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Abstract:

Decananometer doublegate MOSFETS is studied us-
ing a quantum Wigner Monte Carlo approach, including
electronphonon scattering. Intersubband coupling ele-
ments are explicitly calculated and proven to be small in
doublegate MOSFETs. This allows quantum transport
simulations to be analyzed using decoupled subbands. For
long gate length the semielassical result is recovered. An
increasing tunneling component of the drain current with
decreasing gate length is obtained. The results clearly
show the importance of scattering for gate lengths as short
as 25 nm. Performance enhancement due to ballistic trans-
port can thereby be estimated.

1. Introduction

Doublegate transistors are an attractive option to improve
the performance of logic devices and overcome some
of the difficulties encountered in further downscaling of
bulk MOS fieldef fect transistors into the decananometer
regime [1]. When the channel length is reduced below ap-
proximately 25 nm, quantum effects such as direct source-
todrain tunneling through the barrier start affecting the
device characteristics. Frequently, ballistic transport is as-
sumed which allows the device to be simulated using pure
quantummechanical approaches [2,3]. However, with
carrier mean free paths in the range of several nanome-
ters [4], scatteringtimited transport may still be dominant.
A precise theory of ultrascaled doublegate MOSFETSs
(DGMOSFETS) must therefore properly account for an in-
terplay between the quantum nature of carrier propagation
inside the channel and scattering processes. The nonequi-
librium Green’s functions method addresses the problem
in the most consistent and complete way. Due to its com-
putational complexity, the method is frequently used in
its reduced coherent version, which is equivalent to the
solution of the Schrodinger equation with open boundary
conditions. Introduction of scattering into the method re-
quires the knowledge of the corresponding selfener gies
and complicates computations significantly [5].

An alternative approach is based on the Wigner function
formalism. It incorporates quantum mechanical effects in
terms of a quantum scattering operator [6]. An advan-
tage of the Wigner function approach is that it allows to
account for all scattering mechanisms via the Boltzmann
scattering integral. It makes possible a development of a
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rigorous transport model with both quantum interference
phenomena and the coherencebreaking scattering mech-
anisms. The Wigner function formalism treats the scat-
tering and quantum mechanical effects on equal footing
through the corresponding scattering integrals. The re-
maining collisionfree propagation of the carriers is de-
scribed by the Liouville operator acting on the Wigner
function and is similar to that of the Boltzmann equa-
tion. It prompts for a solution of the Wigner equation
by a Monte Carlo algorithm, in analogy to the solution
of the Boltzmann equation. Such a program was recently
realized in [6, 7]. It was pointed out that, because the ker-
nel of the quantum scattering operator being not positively
defined, the numerical weight of a particle trajectory in-
creases rapidly, and the numerical stability of a trajectory-
based Monte Carlo algorithm becomes a critical issue. A
multiple trajectories method was recently suggested [6]
in order to overcome the difficulty. In this algorithm the
problem of a growing statistical weight of a single trajec-
tory is addressed by creating of an increasing number of
trajectories with constant weights, which may assume pos-
itive and negative values. Being formally equivalent to the
former method, the algorithm allows the annihilation of
trajectories with similar statistical properties, introducing
a possibility to control the number of trajectories.

Size quantization effects in the ultrathin Si body of DG-
MOSFETSs lead to the formation of twodimensional sub-
bands. Under nonequilibrium conditions, when the drain-
tosource and gate voltages are applied, the subbands be-
come quantum mechanically coupled, due to a simulta-
neous nonseparable dependence of the conduction band
in the channel on both lateral and transversal coordi-
nates. A common approximation used in simulations
of DGMOSFETSs is an adiabatic subband decomposition
method, where it is assumed that the intersubband cou-
pling due to nonadiabatic effects should be small. A good
agreement between the results of simulations using the
spacemode approach and the fullscale simulations [3]
indicates that the subband decomposition may be a good
approximation. However, recent studies have shown that
even when the subband coupling is expected to be strong,
results of current characteristic simulations using both of
the foregoing approaches coincide within 10% [8]. This
suggests that the coupling elements have to be evaluated
in order to decide on their actual importance.

In this paper we report on mixed semiclassical - quan-
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Figure 1: Sketch of the 25nm gate length doublegate
MOSFET structure. The contour plot shows the poten-
tial profile of the conduction band in the channel at the
drainsource bias of 0.3V and gate voltage 0.0 V.

tum Wigner Monte Carlo simulations of a doublegate ar-
chitecture which represents an ideal structure of recently
manufactured doublegate devices [9]. In order to ob-
tain a realistic potential profile in the presence of dissipa-
tive scattering processes, we use the MINIMOS-NT sim-
ulator [10] in the driftdif fusion mode, with a quantum
correction potential introduced in order to account for a
proper carrier density behavior at the channel boundaries
selfeonsistently . We then evaluate the subband profiles
and the wave functions. The intersubband coupling ele-
ments in DGMOSFETSs under nonequilibrium conditions
when sourcedrain bias is applied are explicitely calcu-
lated. It is shown that in ultrascaled DGMOSFETS the
coupling terms are small as compared to the thermal en-
ergy and/or intersubband splitting, and the subband de-
composition turns out to be an excellent approximation.
The Wigner function based Monte Carlo simulations of
the sourcedrain current including tunneling and dissipa-
tive processes in each subband are performed.

2. Transport Model and Results

The DGMOSFET is schematically shown in Fig. 1. An
undoped Si semiconductor channel of thickness ¢ is con-
nected to the heavily doped source and drain contacts, with
the dopant concentration set to 5 x 10'° cm—3. The dop-
ing profile is chosen to be abrupt. Metal gates of length L
with midgap work function are assumed. Gate electrodes
are separated from the channel by thin layers of silicon
dioxide. In the simulations the gate length L varies from
10 to 60 nm. The silicon film thickness ¢ is in the range
between 3 and 20 nm. The system is assumed to be infinite
in z direction, such that the transversal motion in z direc-
tion is described by the conserved transversal momentum
p. and may be separated.

Due to the small silicon body thickness, the transversal
carrier motion in y direction is quantized. The electron
spectrum is split into well defined two dimensional sub-
bands. Each subband is characterized by the transversal
wave function «,,(y, z). The subband wave functions are
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Figure 2: Profile of the lowest subband wave function de-
termined by (1). The parameters are the same as in Fig. 1.

defined from the effective mass equation:
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where U (y, x) is the selfeonsistent potential energy in the
channel, and m,, is the effective mass in y direction. The
contour plot of the lowest subband wave function calcu-
lated at different position x of the chanel crosssection is
shown in Fig. 2. Lowest subband profiles for a MOSFET
with L, =25 nm and ¢ = 5 nm is shown in Fig. 3. Note that
due to the dependence of the longitudinal coordinate x still
present in the potential profile U (y, x), the eigenfunctions
¥ (y, z) and eigenenergies £, (z) depend on z. Because
of this dependence the subbands defined by ., (y, =) are
not completely separable.
The intersubband coupling elements are

Z 0
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where the coefficients S,,,,, (z) and D,,,,, () are defined as
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The potential profile inside the channel of DGMOSFETS
calculated with MINIMOS-NT is shown in Fig. 1. A drain-
source voltage of 0.3 V and a gate bias of 0 V were ap-
plied. The equipotential lines develop high curvatures at
the drain end of the channel between the gates.

The strong « dependence of the wave function is seen in
the same channel region (Fig. 2).

The elements D,,,,, () and S,,,,, (z) of the coupling Hamil-
tonian are shown in Fig. 4 and Fig. 5, for several values of
silicon thicknesses ¢ and gate lengths L. As expected, all
the coupling elements are substantially different from zero
in the narrow channel segment where the channel potential
and the transversal wave functions feature a strong longi-
tudinal gradient.

Diagonal and offdiagonal coupling elements show a dif-
ferent behavior as a function of silicon body thickness t.
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Figure 3: Potential profile of three lowest subbands &, (z)
and the quasiFermi & level in L =25 nm and ¢ =5 nm
MOSFET. Only the lowest subband is substantially occu-
pied with carriers and thus participates in transport.

The diagonal contribution D,,,,(x) is rapidly decreasing
when the thickness of the silicon film shrinks, whereas
both contributions S,,,,, and D,,,,, to the offdiagonal part
show an opposite tendency to grow slightly when the body
thickness is reduced (Fig. 4 and inset). For fixed silicon
film thickness, as the gate length L is decreased, the diag-
onal and offdiagonal contributions show similar tendency
to increase. However, as one can see from Fig. 5, the L
dependence of D, is quite weak, since the absolute in-
crease is only about 15% when the channel length is re-
duced from 50 nm to 15 nm.

As can be seen from comparing Fig. 3 and Fig. 4, the abso-
lute value of the offdiagonal coupling elements D,,,,, ()
and S, (x)/\, where A\ = \/2m,kpT/h is the thermal
wavelength, is of the order of 10~2 meV. This value is
extremely small compared to other characteristic energies
such as kT or the subband quantization energy. It is thus
justified to neglect the offdiagonal coupling 6 H.,.,, () for
the DGMOSFETSs under consideration. The diagonal con-
tribution D,,,,(z) can be absorbed into V' (z) describing
the potential profile of the nth subband:

V(z) = £4(2) + Don(2).

®)

Introducing the Wigner function f,,(z, p,t) for each sub-
band n and following the procedure outlined in [6], we ob-
tain the onedimensional Wigner equation for f,(z,p,t).
The potential operator of the onedimensional Wigner
equation is given by the usual convolution integral [11],
where the potential energy of electrons V' (z) is defined
by (3). An additional convergence improvement may be
achieved by an appropriate choice of a separation of the
subband potential profile into a classical part and a quan-
tum mechanical contribution [11] by choosing a smooth
classical component as an output of a lowpass filter with
the cutef f wave number ¢. < 27/Az, where Az is the
grid step.

The Wigner function based Monte Carlo method was ap-
plied to DGMOSFETs with gate lengths of 60, 25, 15,
and 10 nm and silicon film thicknesses of 20, 10, 5, and
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Figure 4: Offdiagonal part D;2(x) of the coupling Hamil-
tonian calculated for gate length L = 25 nm, for two
values of the silicon body thickness ¢. The coupling in-
creases slightly as the thickness is decreased. Inset: off-
diagonal term Sy5(z), normalized to the thermal length
A = 2m,kgT/h, for two values of body thickness.

3nm, respectively, at a gate bias of 1.0 V. The carrier con-
centrations in the different devices at a drain bias of 0.6 VV
are shown in Fig. 6. Although the difference is small in
absolute numbers, it is significant that for the 10 nm gate
length device the Wigner simulation predicts carrier con-
centrations in the channel which are almost 50% higher
than predicted by the classical simulation.

The output characteristics of the 60, 25, and 10 nm devices
are shown in Fig. 7. At 60 nm, the Wigner calculations re-
produce the classical results, while they predict higher cur-
rents at smaller gate lengths. This is due to sourcedrain
tunneling which, in contrast to the classical simulations,
is properly accounted for by the Wigner function based
Monte Carlo simulations.

3. Conclusions

The Wigner function based Monte Carlo method coupled
with the classical selfeonsistent MINIMOS-NT simula-
tor is used to analyze the interplay between the coher-
ent carrier motion and dissipative scattering effects. This
procedure allows a direct comparison of semielassical
and quantum transport results. The method is used to
account for the tunneling current in ultrascaled double-
gate MOSFETS. Intersubband coupling elements are ex-
plicitely computed and are proven to be small. The sub-
band decomposition is shown to be an excellent approxi-
mation in DGMOSFETSs. Devices of different gate lengths
have been studied. Scattering substantially reduces the on-
current compared to the ballistic case. The simulations
reproduce the semielassical results for the long channel
device and predict a significant sourcetodrain tunneling
component in the drain current at very short gate lengths.
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Figure 5: Diagonal part D1, () of the perturbation Hamil-
tonian calculated for silicon body thickness ¢ =5 nm, for
three different gate lengths. The dashedeotted line shows
the left edge and dotted lines the right edge of the gates,
respectively.
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Figure 6: The carrier concentrations in the 10nm, the
25nm, and the 60 nm gate length device at 0.6 V drain bias
for the classical and the Wigner Monte Carlo simulations.
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