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Non-local electron transport in nMOSFET inversion layers has been studied by Monte
Carlo (MC) simulations. Inversion layer quantization has been explicitly included in the
calculation of density of states and scattering rate for low-energy electrons while bulk
band structure is used to describe the transport of more energetic electrons. For
uniform, high-lateral field conditions, the effects of quantization are less pronounced
due to the depopulation of electrons in the lower-lying subbands. On the other hand,
Monte Carlo results for carrier transport in spatially varying lateral fields (such as those
in the inversion layer of MOSFETs) clearly indicate that depopulation of the low-lying
subbands is less evident in the non-local transport regime. Quasi-2D simulations have
shown that, at high transverse effective field, the inclusion of a quantization domain
does have an impact on the calculated spatial velocity transient.
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INTRODUCTION

With the continued scaling of the feature size of
MOS devices, carrier transport in the MOS
inversion layers has entered the regime where
non-local effects are no longer negligible. In a
previous study, velocity overshoot was found to
account for approximately 20% of the disagree-
ment in drain current between measurement and
drift-diffusion simulation in a 0.12 lm SOI
MOSFET [1]. Despite a few pioneering studies
on probing the electron spatial transient velocity in

compound semiconductor devices [2], a mature
experimental technique that allows the direct
measurement of carrier velocity in silicon MOS-
FETs has not been available. In order to
accurately express these non-local effects in phy-
sically based models, the Monte Carlo (MC)
technique has become increasingly indispensable
for device scientists and engineers. In conventional
MC tools, effects due to channel quantization
resulting from the steep bulk band bending are
routinely ignored. With phenomenological sur-
face-roughness scattering models, some conven-
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tional MC tools [3,4] using bulk silicon band
structure have demonstrated the ability to repro-
duce the experimental inversion-layer velocity-field
characteristics in the local transport regime within a
limited range of temperatures. However, the valid-
ity and accuracy of this type of approach remains
questionable in the non-local transport regime.

In favor of the semi-classical approach, one
might argue that non-local transport is most
generally observed under conditions of high
electric field in the transport direction. A condition
in which the inversion layer electrons populate
higher energy states and the effects of quantization
are less pronounced. However, the issue regarding
how fast the 2DEG can respond to an abruptly
changing field, hence become more classical-like,
has not been investigated. The purpose of this
paper is to qualitatively address these issues with
simulations performed on quasi-2D test structures.
As will be shown, inversion-layer quantization
does have an impact on the carrier average velocity
in the non-local regime, despite the presence of
high lateral electric field.

THE MONTE CARLO SIMULATOR

The MC program used in this work is an
integrated tool consisting of two simulation
domains that partition the entire inversion-layer
electron population into quantum (2D) and
classical (3D) components. The 2D domain is used
to simulate transport of low-energy electrons by
directly solving the multi-subband 2D Boltzmann
transport equation [5]. The 3D domain, employing
three fitted conduction bands, is used for treating
more energetic electrons that have motions that
are more classical-like [6]. The design of the
integrated tool allows the 3D domain to execute
without invoking the 2D domain. In its stand-
alone mode, the 3D domain takes into account
phonon scattering and impact ionization and has
been calibrated to reproduce uniform transport
characteristics in bulk silicon. It also employs a
phenomenological model, which was previously

validated, to take into account surface roughness
scattering [4]. In the 2D domain, the effective-mass
approximation (EMA) including bulk nonparabo-
licity is used and effects of scattering due to bulk
phonon and surface roughness have been ac-
counted for. Coulomb scattering is greatly sup-
pressed due to carrier screening in the strong-
inversion regime and has been ignored in the
present treatment. The envelope functions obtained
within the EMA are used to calculate the electron-
phonon form factors needed for computing the
phonon scattering rate. The parameters used in
phonon and surface roughness scattering models
have been adjusted to reproduce the experimental
mobility values. As shown in Figure 1, the
inversion layer ohmic mobilities obtained with the
2D domain agree well with those obtained in
previous experimental studies (at 413 K and 77 K)
and the extensively validated UT-mobility model
(at 300 K) [7, 8]. It should be emphasized that all
the MC mobility values are obtained with a single
set of scattering model parameters.

Physical boundary conditions between the 2D
and 3D domains are employed. The implementa-
tion is similar to that proposed by Fischetti et al.
[9] except for the use of a 2D/3D boundary (in the
energy space) more consistent with the EMA and
our previous pseudo-potential calculation [10].
Within the EMA, the envelope function of a given
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model values.
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subband is independent of the parallel momentum.
Such an insensitivity, confirmed in [10], indicates
that an electron with a large parallel momentum is
as well quantized as that with a small parallel
momentum in the same subband, despite the
difference between their total energies. Instead of
defining the 2D/3D boundary in terms of total
energy, as suggested in [9], we use a criterion
based on the electron total energy in the quantiza-
tion (z-) direction. The concept of "buffer sub-
bands" suggested in [9] has been adopted to allow
2D electrons to enter the 3D domain via scatter-
ing. The six lowest-lying subbands and 64 buffer
subbands have been used. Applying the above
criteria, as illustrated in Figure 2, a 3D electron is
converted to the quantum domain when the
following two conditions are met: (1) The electron
is located in the lowest bulk valley. (2) The total
energy of the 3D electron in the z-direction (Ez) is
less than Ez(th), where Ez(th), is defined to be the
edge of the lowest buffer subband and Ez is
evaluated within the parabolic approximation. On
the other hand, a 2D electron is converted to the
classical domain when it enters one of the buffer
subbands via intersubband scattering. Conserva-
tion of the electron in-plane momentum is imposed
in the conversion process. Since the energy
spectrum in the 3D domain is a continuum, energy
conservation is enforced for the 2D to 3D
transition. However, energy cannot be conserved
during the 3D to 2D transition because only
discrete subband levels are available in the 2D
domain. In this case, the subband that minimizes
the energy mismatch is chosen. If the energy
conservation law were strictly enforced during the
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FIGURE 2 Illustration of the partition of simulation domain
in the inversion-layer quantum well.

simulation, the 2D domain would be depleted of
electrons at steady state under uniform, high-
lateral-field condition, which is clearly unphysical.
To circumvent this problem without violating the
energy conservation, one needs to directly calcu-
late the scattering rate between the 3D and the 2D
states. This alternative approach is expected to be
comparable to our current implementation since
the 2D density of states obtained with the quantum
treatment is expected to be comparable to that
obtained with the classical treatment at sufficiently
high energy (the correspondence principle).
With the integrated MC tool, the velocity-

versus-field relations obtained at various trans-
verse Eefr are observed to agree well with the UT-
mobility model (see Fig. 3). As expected, the
calculated saturation velocity is the same as that in
bulk silicon since at high field, the 3D population
dominates and surface roughness scattering is less
effective. This is further evidenced in Figure 4,
where the populations of electrons in the quantum
and classical domains are separately plotted with
respect to the lateral field. At low lateral field, the
3D electrons have a larger population for the less
inverted channel due to the weaker quantum
confinement at lower Eefr. For the same reason,
the 3D component takes over the 2D component
at a lower lateral field in the less inverted channel.
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FIGURE 3 Velocity versus field obtained from the MC tool
including both 2D and 3D domains (symbols) compared to that
obtained with the UT mobility mode[ (lines).
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FIGURE 4 Populations of electrons in the quantum and
classical domains.

represents a worse case scenario where a power
supply of 4V is applied across the channel. In
Figure 5, it is observed that the 2D electron
population in the high lateral-field region remains
significant (>40%) in the overshoot regions
(around x=0.5tm for the ramp profile and
x=0.35 lm for the step profile), suggesting that
quantization might be of importance in the non-
local transport regime in spite of the presence of
the high lateral fields. It should be noted that, had
there been no non-local effects, inspection of
Figure 4 would have lead to the estimated
fractional 2D populations at these locations of
less than 20% even without taking into account

SIMULATION PROCEDURE AND RESULT

Quasi-2D structures with uniform MOS inversion
layers subjected to artificial lateral field profiles
that vary abruptly along the channel (x-) direction
are studied. A 1D Schr6dinger-Poisson iteration
following classical drift-diffusion simulation is
used to obtain the self-consistent subband disper-
sion and scattering rate for given substrate doping
levels (Nsub) and gate biases (Va). Either a step or
a ramp profile is chosen for the lateral field across
a 0.9 tm channel. The low-field region is
sufficiently long for transport to reach the steady
state corresponding to the local field. A periodic
boundary condition is applied to both ends of the
channel with carrier injection conserving both
momentum and subband index. To directly assess
velocity overshoot due solely to the applied field,
Poisson feedback resulting from the carrier redis-
tribution along the channel has been ignored.
To appreciate the importance of the quantum

domain in the non-local transport regime, the
fractional electron population in the 2D domain
under step-like and ramp-shaped lateral field
profiles is examined. The ramp field profile
corresponds to a 2V voltage drop across the

0.21am channel and roughly conforms with
the power-supply scaling trend associated with
the scaling of device dimensions. The step profile
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FIGURE 5 (a) Fractional population of electrons in the 2D
simulation domain (symbols). Applied lateral field profiles are
also shown (lines). (b) Velocity profiles along the lateral
direction obtained with the lateral field profiles in (a).
Overshoot occurs near x=0.5 tm and x=0.35 lam for the step
profile and ramped profile, respectively.
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the fact that the Eefr used in Figure 5 is lower than
those used in Figure 4.
With the same ramped lateral field profile shown

in Figure 5(a), Figure 6 shows that the transient
velocity obtained at different Eefr’s and Nsub’S. In
general, the transient velocity seems to have a
stronger dependence on Eefr than on Nsub. In the
low-field region, this is expected since the quantum
domain explains universal mobility quite well. The
universality of velocity (and mobility) dependence
on Eefr seems to be retained along the rising edge
of the transient velocity until the latter becomes
sufficiently high, where Nsub starts to have some
impact. At higher Eefr’ the lower velocity observed
on the rising edge can be qualitatively explained by
the lower mobility of the ground subband due to
stronger surface roughness scattering. Near the
velocity peak, on the other hand, a simple
explanation for the different velocities is not
available since all subbands in the quantum
domain and the classical domain are equally
significant.
To see the quantization effects on the MC-

simulated velocity profile, Figures 7(a) and 7(b)
compare the velocity profiles obtained with con-
ventional MC with those obtained with the
integrated MC tool at Eefr=5.6 x 105V/cm and
9.8 x 105 V/cm, respectively. In both cases, lower
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FIGURE 6 Velocity along the channel with ramped field
profile at two different Eefr. More pronounced overshoot is seen
at the lower Eefr. For each Efr, two different substrate doping
levels are used.
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FIGURE 7 Velocity profiles obtained from conventional MC
simulations compared to those obtained from the integrated
tool. Different Efr’s and same substrate doping level (lxl016
cm-3) are used in (a) and (b).

peak velocities are predicted by the integrated MC.
Although the difference between two MC results
slightly increases as quantization becomes stron-
ger, we are reluctant make the intuitively appeal-
ing statement that the difference is indeed
enhanced as channel becomes more strongly
inverted. If such a trend does exist, the impact of
including channel quantization on the predicted
velocity overshoot in conventional deep-submi-
cron MOSFETs might be limited as the quantum
confinement is weaker near the drain. However, as
aggressive device design with asymmetric channel
doping profile has been carried out [11] to take
advantage of velocity overshoot near the source,
where the silicon surface is strongly inverted,
quantization effects on the spatial velocity transi-
ent is likely to be more significant in these devices.

CONCLUSION

Quasi-2D Monte Carlo simulations that take into
account the effects due to size quantization have
been used to study carrier velocity overshoot in
nMOS inversion layers. Non-local effects are seen
not only in carrier velocity but also in the carrier
population. With a given ramp-field profile, the
spatial transient velocity is observed to depend on
the transverse effective field more strongly than on
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the substrate doping. In this work, more pro-
nounced velocity overshoot is observed at lower
Eetr.
The impact ofquantization on simulated velocity

profiles has been observed by comparing results
obtained with the conventional MC to those
obtained with the integrated MC tool. While
quantization seems to have a slightly larger impact
at higher Eefr, more thorough study is needed to
support such a viewpoint, given the uncertainties in
models used in both MC tools. Since the compar-
ison is based on two different simulation models,
each of which contains certain number of para-
meters calibrated such that uniform-condition
transport characteristics can be reproduced, we
cannot exclude the possibility that there exists a
different region in the parameter space where one
can draw a conclusion different from ours. In fact,
even among the currently existing well-calibrated
classical MC codes, disagreement in spatial tran-
sient velocity is very likely to exist. The same
statement can also apply to the quantumMC codes.
More studies are needed to clarify the issues related
to the impact ofquantization on velocity overshoot.
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