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Abstract—In this paper, the authors study a quasi-ballistic
transport in nanoscale Si-MOSFETs based upon a quantum-
corrected Monte Carlo device simulation to explore an ultimate
device performance. It was found that, when a channel length
becomes shorter than 30 nm, an average electron velocity at the
source-end of the channel increases due to ballistic transport
effects, and then, it approaches a ballistic limit in a sub-10-nm
regime. Furthermore, the authors elucidated a physical mecha-
nism creating an asymmetric momentum distribution function at
the source-end of the channel and the influences of backscattering
from the channel region. The authors also demonstrated that
an electron injection velocity at a perfectly ballistic transport
is independent of the channel length and corresponds well to a
prediction from Natori’s analytical model.

Index Terms—Nanoscale MOSFET, quantum effects, quantum-
corrected Monte Carlo (MC) simulation, quasi-ballistic transport.

I. INTRODUCTION

TO ACHIEVE a continuous improvement in drive cur-
rent of Si-MOSFETs as the International Technology

Roadmap for Semiconductors requires [1], carrier-velocity en-
hancement utilizing ballistic transport, combined with the use
of high-mobility channel materials, is considered to be neces-
sary. With the significant advances in lithography technology,
a channel length of Si-MOSFET continues to shrink rapidly
down to a sub-10-nm regime [2], and the nanoscale channel
lengths open up a possibility to realize a quasi-ballistic oper-
ation of MOSFETs. The device physics of the quasi-ballistic
MOSFETs has been studied extensively by analytical [3]–[7]
and compact models [8]–[10], but a much more detailed treat-
ment of the dominant scattering processes [11]–[14] and a
consideration of multidimensional quantum transport [15]–[18]
will be indispensable in exploring an ultimate device perfor-
mance of Si-MOSFETs.

A schematic diagram representing how to determine a cur-
rent drive in the quasi-ballistic model is shown in Fig. 1. The
source is treated as a reservoir of thermal carriers, which injects
carriers from source to forward channel with an injection ve-
locity of vinj. When scattering exists in the channel, an average
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Fig. 1. Schematic diagram representing how to determine current drive in
quasi-ballistic model. Qf and Qb are the forward and backward channel charge
densities, respectively, and Q = Qf + Qb represents the total charge density
at the bottleneck point, which is related to a sheet carrier density Nsource

s by
Q = eNsource

s .

carrier velocity at the source-channel barrier vs decreases from
vinj and is expressed as [4]

vs = vinj ×
1 −R

1 + R(vinj/vback)
(1)

where vback is a backward channel velocity and R a backscat-
tering coefficient defined as a flux ratio given by R =
Qbvback/Qfvinj, where Qf and Qb are the forward and the
backward channel charge densities, respectively. Equation (1)
is derived from the relations Qvs = Qfvinj −Qbvback and Q =
Qf + Qb (the carrier charge density around the bottleneck). In
the ballistic limit (R = 0), vs = vinj. As far as we know, a
physical mechanism creating vinj and roles of backscattering
in (1) have not been fully understood yet. In this paper, we
discuss these issues based upon a quantum-corrected Monte
Carlo (MC) device simulation and propose a picture of quasi-
ballistic transport in nanoscale MOSFETs.

II. QUANTUM-CORRECTED MC METHOD

The MC method is a powerful tool in investigating carrier
transport with various scattering processes in ultrasmall Si-
MOSFETs. Lately, the quantum mechanical effects can be
incorporated in the MC method by considering a quantum
correction of potential in the equations of motion [12], [13],

0018-9383/$20.00 © 2006 IEEE



2966 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 53, NO. 12, DECEMBER 2006

[17]–[24]. In this paper, we employ a density-gradient-based
quantum correction approach, which has been proposed by our
group, as follows [12], [13], [17], [19]:

dr
dt

=v (2)

dk
dt

= − 1
�
∇r

(
U + UQC

ν

)
. (3)

The velocity equation (2) is the same as the one used in the
standard MC technique, but the force equation (3) is modified
in the quantum transport so that particles evolve under the
enforcement not only by the classical built-in potential U but
also by the quantum correction of potential UQC

ν given by
[12], [13], [17]

UQC
ν =− �

2

12mν
x

∂2 ln(nν)
∂x2

− �
2

12mν
y

∂2ln(nν)
∂y2

− �
2

12mν
z

∂2ln(nν)
∂z2

(4)

where the index ν = (1, 2, . . . , 6) denotes the six equivalent
valleys of the silicon conduction band. nν represents the carrier
density, and mν

x, mν
y , and mν

z represent the effective masses
of the ellipsoidal bandstructure. To prevent a divergence of
UQC

ν , the carrier density nν is time-averaged for several 10 ps
during the particle MC simulations. In addition, we adopt a
smoothing technique for the quantum potential U + UQC

ν by
using the nearest neighbor spatial points. Further, we should
pay attention if we apply (4) to a carrier transport simulation
at the Si/SiO2 interface. Namely, the carrier density at the
interface usually becomes very small due to a large potential
barrier, and thus, the second-order space derivative of the carrier
density tends to diverse at the interface. To overcome this
problem, we introduce a coupled method with an effective po-
tential approach [18], [20]. In the coupled method, the quantum
correction of potential UQC

ν is used only for the Si region, while
the effective potential is employed for the SiO2 region [17].
In the calculation of the transition rates of the scattering
processes, the quantum correction of potential UQC

ν should be
taken into account in the evaluation of the carrier’s total energy.

As compared with the alternative quantum-corrected MC
approaches [18], [20], [22]–[24], the features of the density-
gradient quantum correction in the MC technique are as fol-
lows: 1) parameter-free. The effective masses in (4) are given by
using the standard values of ml = 0.98m0 and mt = 0.19m0;
2) simple. The solution of the Schrödinger equation is unneces-
sary throughout the simulation; and 3) applicability. Since the
quantized subband splitting in the ellipsoidal multivalleys of
the Si conduction band is accurately simulated [12], [13], we
can apply it for ultrathin silicon-on-insulator (SOI) structures
with Si thicknesses thinner than 10 nm. Therefore, we ex-
pect that quantum transport in ultimately scaled Si-MOSFETs
can be accurately simulated by using the density-gradient-
based quantum correction once we could overcome concerns
relating to the density fluctuations [17], [23]. The validity
of our quantum-corrected MC method mentioned above has

Fig. 2. Three-dimensional DG-MOSFET used in the simulation. TSi = 3 nm
and Tox = 0.5 nm. The donor concentration in the source and drain regions is
ND = 1.0 × 1020 cm−3, and the channel region is assumed to be undoped.

been demonstrated by comparing the one-dimensional (1-D)
self-consistent Schrödinger–Poisson solution [12], [13] and the
nonequilibrium Green’s function approach [25].

The 3-D device model used in the simulation is shown in
Fig. 2. Since the suppression of short-channel effect is crucial
in a precise analysis of nanoscale MOSFETs, we adopted a
double-gate (DG) and ultrathin body structure, as shown in
Fig. 2. The Si body thickness TSi is set as 3 nm, which is much
smaller than the one used in [14], where most of the electrons
propagate in the two-fold valleys with a higher mobility along
the interface and phonon scattering between the subbands is
forbidden [26]. Therefore, the present simulation is well suited
for highly accurate investigation on the ultimate device per-
formance of ballistic MOSFETs. Furthermore, the extremely
thin gate oxide of Tox = 0.5 nm is adopted, which is also
effective in eliminating the short-channel effect. For simplicity,
the gate tunneling effect is neglected in this paper. The channel
length Lch is varied from 50 to 8 nm, where we confirmed that
the short-channel effect is sufficiently suppressed until Lch =
8 nm. The device width W is given as 100 nm. The donor
concentration in the source and drain regions is ND = 1.0 ×
1020 cm−3, and the channel region is assumed to be undoped.
The temperature is 300 K. The Poisson’s equation is self-
consistently solved with a 2-D carrier density averaged over
the z-direction. The scattering processes considered, which
play an important role in the quasi-ballistic simulation, are
impurity scattering, interface roughness scattering, intravalley
acoustic phonon and intervalley phonon scatterings including
f - and g-phonons, and electron–electron scatterings including
electron-plasmon and short-range Coulomb interactions. The
impurity scattering, which is considered only in the source
and drain regions, is treated by using the Brooks–Herring
model for simplicity. The values of the deformation poten-
tials and the phonon frequencies are taken from the study
in [27]. The roughness scattering at the gate oxide inter-
faces is modeled as a mixture of specular reflections and
elastic diffusions, each occurring with a probability of 0.5 at
every hitting interfaces [28]. The electron–electron scatterings
are incorporated by splitting the Coulomb interactions into
short-range and long-range potentials, where the short-range
part is included through an addition of a molecular-dynamics
(MD) loop and the long-range part is treated as an addi-
tional scattering mechanism, that is, inelastic electron-plasmon
scattering [13].
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Fig. 3. (a) Potential and sheet electron concentration and (b) average electron
velocity profiles along the channel computed for ballistic DG-MOSFETs with
various channel lengths. VDS = 0.6 V (current saturation region), and VG is
adjusted to keep the sheet electron concentration Ns equal to 7 × 1012 cm−2

at the potential bottleneck point. The scattering in the source and drain regions
is considered. The horizontal dashed line represents the injection velocity
calculated by using the analytical model.

The longitudinal and transverse effective masses of the sil-
icon conduction band are explicitly considered by using the
Herring–Vogt transformation. The nonparabolicity of the band-
structure is taken into account by introducing a nonparabolicity
parameter α [27]. The degeneracy effects are also incorporated
in a way that a distribution function fν(k, r) is tabulated at each
location throughout the device and any scattering processes
are rejected if the final electron state and band index ν are
such that 1 − fν(k, r) ≤ η, where η is a random number in
[0, 1]. In this paper, we apply the quantum-corrected MC and
MD approaches to quasi-ballistic transport simulation in the
DG-MOSFET shown in Fig. 2.

III. SIMULATED RESULTS

A. Injection Velocity vinj

To investigate a physical mechanism creating vinj, we first
performed a ballistic MC simulation, which means that the scat-
tering is neglected in the channel region, while the scatterings
in the source and drain regions are considered.

Fig. 3 shows the electron-transport properties computed for
the fictitious ballistic MOSFETs with various channel lengths,
where the source–drain voltage VDS = 0.6 V (current saturation
region) and the gate voltage VG is adjusted to keep the sheet

Fig. 4. Schematic diagram explaining the increase in average electron velocity
at the source-end of the channel.

Fig. 5. Distribution function in momentum space computed for ballistic
MOSFET, with Lch = 30 nm. The channel region extends from y = 10 to
40 nm. The potential bottleneck is located at y = 11.5 nm.

electron concentration Ns equal to 7 × 1012 cm−2 at the poten-
tial bottleneck point. Here, it should be noted that the average
electron velocity increases along the channel at the source-
end barrier (potential bottleneck), and the injection velocity
vinj is almost independent of Lch. This is due to the fact that
the electrons with negative velocity vectors, which represent
the electrons reflected by the potential bottleneck barrier, van-
ish away upon approaching the potential maximum point, as
schematically shown in Fig. 4. Since the potential bottleneck
barrier in the ballistic MOSFETs is almost unchanged with Lch,
as shown in Fig. 3(a), vinj becomes independent of Lch. Fig. 5
shows the computed momentum distribution function for the
ballistic MOSFET with Lch = 30 nm, where the channel region
extends from y = 10 to 40 nm. The thick solid line indicates
the distribution function at the potential bottleneck point. It is
found that the distribution function having negative velocity
vectors rapidly decays in a few nanometers at the source-end
of the channel. As a result, an asymmetric distribution function
is formed at the source-end, and thus, the average electron
velocity increases as mentioned above.

To examine the shape of Fig. 5 more closely, the distribution
functions at the inside of the source and at the potential bottle-
neck point are shown in Fig. 6(a) and (b), respectively. Here,
the open circles in Fig. 6(a) and (b) indicate the symmetric and
the asymmetric Fermi–Dirac functions integrated with respect
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Fig. 6. Distribution functions at: (a) y = 8 and (b) 11.5 nm of Fig. 5. The open circles in (a) and (b) denote the symmetric and the asymmetric Fermi–Dirac
functions, respectively, and (c) represents the magnified profiles of the corresponding potential and sheet electron density, where the inset indicates the electric
field distribution with spatial mesh points denoted by the open circles.

to kz , respectively, which are calculated by using the following
equation:

fFD(ky)

=
6∑

ν=1

20∑
nx=1

1
π

×
∫
dkz

1
1+exp {[Enx,ν

x +Ey(ky)+Ez(kz)−eφFS]/kBT}

=
6∑

ν=1

20∑
nx=1

√
2mν

zkBT

π�
F−1/2([eφFS−Enx,ν

x −Ey(ky)]/kBT )

(5)

where F−1/2 denotes the −1/2-order Fermi–Dirac integral
represented by the Fermi energy eφFS, the quantized energy
levels Enx,ν

x , and the free kinetic energy Ey(ky). eφFS and
Enx,ν

x were obtained by solving the 1-D Schrödinger–Poisson
equations at the corresponding sheet electron density. An an-
alytical model for perfectly ballistic MOSFETs discussed be-
low usually assumes an asymmetric Fermi–Dirac function at
the bottleneck point [3], [4]. It is found from Fig. 6(a) that
the distribution function is quasi-symmetric inside the source
because of the thermalization by the scattering. On the other
hand, the asymmetric distribution function without negative
momentum is formed at the bottleneck point, as shown in
Fig. 6(b). The asymmetric distribution function obtained from
the MC simulation agrees well with the hemi-Fermi–Dirac
function denoted by the open circles. The discrepancy from a
discontinuous shape at zero momentum is considered to be due

to a nonnegligible driving force at the potential maximum point
shown in the inset of Fig. 6(c), which is unavoidable in the finite
difference scheme used in our MC simulation.

We also compared with an injection velocity estimated from
the analytical model for perfectly ballistic MOSFETs proposed
by Natori [3], [4]. The horizontal dashed line in Fig. 3(b) rep-
resents the injection velocity calculated by using the analytical
model based upon the asymmetric Fermi–Dirac function, where
we considered the twenty quantized energy levels from the low-
est one for both the two-fold and four-fold valleys. It is found
for the first time that the injection velocity from the analytical
model vanalytical

inj corresponds well to the injection velocities
obtained by using the quantum-corrected MC simulation. The
above result means that the analytical model based upon the
asymmetric Fermi–Dirac function is valid for the estimation of
injection velocity and saturation current in perfectly ballistic
MOSFETs. Incidentally, if the quantum corrections are not in-
cluded, the estimated injection velocity will be underestimated
for the identical electron density because the dominant electron
transport in the two-fold valleys with the higher mobility along
the interface is not taken into account.

B. Roles of Backscattering

Next, we discuss the influences of scattering. Fig. 7 shows the
electron-transport properties computed for the real MOSFETs
with various channel lengths, where the “real” means that the
scattering in the channel is considered. The bias conditions are
the same as in the previous section. First, it is found that the av-
erage electron velocity at the bottleneck point vs depends on the
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Fig. 7. (a) Potential and sheet electron concentration and (b) average electron
velocity profiles along the channel computed for real DG-MOSFETs with
various channel lengths, where the “real” means that scattering in the channel is
considered. The bias conditions are the same as in Fig. 3. The horizontal dashed
line represents the injection velocity calculated by using the analytical model.

channel length for the real MOSFETs. In other words, as shown
in Fig. 8, vs increases as Lch reduces, where the solid and the
open circles represent the results for the real and the ballistic
MOSFETs, respectively. The numbers denote the averaged
frequencies of scattering events that electrons encounter during
their flight through the channel region (percentage of ballistic
electrons). It is clearly found that, when the channel length
becomes shorter than 30 nm, the average electron velocity at the
source-end of the channel enhances according to the increase in
ballistic electrons, and then it approaches the ballistic limit in
the sub-10-nm regime.

Next, Fig. 9 shows the computed momentum distribution
functions for the real MOSFETs with: (a) Lch = 30 nm and
(b) 8 nm, where the channel region extends from y = 10 to
40 nm in (a) and from y = 10 to 18 nm in (b). It is found
that the distribution function broadens due to the scattering in
the channel. However, in the case of Lch = 8 nm, the rapid
decay in the negative velocity vectors is observed at the source-
end in Fig. 9(b). Consequently, the average electron velocity
at the source-end of the channel approaches the ballistic limit
(vinj) in the sub-10-nm regime, where stationary effects such as
high-field velocity saturation will be less relevant to the device
operation.

Furthermore, the roles of backscattering in the form of distri-
bution function are shown in Fig. 10 at the potential bottleneck
point, where the channel length is: (a) 30 and (b) 8 nm. The
solid and the dashed lines correspond to the results for the

Fig. 8. Channel-length dependences of average electron velocity at the po-
tential bottleneck point, where the solid and open circles represent the results
for the real and ballistic MOSFETs, respectively. The numbers denote the
averaged frequencies of scattering events in the channel region (percentage of
ballistic electrons). Note that scattering events due to the short-range Coulomb
interactions using MD routine are not included in these statistics.

real and the ballistic MOSFETs, respectively. Here, it should
be emphasized that the increase in the negative momentum
denotes the presence of backward channel current due to the
scattering, while the decrease in the positive momentum is
to keep the electron concentration induced by the gate bias,
which represent the qualitative roles of the numerator and the
denominator in (1), respectively. This may be simply called
the thermalization effects by scattering at the source-end of the
channel. As a result, the distribution function broadens, and the
average electron velocity decreases. We notice that the thermal-
ization by scattering becomes less significant for Lch = 8 nm.

Finally, we evaluated the index of ballisticity rB and
backscattering coefficient R as a function of Lch, as shown in
Fig. 11, where rB = vs/vinj and R is calculated by using the
following equation, which was derived from (1), and the results
of Fig. 8:

R =
vinj − vs

vinj + vs(vinj/vback)
. (6)

In this paper, we actually calculated the average backward chan-
nel velocity vback by using the distribution function obtained
from the MC simulation and found that vback ≈ 0.6 ∼ 0.8vinj

for the channel lengths used in the present paper, which cor-
responds well to the value of vback ≈ 0.7vinj reported in [14].
It is found from Fig. 11 that rB approaches 1.0 and R reduces
down to less than 5% in the sub-10-nm regime. In Fig. 11, the
backscattering coefficients estimated by using an assumption
of vback = vinj [5] are also plotted in the dashed line. We found
that the backscattering coefficients are overestimated by about
15% with this assumption. We also notice that both rB and
R curves indicate a plateaulike behavior around Lch = 15 nm,
which is considered to be due to a scattering rate increase for the
quasi-ballistic electrons with higher kinetic energies. The above
results mean that the fraction of electrons backscattered into
the source electrode, which actually degrades the drive current,
become less than 5% in the sub-10-nm MOSFETs, although
more than 70% electrons are scattered at least once during their
flight through the channel, as shown in Fig. 8.



2970 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 53, NO. 12, DECEMBER 2006

Fig. 9. Distribution functions in the momentum space computed for the real MOSFETs with: (a) Lch = 30 and (b) 8 nm, where the channel region extends from
y = 10 to 40 nm in (a) and from y = 10 to 18 nm in (b).

Fig. 10. Roles of backscattering in the form of distribution function at the
potential bottleneck point, where the channel length is: (a) 30 and (b) 8
nm. The solid and dashed lines correspond to the results for the real and
ballistic MOSFETs, respectively, and the open circles denote the asymmetric
Fermi–Dirac function.

IV. CONCLUSION

Based upon the quantum-corrected MC device simula-
tion, we investigated a picture of quasi-ballistic transport in
nanoscale MOSFETs. First, we presented that the injection
velocity at perfectly ballistic transport is independent of the
channel length and corresponds well to the estimation from
Natori’s analytical model. Next, we demonstrated how the
asymmetric momentum distribution function is formed at the
bottleneck point, which was due to the fact that the carriers
reflected by the potential bottleneck barrier vanish away upon

Fig. 11. Index of ballisticity rB and backscattering coefficient R calculated
as a function of Lch, where rB = vs/vinj. We found that vback ≈ 0.6 ∼
0.8vinj.

approaching the potential maximum point. We also demon-
strated that the assumption of vback = vinj is not correct in a
precise sense and overestimates the backscattering coefficient.
Finally, we found that the electron velocity enhancement due
to the quasi-ballistic transport will be expected as the channel
length becomes shorter than 30 nm, but it will reach the ballistic
limit in the sub-10-nm regime.

We will further study on backscattering localization and its
effects on a drain current degradation based upon the quantum-
corrected MC technique.
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