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Abstract

We report studies of quantum transport in double gate Si MOSFETs (DG MOSFETS)
based upon a full-2D tight-binding Green’s function method. As a result, it is found that
the I-V characteristics is quite different when a realistic band structure with 6 valleys
is taken into account compared with the case of isotropic effective mass. More impor-
tantly, it is also found that the carriers flow not only in the lowest subband but also the
second lowest one around the drain region, which cannot be expressed in conventional
guantum correction methods.

1 Introduction

As rapid progress in MOS device scaling continues, channel lengths as short as 5 nm
have already been achieved. The MOS scaling less than sub-10 nm gate length has re-
vealed crucial issues such as the degradation of sub-threshold characteristics and source
to drain (S-D) tunneling due to the quantum effects. Detailed physical simulations
play important role in the understanding and development of such nano-scale MOSFET
technology. So far, quantum correction models [1] have been applied to analyze such
problems. In this paper, we report the results of full-2D quantum mechanical simulation
based on a Green’s function formalism in order to understand these issues more physi-
cally. In the simulation, both the two-dimensional quantum transport equation and the
Poisson’s equation are analyzed simultaneously taking into account the realistic band
structures of Si. The simulation results with the anisotropic effective masses and with
an isotropic effective mass are compared. The results for two different approaches, that
is, real-space approach and mode-space solution are also compared.

2 Theory

The simulated double gate (DG) MOSFET device structure is shown in Fig. 1(a). A
uniform discretization scheme is adopted for the 2D real-space approach in both x and
y directions with mesh spacing A, and A, respectively. Assuming the band structure
of Si is comprised of equivalent 6 ellipsoides as shown in Fig. 1(b), the Hamiltonian of
valley v (=1,2,3;1,2/,3) is
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Figure 1: (a)Schematic structure of a DGMOSFET under investigation. Lgop =
Lgbot = 10 nM, ts; = 5nm, tox, = 1.5 nm, Np = 1.0 x 10?° cm~3 are assumed.
(b)6 rotated ellipsoides in Si band structure.

where mg, my, and m’, are the components of the effective mass in the valley v, and
U(z,y) is the potential. Since the channel is confined in the y direction, in the mode
space approach [3], we can use eigenmodes in the y direction as basis functions rather
than real space discretization. We have to note, however, that in the mode space ap-
proach the couplings among modes in the neighboring segments (i, and i,, + 1) are
completely neglected. In either approach, the retarded Green’s function G is obtained
from the following equation for each electron energy.

G=[El-H-%s—¥p] ", )

where Y5 and X are the appropriate boundary self-energies at the source and drain
electrode, respectively. Carrier concentration is then given by
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where frp is the Fermi-Dirac distribution function, g, are the Fermi energies and
Ag/p are the local density of states or spectral function at S/D electrodes defined as

As/p = G(—2ImXg,p)G' = GTs/pG. The transmitted current is given by

1=-1 / dE T(E) [fen(us) — fen(up)] @)

where T'(E) is the transmission coefficient which can be expressed in terms of the
Green’s function as T'(E) = Tr(I'sGT'p)G'.

Poisson’s equation, carrier concentration, and the transport equation are solved itera-
tively until a certain convergence criterion is satisfied to obtain the characteristics of the
device.



3 Resultsand Discussion

Figure 2(a) shows the I-V" characteristics taking account of the realistic band structure
of Si with anisotropic effective masses compared to those with a single equivalent ef-
fective mass. It is found that these characteristics are significantly different, since most
of the current is comprised of the carriers in the valleys 3-3’, which have the heavy
effective mass m; in the confinement direction and light m, in the propagation direc-
tion. The effect of non-saturation of the drain current, which is one of the peculiar
short channel effects (SCEs) in nhano-MOSFETS, is reduced due to the anisotropicity
of the effective masses. Although valleys 1-1’ and 2-2’ have same effective masses in
y direction (confinement direction), the effective masses are different in the transport
direction, which causes the difference of the current concentration.

Figure 2(b) compares the real-space solution and the mode-space solution. Although the
real-space solution takes into account all couplings with neighboring sites, the mode-
space solution completely neglects the coupling of modes among the neighboring seg-
ments. Therefore, the decoupled mode-solution often shows inaccurate results as shown
in Fig. 2(b). To avoid the inaccuracies, we have to take the mode coupling among the
segments when the vertical potential profile changes drastically.
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Figure 2: (a)I-V characteristics taking account of the anisotropic effective masses (total
valleys) compared to those with an isotropic effective mass (isotropic).(b)Comparison
of I-V characteristics of the real-space solution (solid line) with the mode-space solu-
tion (dashed ling). (Vg = Vo = 1.0 V).

Figure 3(a) shows local density of states in the DGMOSFET. Several quasi-bound states
are seen in the device. In the second subband, innegligible amount of carriers are exist-
ing. Tunneling through the potential barrier at the source end and quantum interference
in the device are clearly observed. The label “2 fold” stands for valleys 3-3’ which
have heavy effective mass in the confinement direction. Carriers flow not only in the
lowest subband but also the second lowest one around the drain region, which cannot
be expressed in conventional quantum correction methods.

Figure 3(b) shows the energy spectrum and its component in each valley of the cur-
rent density flowing in the device. Valley 3-3’ stands for the component of the current
through these valleys and so forth. As stated, current flows not only through the 1st
subband of the valley 3-3/, but also through the 2nd subband. The amount of the carri-
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Figure 3: (a)Local density of states in the device under Vot = Vg, = 1.0 V and
Vas = 0.4 V. “2 fold” stands for valleys 3-3’ which have heavy effective mass in the
confinement direction whereas light effective in the transport direction. (b)Energy spec-
trum of the current density. The 1st and 2nd subbands indicated by arrows are those of
the 2 fold valleys.

ers in the higher level is around 10 %, which cannot be neglected in the evaluation of
MOSFET performances.

4 Conclusion

We have shown the results of full-2D quantum mechanical simulation based on a Green’s
function formalism in order to understand some issues inherent to nano-MOSFETS. In
the simulation, both the two-dimensional quantum transport equation and the Poisson’s
equation are analyzed simultaneously taking into account the realistic band structures
of Si.

The simulation results with the anisotropic effective masses and with an isotropic ef-
fective mass are compared. The -V characteristics are found significantly different
since most of the current is comprised of the carriers in the valleys 3-3’, which have
the heavy effective mass in the confinement direction, that is, the anisotropic effective
masses significantly affect the transport characteristics.

The results for the real-space approach and mode-space solution are also compared. We
have to take the mode coupling among the segments when the vertical potential profile
changes drastically.

The current flows not only through the ground subband but also through the higher
subbands, which would affect the performance of the nano-scale MOSFETS.
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