i.e., the reciprocal space current distribution� re-
strict the possibilities to simultaneously conserve energy and
momentum. Thus, any particle of energy E and momentum
k� will be allowed to cross the interface with unit probability
only if an electronic state with the same E and k� is available
in the semiconductor side. This was already anticipated as a
major drawback for engineering performant metal-based bi-
polar transistor devices.9,29–31

To treat this first condition on transmission, the available
electronic states in the silicon channel have to be determined.
To do so, the silicon channel is described using the effective
mass approximation. Within this approximation, the elec-
tronic states near the conduction band minima can be de-
scribed through a parabolic dispersion relation as

E�k� =
�2k

2m* , �8�

where m* is the effective mass for silicon. In the three-
dimensional BZ, the dispersion relation gives rise to six el-
lipsoids that have to be projected on the two-dimensional BZ
of the interface. In the case of the �111�- and �100�-oriented
silicon substrates, the ellipsoids project as ellipses presented
in Fig. 3. The position of the center of the projected ellipses
depends on the chosen surface. We have used the usual ef-
fective masses in the longitudinal �ml

*=0.92� and transverse
�mt

*=0.19� directions. Hence, for the �111� surface, the con-
duction band minima are projected as ellipses near the six

equivalent M points of the Brillouin zone �Fig. 3, left�. In
contrast, the projection of the conduction band minima onto
the �100� silicon surface gives four ellipses near the four
equivalent M points and one circle centered at the � point
�Fig. 3, right�. When increasing the energy above the con-
duction band minimum �CBM�, the ellipses broaden as de-
picted in Fig. 3 for E=0.1 eV and E=0.4 eV above CBM.
Rigorously, the small part of the ellipsoids that is projected
outside the first BZ should be brought back by a translation
of a reciprocal lattice vector. However, the effect of this fold-
ing is expected to be small for our problem, and it will be
neglected. The effective mass approximation remains valid
only for a small range of energies above CBM. In the device
simulations, voltage conditions will then be kept so that the
energy of the injected electrons should be less than 1 eV
above CBM.

In order to take into account quantum reflection phenom-
ena for the transmission at the interface, the metal electronic
states that, for a given energy, match available states with the
same k� in the silicon channel have to be determined. Con-

FIG. 2. Evolution of the current distribution
in the first Brillouin zone of �111�-oriented
��a�–�c�� CoSi2, ��d�–�f�� NiSi2, and ��g�–�i��
�-FeSi2 surfaces as a function of the charges’
energy. Each dot corresponds to a k� vector, and
a gray scale is used to represent the density of
current associated with each vector.

FIG. 3. First Brillouin zone for Si�111� �left� and Si�100� �right�
surfaces with conduction band minima as projected ellipses within
the effective mass approximation. Light and dark gray ellipses cor-
respond to energies of 0.4 and 0.1 eV above the conduction band
minimum, respectively.
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sequently, only the current contributions the momentum of
which is inside the projected ellipses of the semiconductor
will be kept. Figure 4 presents the superimposition of the
current distribution in the metal BZ of the �111� interface on
the projected conduction band minima in the �111�- �Fig.
4�a�� and the �100�- �Fig. 4�b�� oriented silicon substrate.
Depending on the orientation of the silicon channel, the
transmission will be different since the matching of k� vec-
tors is not the same due to differently projected ellipses in
the silicon’s BZ. In particular, Fig. 4 clearly shows that, in
the case of the �100�-oriented silicon substrate, the projection
of CBM around the � point would substantially increase the
transmission of electrons since a large part of the current
distribution for all the three metal disilicides is focused at the
center of their respective BZ. The performances of disilicide-
based SB-MOSFETs should then also be strongly dependent
on the silicon channel orientation. The simulation of the de-
vices’ characteristics in Sec. VI will allow one to comment
and develop on that particular point.

The second condition on electron transmission results
from quantum mechanics selection rules that yield to an ad-
ditional backscattering probability at the interface. Indeed,
there is a quantum probability that a charge that satisfies the
energy and momentum conservation when crossing the
disilicide/silicon interface would still be reflected. Several
models exist to take into account this reflection probability.
In principle, this problem should be treated within a two-
dimensional, but complex, model based on Jones zone32

methodology. It has been shown though20 that a simpler one-
dimensional model gives very similar results for the energy
range we are interested in. This one-dimensional �1D� meth-
odology will then be used to calculate the electron back-
scattering probability.

In a 1D model �Fig. 5�, the probability for an electron
arriving at the interface with a momentum kM to be transmit-
ted with a momentum kSC is straightforwardly given as

T1D�E� =
4kMkSC

�kM + kSC�2 . �9�

Since the symmetry-induced rules �i.e., energy and momen-
tum conservation� have been treated in a two-dimensional

model, it is necessary to establish a mapping with this 1D
model. The one-dimensional wave vectors kM and kSC are
then expressed from the corresponding two-dimensional
ones from the relations

kM�E1� =
2E1

�2 − k�
2, �10�

kSC�E2� =
2m�
* �E2 − CBM�

�2 , �11�

where E1 is the energy measured from the bottom of the
metal band and k�

2=kx
2+ky

2, with kx and ky the components of
the incoming states’ wave vector. m�

* is the effective mass
for silicon in the direction perpendicular to the interface
�m�

* =0.258 for Si�111�, m�
* =0.19 for Si�100�� and E2 the

energy measured with respect to CBM, the energy of the
conduction band minimum of the semiconductor.

In some cases, the final current measured out of the sili-
con channel can be sensitive to back injection of current
from the semiconductor to the metal, resulting from different
scattering processes in the channel that are neglected in the
present work. However, it would be possible to take into
account this back-injection effect by multiplying the 1D
transmission coefficient of Eq. �7� by a factor S�E� that re-
duces, in an effective way, the transmission probability �see,
for instance, Ref. 33�.

Considering these two conditions, a total quantum me-
chanical transmission coefficient can be defined. This trans-
mission coefficient �which is dimensionless� takes into ac-
count both the symmetry-induced conservation laws and the
quantum probability of reflection when the first condition is
satisfied. It corresponds to the density of current that crosses
the interface divided by the total density of current that
reaches the interface in the metal side.

In a SB-MOSFET configuration, this transmission coeffi-
cient will strongly depend on the voltage conditions applied
to the transistor. These are of two kinds: Vds is the bias volt-
age applied between the source and drain electrodes, and Vg
is the gate voltage. The effect of these voltages on the band
diagram of the device is very different. At equilibrium �Vds

=Vg=0 V�, the position of the bottom of the semiconductor
conduction band differs from that of the metal Fermi level by

FIG. 4. Superimposition of the disilicide Brillouin zone with �a�
the �111�-oriented and �b� the �100�-oriented silicon substrate, with
the corresponding projected conduction band minima for E=CBM
+0.5 eV. The energy and momentum conservation laws for the
electron transmission are treated using a “graphical” method, i.e.,
by only keeping, at a given energy, the current contributions that
superimpose on the inside of the silicon ellipses.

FIG. 5. Schematic representation of the 1D interface model. The
incident �1� electron reaches the interface with momentum kM. Part
of the electronic wave is transmitted �T� to the semiconductor with
momentum kSC, whereas another part is backscattered �R� to the
metal.
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a value equal to the SBH. A bias voltage applied between the
source and drain electrodes will shift in energy the chemical
potential of the two electrodes, thus modifying the shape of
the energy barrier at the metal/semiconductor interfaces. This
modification will be introduced in the compact model as de-
scribed hereafter. The effect of the gate voltage is more im-
portant in the light of the calculation of a transmission coef-
ficient as described in this section. Indeed, a bias voltage Vg
applied on the MOSFET gate will shift the position of the
conduction and valence bands of the semiconductor by a
value of −eVg. Hence, the available electronic states in the
semiconductor side for the energy and momentum conserva-
tion selection rule will change with the gate bias. Thus, the
transmission coefficient has to be computed for every desired
applied gate voltage. Since this transmission coefficient will
be used as an input for the compact model simulations of
SB-MOSFET current-voltage characteristics, it has been cal-
culated for a large enough gate voltage window �−0.4�Vg
� +1.0 V, with a step of 0.05 V� to allow accurate and reli-
able device simulations. The energetic diagram of the junc-
tion at equilibrium has been established with respect to the
SBH values gathered in Table I.

An example of the evolution of the transmission coeffi-
cient with respect to the energy for the case of Vg= +1.0 V is
presented in Fig. 6. We have considered the case of �111�-
oriented metal disilicide in contact with both the �111� sili-
con surface �upper panel of Fig. 6� and �100� one �lower
panel of Fig. 6�. The results show that the transmission de-
pends not only on the chosen orientation but also on the
nature of the metal disilicide as the current distributions pre-
viously suggested. Consequently, the transmission is much
lower in the case of �111�-oriented silicon substrate �Tmax

�0.18� than in the case of the �100� orientation �Tmax

�0.45�. This result can be easily understood by the fact that
most of the charge distribution at the interface is located
around the center of the BZ, where no electronic states in the
semiconductor side are available for momentum conserva-
tion in the case of �111� orientation. In contrast, the conduc-
tion band minima partly project as a circle around the � point
in the case of �100�-oriented silicon, thus improving the
transmission. Additionally, Fig. 6 also shows that the shape
and intensity of the transmission curves differ from one di-
silicide to another. This is particularly striking in the case of
the �111�-oriented silicon, for which the transmission is
much more important for �-FeSi2 than for NiSi2 and CoSi2,
especially at high energies �upper panel of Fig. 6�. For the
�100�-oriented semiconductor, the best case is obtained for
NiSi2, for which the transmission is high even at low
energies, in striking contrast with the case of �111�-oriented
silicon.

The nature of the electronic propagation within the metal
�due to the electronic structure of the disilicide� has already
been demonstrated to have a strong influence on the charge
transmission at the interface. The materials’ nature and ori-
entations, through the energy and momentum conservation
laws, should then give substantially different behaviors as far
as the device current-voltage characteristics are concerned.
In the following section, the simulation of such curves, by
means of a compact model, will confirm this prediction. The
device simulations, by incorporating the atomistic transmis-
sion coefficient, will then give insights into the optimization
of SB-MOSFETs in the light of preferential disilicide nature
and silicon orientation.

V. COMPACT MODEL FOR THE SCHOTTKY-BARRIER
METAL OXIDE SEMICONDUCTOR

FIELD-EFFECT TRANSISTOR

The theory of the compact model starts with a consider-
ation of a simplified band diagram along the channel direc-
tion. It is composed of two injecting regions close to the
contacts and a midlength region �Fig. 7�. In the long-channel
case, this latter region is flat, its energetic level being essen-
tially determined by the Si-NW capacitance, which is as-
sumed to dominate over the insulator capacitance.36,37 For a

TABLE I. Schottky-barrier heights for NiSi2, CoSi2, and
�-FeSi2 taken from the literature.

Disilicide SBH �eV� Reference

NiSi2 0.66 13, 34

CoSi2 0.64 13, 35

�-FeSi2 0.68 13

FIG. 6. �Color online� Evolution of the transmission coefficient
as a function of energy for a gate voltage of 1 V for NiSi2 �black
��, CoSi2 �red ��, and �-FeSi2 �blue ��. The curves in the upper
panel correspond to �111�-oriented disilicides in contact with the
�111�-oriented silicon substrate, whereas curves in the lower panel
correspond to �111�-oriented materials in contact with �100�-
oriented silicon.
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small thickness channel forming a quasi-one-dimensional
nanowire, we can further assume that the associated density
of states is low enough to yield a very small silicon capaci-
tance and associated charge. This situation is commonly re-
ferred to as the quantum capacitance limit, and we can as-
sume that �i� the energetic level of the midlength region
rigidly shifts with Vg, and that �ii� close to the contacts, the
spatial band diagram can be estimated by solving the 1D
Laplace equation along the transport direction.38 For the cy-
lindrical surrounding gate geometry considered here, the bot-
tom of the conduction band profile at the source region close
to the disilicide reservoirs can be written as

CBM�z� = SBH − eVg�1 − exp
−
z

z0
�� , �12�

where z0= tox /2 is a length scale characterizing the Schottky-
barrier width, and tox is the gate silicon oxide thickness. The
conduction band profile close to the drain electrode is given
by Eq. �12� if z is replaced by �L−z� and SBH by SBH
−Vds, where L is the length of the channel. The valence band
has the same profile as the conduction band, but downshifted
by a value equal to the nanowire’s energy gap Eg. Assuming
that the channel length is small relative to the mean free
path, Landauer’s approach can be used to calculate the cur-
rent along the structure

I =
2e

h
	

n
�

−





sgn�E�Tn�E��f„sgn�E��E − EF�…

− f„sgn�E��E − EF − eVds�…�dE , �13�

where h is Planck’s constant, f�E� the Fermi-Dirac distribu-
tion function, and Tn the transmission probability of the nth
subband. The sign function �sgn� is introduced to express
both electron and hole currents in a compact manner. As is
well known, within this formalism, the transmission prob-
ability plays a central role. In order to compute the total
current, the current of each subband is split into two compo-
nents, namely, the thermionic and tunneling currents, and

then added as indicated by Eq. �13�. In the case of the ther-
mionic current, we assume Tn�E� is given by Eq. �9�. For the
tunneling component, the transmission through a single
Schottky barrier is computed using the Wentzel-Kramers-
Brillouin approximation corrected by T1D�E� �Eq. �9�� result-
ing from the k�-matching condition

Tn�E� = exp�− 2�
zi

zf

kSC�z�dz�T1D�E� , �14�

where zi and zf are the classical turning points. The parallel
momentum kSC�z� is linked to the energy through the E�k�
dispersion relationship of the silicon, and can be expressed
�for electrons� as

kSC�z� =
2m�
* �E − CBM�z� − �En�

�2 , �15�

where �En refers to the bottom of the nth subband relative to
the bottom of the conduction band.39 Equation �14� must be
numerically solved for each energy. Since the SB-MOSFET
is an ambipolar device, in general, there are four possible
current contributions: electron and hole thermionic currents
and electron and hole tunneling currents. In addition, de-
pending on the magnitude of the applied bias, multiple re-
flections can arise between the series combination of both
Schottky barriers, in the same way as it occurs in a Fabry-
Pérot cavity.40 If the bias point satisfies Vg�Vds, a double
tunneling barrier for electrons is formed. In this case, ne-
glecting phase coherence, the transmission coefficient is
given by the following expression:41

Tn�E� =
TSnTDn

TSn + TDn − TSnTDn
, �16�

where TSn�E� and TDn�E� are the transmission coefficients for
the source and drain barriers associated with the nth sub-
band, respectively. It is worth pointing out that neglecting the
phase coherence does not appreciably affect the I-V charac-
teristics in the typical range of temperatures where transistors
operate. Even though the spectrum of the transmission is
averaged when phase coherence is disregarded, leading to a
smoothed current density spectrum, the same current is ob-
tained if the tail of the Fermi-Dirac distribution is large
enough. Only at low temperature conditions, out of the range
of the conventional operational window, phase coherence
would need to be incorporated in the model.

VI. RESULTS OF ELECTRICAL CHARACTERISTICS
FOR SCHOTTKY-BARRIER METAL OXIDE

SEMICONDUCTOR FIELD-EFFECT TRANSISTORS

In this section, we discuss the consequences of the physi-
cal effects introduced and analyzed in Secs. II–IV on the
electrical characteristics of SB-MOSFETs with disilicide
source/drain contacts. To study the impact of taking into
account the material dependence on the charge injection at
the interface, we consider a long-channel cylindrical
surrounding-gate SB-MOSFET, schematically presented in
Fig. 8, formed with a silicon nanowire of 20 nm diameter

FIG. 7. �Color online� Spatial band diagram deformation versus
gate voltage along the channel direction, showing the bottom of the
conduction band �blue/dark gray� and the top of the valence band
�red/light gray�.
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and a gate silicon oxide of 2 nm. The silicon nanowire is
contacted to source and drain reservoirs made of NiSi2,
CoSi2, and �-FeSi2, with Schottky-barrier heights given by
Table I.

The transfer characteristics of the SB-MOSFET at room
temperature are presented in Fig. 9 for different combina-
tions of disilicide/Si-NW orientations using the proposed
multiscale approach. We also show in the same plot the
transfer characteristics obtained by switching the k� match-
ing condition off, i.e., considering ideal injectors with trans-
mission coefficient equal to 1 above the Schottky barrier and
zero otherwise. In this study, we are concerned with the
n-type region of transfer characteristics, i.e., the right branch

of the transfer characteristics with respect to the ambipolar
conduction point, where the dominant conduction mecha-
nism is electron tunneling. For now, the determination of
current distribution in the reciprocal space at the interface is
limited, by our developed code, to the study of electron
propagation. However, similar studies could be done, in prin-
ciple, for the p-type region, considering, instead, the propa-
gation and k�-matching condition for holes and their trans-
mission through the source/drain Schottky barriers with the
valence band, the heights of which are Eg−SBH and Eg
−SBH+eVds, respectively.

For a proper comparison between different combinations
of disilicide/Si-NW orientations, we have fixed the same off-
state current �1 pA� for all the cases. This could be made in
practice by tailoring the work function of the gate electrode.
From Fig. 9, we can observe that the k� mismatch at the
metal/semiconductor interface significantly degrades the on/
off current ratio, an important figure of merit for digital ap-
plications. Specifically, more than 1 order of magnitude can
be lost when this effect is taken into account. Further insights
can be obtained by plotting the tunnel current spectrum �Fig.
10�. From this figure, the relevant energies contributing to
the current are close to the Fermi energy. Efficient contact
injection should maximize transmission close to this ener-
getic level. With regard to this issue, note that optimum on-
state current can be obtained using a NiSi2�111� /Si�100�
configuration, the reason being that the current distribution
at the interface is just focused at the center of the two-
dimensional �2D� BZ, where electronic states at the Si-NW
side are available in the neighborhood of the � point. Quali-
tatively, this can be appreciated by superimposing Fig. 2�d�
with the right panel of Fig. 3. A similar behavior is found for
CoSi2�111� /Si�100�, with a small drop in the transmission

FIG. 8. �Color online� Cross section of a cylindrical
surrounding-gate SB-MOSFET.

FIG. 9. �Color online� Transfer characteristics of the SB-MOSFET considering several disilicides and nanowire orientations: �111�-
oriented disilicide in contact with �a� �111�-oriented or �b� �100�-oriented Si-NW. For comparison purposes, the transfer characteristics
considering ideal injection from the contacts have also been represented, switching the k�-matching condition off. The subthreshold slope of
the SB-MOSFET is compared with the thermal limit of 60 mV/decade.
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coefficient �Fig. 6, lower panel� due to a more distributed
pattern over the 2D BZ �Fig. 2�a��. On the other hand,
FeSi2�111� /Si�100� exhibits a very different current distribu-
tion pattern appearing as a star made of six-peaks which do
not overlap too much with the projected ellipses centered at
the four equivalent M points of the 2D BZ. A further drop of
the transmission coefficient can be observed �Fig. 6, lower
panel�, resulting in a smaller on/off current ratio �Fig. 9�b��.

When examining, instead, disilicide heterostructures with
�111�-oriented Si-NWs, a very different behavior can be ob-
served. Note now that the CBM of the Si-NW projects into
ellipses located at the six equivalent M points of the 2D BZ
�Fig. 3, left�. This effect points to a poor transmission for
NiSi2�111� /Si�111� heterostructures because the current
distribution pattern is focused at the center of the 2D BZ
�Fig. 2�d��, where available states do not exist at the Si-NW
side, giving the poorest on/off current ratio of all the
analyzed combinations �Fig. 9�a��. At the other extreme,
FeSi2�111� /Si�111� provides higher on/off current ratio, be-
cause the six-peak star current distribution pattern �Fig. 2�g��
matches with available states at the �111�-oriented Si-NW.
An intermediate on/off current ratio is obtained with
CoSi2�111� /Si�111� heterostructures, because the central re-
gion of the current distribution pattern �Fig. 2�a�� is wasted
due to the absence of available states at the Si-NW. Finally,
note that the inclusion of the k-mismatching model does not
appear to degrade the subthreshold slope and seems insensi-
tive to the considered metal disilicide and Si-NW orienta-
tions, which are about 70 mV/decade for all the analyzed
cases, even for the one using ideal injectors. Also note that
short-channel effects are not included in our model. The de-

parture from the thermal limit �=60 mV/decade� is expected
because the operation principle of the disilicide heterojunc-
tion Si-NW–field-effect transistor under study is based on
gate-induced Schottky-barrier width modulation instead of
gate-induced barrier height modulation.42

VII. CONCLUSION

We have developed a multiscale approach for the simula-
tion of electrical characteristics of metal disilicide/silicon
heterojunction field-effect transistor combining atomistic
tight-binding methods and compact modeling. This approach
allows unveiling the role of material features in heterostruc-
ture configurations and simulating their impact on transistor
performances. Specifically, the role of k� matching and quan-
tum reflections at the metal/semiconductor interface has been
extensively studied for different combinations of disilicide/
silicon nanowire orientations. These effects have direct con-
sequences on the devices’ performances as the reduction of
the on/off current ratio. We have shown that NiSi2�111� con-
tacts in combination with Si�100� nanowire or FeSi2�111�
with Si�111� nanowire provide optimal injection efficiency,
resulting in higher on/off current ratios. We have demon-
strated that the differences, in terms of device performances,
between the different studied configurations are mainly
driven by the symmetry selection rules of contacted materi-
als that can be easily understood from the propagation of
charge carriers in the metal disilicide and the current distri-
bution at the interface. Quantum reflection phenomena
should then be incorporated in physical and compact models
for an accurate description of material-dependent injection.
Similar studies as those proposed here should now be done
when considering alternative materials in the search of
nanodevice optimization.

The presented methodology is versatile enough to tackle
SB-MOSFET device performance optimization that is cur-
rently focused on the search of materials with low Schottky-
barrier �SB� heights.43 It could also be combined with first
principles calculations, as performed, for instance, for the
CoSi2�100� /Si�100� interface in Ref. 44 to get an estimate of
the true SB height at the interface. Finally, one notices that
the quantitative understanding of material-dependent trans-
mission properties at the silicide/silicon interfaces, and the
proposed methodology for a subsequent evaluation of tran-
sistor characteristics via a compact model, could be extended
to metal-based bipolar transistors, of relevance in the field of
high frequency devices.9,29–31
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FIG. 10. �Color online� Tunnel current density of the SB-
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