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Fullband Simulation of Nano-Scale MOSFETSs Based on a
Non-equilibrium Green’s Function Method

Helmy FITRIAWAN'®, Nonmember, Matsuto OGAWA ', Member, Satofumi SOUMA ', Nonmember,

SUMMARY  The analysis of multiband guantum transport simulation
in double-gate metal oxide semiconductor field effects transistors (DG-
MOSFETSs) is performed based on a non-equilibrium Green’s function
(NEGF) formalism coupled self-consistently with the Poisson equation.
The empirical sp’s™ tight binding approximation (TBA) with nearest
neighbor coupling is employed to obtain a realistic multiband structure.
The effects of non-parabolic bandstructure as well as anisotropic features of
Si are studied and analyzed. As a result, it is found that the multiband simu-
lation results on potential and current profiles show significant differences,
especially in higher applied bias, from those of conventional effective mass
model.

key words: non-equilibrium Green’s function, quantum transport, tight-
binding approximation, sp*s*, double-gate MOSFETs, Poisson’s equation

1. Introduction

As the size of current devices is scaling down into nanome-
ter scale [1], atomistic simulations become necessary for an
accurate modeling of their structural, electronic and trans-
port properties. Such microscopic approaches are impor-
tant in order to account correctly for quantum phenomena,
i.e. atomic-scale fluctuations, local bond distortions, alloy
effects, quantum tunneling effects and energy quantization,
occuring in such devices. The effective mass approximation
(EMA), where only the wavefunction envelope is consid-
ered inspite of the atomic details, may not be accurate any-
more due to such quantum effects in nanostructures. Thus
it motivates the use of more realistic full band structures in
quantum transport simulations [2]-[4]. Quantum mechan-
ical simulation with atomistic resolutions can be achieved
using localized basis sets for the description of the system
Hamiltonian. Semi-empirical tight-binding approach, a full
band technique, proves extremely useful for the atomistic
treatment of nanoscale devices with any materials, provided
that the tight-binding parameters for the material are known
in advance [5]-[7]. The energy-dispersion relation of full
multiband structure is different, especially in higher energy
far from the conduction band minimum, with that of EMA
model [8], [9], which could give different quantum transport
characteristics.
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This paper reports the calculation of quantum elec-
tron transport in double-gate MOSFETSs in which quantum
effects are the highest concern [10]-[17]. The transport
simulation is formulated based on non-equilibrium Green’s
function (NEGF) which provides a reliable theoretical ba-
sis for the development of atomic-level quantum mechani-
cal simulators for nanoscale devices [18], [19]. In the next
section, the theory of tight-binding model and the applica-
tion of Green’s function based on multiband tight-binding
model will be discussed. In the formulation, the empiri-
cal sps* tight-binding approximation (TBA) model is em-
ployed to obtain more realistic full band structure [6], [7].
The NEGF method is performed self-consistently coupled
with the Poisson equation to acquire the effect of space
charge density in the calculation. Some numerical results on
simulated devices are presented and compared with those of
effective mass model in Sect. 3. Finally, our works are con-
cluded in the last section.

2. Simulation Method
2.1 Tight-Binding Model

The calculation of quantum electron transport is constructed
based on empirical TBA model to obtain more realistic band
structure. The carrier transport is assumed to be confined
in [100] direction in nano-scale quantum structures. In the
model five atomic orbitals per atom (s, px, py, p; and s*) as-
suming nearest neighbour overlaps are taken into consider-
ation. The basis set is assumed to be spatially localized.

In the tight binding scheme, the system Hamiltonian is
represented by a basis set of atomic-like orbitals, |k||, L a ),
described by a site index, L, (which consist of one anion
and one cation atoms) and a symmetry-related index, a® (b
= anion or cation), which specifies the angular momentum
and spin index associated with the in-plane wave vector, kj
[5]. Therefore, the total electron wave function is expressed
as a linear combination of the atomic orbitals (LCAO)

[Pk, Ky, 1)) = Z {CrLesx,) Ky L, %)
L,a%.a°
+ CLoeey Ky, L, @)} 0}

where k, is a propagating wave vector.
The Schrodinger equation in the TBA basis may be
written as
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Fig.1 Complex bandstructure of bulk silicon along the [100] direction.
Re k, shows the more realistic bandstructure of Si with indirect bandgap.
The origin of the electron energy is located at the top of the valence band.

(H - E)|¥(ky, Ky, x)) = 0 )

where H is the system Hamiltonian and E is the electron en-
ergy. By projecting Eq. (2) on the atomic orbitals located at
atomic layer /, we will have the following eigenvalue equa-
tion [20]-[22].

G\ . (Ca
TcTa(CC)—exp( zkxA)(Cc) 3)

where T, and T, are defined by
T, = [ N [Hfz—ll]—l [#2) - [Hfl—l](;l [H71.1] ] )

A is one monolayer spacing which is equal to one-half of
material lattice constant and Hfl, Hffl_l and Hffl . are5x5s
matrices which define the onsite energies for cation (b = ¢)
or anion (b = a) and hopping energies between the nearest
atom. The elements of this matrix defined in terms of tight-
binding parameters can be found in Refs. [6],[7], [23]. In
the silicon crystal, the parameters for anion and cation atoms
are equivalent.

This eigenvalue problem produces bloch states, where
half of these states propagate or decay to the right while the
the rest propagate to the left. The complex band structure
for silicon, solved from Eq. (4), is plotted in Fig. 1.

2.2 Multiband Non-equilibrium Green’s Function

For the analytical solution of quantum transport, we use a
non-equilibrium Green’s function (NEGF) method based on
the multiband tight-binding model as described in the previ-
ous section. In the ballistic tranport simulation, the NEGF
method is equivalent by means of solving the Schrédinger
equation.

The retarded Green’s function may be obtained from
the following equation

GR=[(E-i0") -H-%, -] 5)

where E is the energy and the matrix elements of device
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Hamiltonian along the transport direction may be written as

(a, L, k|\| H |a/’, L’, k|’|> = Da,a’ ;L(kli)dL,L'
= to o L (KIDOL L2 (6)

H is a block tridiagonal matrix, D, ; contains the orbital
energies and the electrostatic potential, and f, ., ;© are
the hopping energies between the two nearest layers. The
boundary self-energy, X, gz, which take into account the ef-
fect of semi-infinite left and right contacts into the device,
can be calculated from

I = ~to XKX ! @)
Tg = ~tyne1 XKX ! ()

where the eigenvalues, K, and eigenvectors, X, are obtained
by solving the eigenvalue equation of Eq. (4).

At the left and right end of the device, the boundary
Green’s function is found to be coupled with the bulk modes
[20],[21]. We have used recursive Green’s function algo-
rithm as in Ref. [24] to calculate the retarded Green’s func-
tion in the left and right contacts.

In order to calculate the carrier and current densities,
we have to determine the lesser Green’s function from the
retarded Green’s function.

< R [BL (A R [BR (A
=Gy, —Z JiGL O, v RG L T 1,6, 9)
LiLy

where f; and f are the Fermi Dirac factors of the left and
right contacts, respectively. Hence, we can calculate the car-
rier and current densities, respectively, from

~2i dE (..
= ; f S (G5 (ky, D) (10)
i
2e dE
I = ﬂ; f o 2Re {trltr, 1,65, (R, B} (11)
]

where A is the cross sectional area of the device, e is the
electronic charge and tr is a trace over the whole atomic or-
bitals. We have performed both Eqs. (10) and (11) for all
subbands and all valleys to obtain total 3D carrier and cur-
rent densities.

3. Results and Discussions

The calculation of quantum transport with multiband NEGF
is performed to the double-gate (DG) MOSFET with device
structure as shown in Fig. 2.

The device has an intrinsic channel and the source/drain
is doped at 1 x 10% m™3, respectively. It is assumed to have
symmetrical gates which control the channel region. The
channel is assumed to be Si with no gate-to-source/drain
overlap. The junctions are modeled as abrupt. The oxide
thickness is 1.0nm for both top and bottom gates and the
silicon thickness is 3.0nm. Two types of valleys, two- and
four-fold valleys, are taken into the consideration. The two-
fold valleys have heavier effective mass while the four fold
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Fig.2  Schematic cross section view of the double-gate MOSFET under

simulation. It has an intrinsic Si channel and the source/drain is doped
at 1 % 10 m™>, respectively. The channel region is controlled by two
symmetrical gates at top and bottom. The oxide thickness is 1.0nm for
both top and bottom gates and the silicon thickness is 3.0 nm.

’ Energy [eV]

Distance along the device [nm]
Fig.3  Local density of states of the simulated double-gate MOSFET at

Vs = 0.4 and Vs = 0.25 V. Ist and 2nd indicate the number of subbands
from all considered valleys. (valleys xx’, yy’ and zZ’

valleys have lighter effective mass in the direction of applied
field. In the simulation, source-to-drain biases of 0 to 0.25V
and gate biases of 0, 0.1V and 0.4 are used.

The quantum transport modeling is performed by solv-
ing a 2-D Poisson equation self-consistently coupled with
mode space 1-D transport model [12]. The mode space so-
lution has shown good agreement with 2D transport model
and efficient for modeling electron transport in nanoscale
silicon-on-insulator (SOI) MOSFETs [25]. In the simula-
tions, we have chosen 3 subbands (modes) which is suffi-
cient for 3.0 nm channel thickness as shown in Figs. 3 and 4
where local density of states and transmission are plotted as
a contribution from 3 subbands from all considered valleys
(valleys xx’, yy’ and zz'). As observed in Fig. 3, carriers flow
not only in the lowest and second subbands of the valley xx’
but also from the the first subband of valleys yy' and zz’
which have light effective masses in the transport direction
and heavy effective masses in the transverse direction.

By summing all quantities from all subbands and all
valleys we can obtain total carrier density and potential en-
ergy profiles in x-y cross-section of the simulated MOSFET
device as plotted in Figs.5 and 6. Both profiles are cal-
culated by multiband Green’s function self-consistent with
Poisson equation at Vps = 0.25V and Vg = 0.4 V. Due
to quantum effects the carrier density reduces to zero at the
oxide/silicon interfaces.

The comparison of current characteristics of the simu-
lated device between multiband simulation (MB) results and
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Fig.4  Plot of transmission versus energy of the simulated double-gate
MOSFET at Vg = 0.4 and Vpg = 0.25V. Ist, 2nd and 3rd indicate 3
subbands are taken into account for all considered valleys. (valleys xx', gy’
and z7’

Fig.5 3D carrier density profile in x-y cross section of the simulated
double-gate MOSFET at Vs = 0.4 and Vps = 0.25 V.

Fig.6  Conduction band edge profile in x-y cross section of the simulated
double-gate MOSFET calculated at Vg = 0.4 and Vpg = 0.25 V.

those of effective mass approximation (EMA) is depicted in
Fig.7. Both simulations are calculated with Vgs = 0.1V,
Vs =0.25V and Vg = 0.4V at room temperature (300 K).
In general, the current increases with the carrier energy for
the multiband model due to the differences of energy disper-
sion relation with that of single band effective mass model
and also due to the down shifting the potential profile in MB
model to that of EMA model as demonstrated in Fig. 8. The
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Fig.7 Drain current versus drain bias, Ips vs. Vps, of the simulated

DGMOSFET plotted at 300K with Vgg = 0.1V, Vgs =0.25V and Vg =
*'V. The solid line is from multiband simulation (MB) and the dash line
rom singleband effective mass model (EMA).
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Fig.8 The first subband energy profiles along the channel of the simu-
lated DGMOSEFET plotted at 300 K with Vgs = 0.1V, Vgs = 0.25V and

Vs =0.4V. The potential profiles of multiband simulation (MB) results is
lower than those of singleband effective mass model (EMA).

discrepancy becomes obvious in higher bias because as the
bias increases electrons with higher energies tend to con-
tribute to the current.

4. Conclusions

The calculation of quantum electron transport in double-
gate MOSFETs based on non-equilibrium Green’s function
(NEGF) ‘method has been formulated. The realistic band-
structure is realised by tight-binding sp®s* model assuming
nearest-neighbor interactions. The effects of non-parabolic
bandstructure as well as anisotropic features of Si are stud-
ied. Our multiband simulation results in significant dif-

IEICE TRANS. ELECTRON., VOL.E91-C, NO.1 JANUARY 2008

ferences from those of conventional effective mass model
where only parabolic singleband is considered in the simu-
lation.
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