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Electronic Transport in Laterally Asymmetric
Channel MOSFET for RF Analog Applications

Raúl Rengel and María Jesús Martín

Abstract—In this paper, an ensemble Monte Carlo investi-
gation of the static and dynamic performances in the high-
frequency domain of laterally asymmetric channel (LAC) bulk
metal–oxide-semiconductor field-effect transistors (MOSFETs) is
presented. A detailed comparison with a homogeneously doped
bulk device is also included. The results presented show that
the use of an asymmetric doping within the channel enhances
nonequilibrium features as velocity overshoot, thus significantly
improving the transconductance of the device. The gradual vari-
ation of doping is also responsible for a modification of the elec-
trostatic conditions and the inversion charge profiles, provoking
the reduction of the gate-to-source capacitance, a minor influence
of surface scattering, reduced transit times, and higher mean free
paths. A noticeable enhancement (as compared to a conventional
device) in the RF and microwave frequency range of the dynamic
performance of the transistors is also evidenced. This is mainly
due to a better transconductance-to-current ratio, Early voltage,
and open-loop gain, which are the results of the improvement of
the charge transport conditions in the device at a microscopic
level. Therefore, LAC MOSFETs can be a viable option to enhance
the figures of merit of bulk silicon technology for high-frequency
analog applications.

Index Terms—Cutoff frequency, Early voltage, electronic
transport, laterally asymmetric channel (LAC) metal–oxide-
semiconductor field-effect transistor (MOSFET), Monte Carlo
simulation, RF performance, transconductance.

I. INTRODUCTION

S ILICON devices and, in particular, metal–oxide-
semiconductor field-effect transistors (MOSFETs)

have been known to have an amazing development in the last
decades. The continuous effort of researchers and engineers,
guided by the scaling specifications of the International
Technology Roadmap for Semiconductors [1], has boosted
the RF performance of CMOS technology, thus making it a
competitive contender for the design of cheap low-power low-
voltage analog applications [2]–[5].

Unfortunately, the scaling of MOS transistors in the de-
cananometer range is accompanied by a series of small-size
effects that may potentially limit the use of these devices for
analog applications [6], [7]. In order to overcome some of those
problems and to improve the dynamic and noise yield of silicon
MOSFETs, some authors have proposed the use of channel dop-
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ing engineering as a feasible way to extend the RF performance
of such devices and be competitive with III–V technologies in
this frequency range [8]–[11]. In particular, several works have
dealt with the investigation of the so-called laterally asymmetric
channel (LAC) MOSFETs: In the fabrication process of a LAC
MOSFET, a tilted angle implantation from the source side is
carried out after the gate contact is formed. In this way, a
progressively varying channel doping profile is obtained, with
high doping values from the source to moderate or low doping
values close to the drain [9], [12]–[14].

In order to fully understand the effect of an asymmetrical
channel doping profile on the device performance, it is neces-
sary to go beyond the values of the main static and dynamic
figures of merit relevant to circuit designers and to focus on
its relation to the microscopic transport properties. To achieve
this goal, the Monte Carlo method applied to the simulation of
semiconductor devices [15], [16] is one of the most appropriate
tools. In this paper, we have used our in-house Monte Carlo 2-D
simulator to carry out a physical modeling of charge transport.
From the data obtained, an in-depth analysis of the static
and dynamic performances of LAC MOSFETs is performed,
including its comparison to symmetrically doped (SYM) tran-
sistors. Particular attention is paid to physical quantities such as
channel transit times, average time between scatterings, mean
free paths, etc., together with the longitudinal profiles along the
channel (extracted from 2-D simulation) of electron velocity,
concentration and potential drop inside the channel, and its
relation to dynamic figures of merit. This paper is organized as
follows. In Section II, the main simulation details are described,
including the description of the topology of the devices under
study and several features of the Monte Carlo simulator. In
Section III, the most relevant results of our work, including
microscopic quantities and dynamic figures of merit, are shown,
and the main discussion is carried out. Finally, the conclusions
are presented.

II. SIMULATION DETAILS

The simulated structure is shown in Fig. 1, together with the
transfer characteristics for both devices at VDS = 2.0 V. Two
different cases have been considered for the channel doping.
For the first simulated structure (LAC MOSFET), a steplike
function is taken into account in order to reproduce the variation
of a realistic Gaussian doping profile given by 2-D ISE-DESSIS
(see Fig. 1) [8]. The maximum doping value is equal to 5 ·
1018 cm−3 close to the source and gradually decreases down
to 1016 cm−3 at the drain end of the channel. In the case of a
SYM MOSFET and in order to keep the same threshold voltage
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Fig. 1. Schematics of the simulated structures, including the doping profile
for the LAC MOSFET and the transfer I–V curves for both devices. The origin
for the X-coordinate (longitudinal) is the beginning of the channel close to the
source, and the origin for the Y -coordinate (transversal) is considered to be the
Si–SiO2 interface.

as for the case of the LAC device, a uniform doping equal to
1.5 · 1018 cm−3 is taken into account. Such consideration for
the doping profiles for LAC and SYM transistors has also been
proposed by other authors [8]. The effective gate length Leff is
100 nm, the oxide thickness tox is 1.8 nm, the overlap length
Lov is considered to be 15 nm, and the depth of the source and
drain regions is equal to 30 nm.

The results presented in this paper have been obtained by
means of our 2-D Monte Carlo device simulator, which main
details can be found in [17] and [18] and references therein. Im-
purity scattering, acoustical and optical phonon scattering, and
surface scattering are included in the simulations. The simulator
has been successfully tested with experimental measurements
for several types of MOSFET devices [17], [18]. Although
the simulator provides the 2-D results for the main internal
quantities (electron concentration, energy, velocity, etc.), to
provide a clearer discussion and comparison between simulated
structures, it is more adequate to present the 1-D profiles of
these quantities along the channel. In this way, the longitudinal
1-D profiles shown in the graphs are appropriately obtained,
weighting the 2-D values by the carrier concentration along
the vertical (y) axis. The procedure to obtain the 1-D average
profiles is similar to that explained in [19]. As an example, to
achieve the 1-D profiles for the average velocity, we use

〈vx(x)〉 =
(∫

v̄x(x, y)n̄(x, y)dy

)/∫
n̄(x, y)dy).

From the relevant data related to the microscopic movement
of carriers crossing the channel, it is possible to perform a
complete study of electronic transport inside the device. In

order to obtain the internal quantities related to electronic
transport (mean free paths, transit times, number of scattering
events, etc.), a counting region corresponding to the effective
channel is considered [19], [20]. Each electron inside the count-
ing region is flagged, and all the relevant data related to its
movement are recorded (number and type of scattering events,
free flight times, distance travelled in the X- and Y -axes,
etc.). Simulations over a 100-ps simulation time are required in
order to achieve the adequate statistical resolution (by letting
a large number of superparticles to cross the channel) for
the different bias points and devices considered. The dynamic
figures of merit are obtained from the calculation of the four
complex and frequency-dependent admittance (Y ) parameters.
These are given by the Fourier analysis of transient values of
instantaneous currents recorded when small voltage steps are
separately applied to terminals, as in [17].

III. RESULTS AND DISCUSSION

In order to carry out a fair comparison between LAC and
SYM transistors, identical drain current conditions (ID =
300 µA · µm−1) are considered in the longitudinal profiles
shown here, which is well suited for the subsequent discussion
about the dynamic performance of the devices. It has been
pointed out by other authors that the appearance of nonequi-
librium carrier transport (and, particularly, velocity overshoot)
in short-channel devices opens the possibility of improving
the transconductance and, hence, the dynamic performance of
MOS transistors [21].

Fig. 2 shows the longitudinal (Ex) field, potential, and
average electron velocity profiles for the LAC and SYM de-
vices under identical current conditions at VDS = 2.0 V. The
potential profile presents a larger slope for the LAC transistor
in the first two-third of the channel, while the conventional
MOSFET concentrates the potential variation at the vicinity of
the drain n+ region. This implies important differences in the
electric field experienced by carriers crossing the conducting
channel. As it can be observed, close to the drain in the LAC
MOSFET, the negative peak value of Ex is equal to −716 kV ·
cm−1, while it is much larger (−1240 kV · cm−1) for the SYM
MOSFET. On the contrary, in the middle part of the channel and
close to the source, the longitudinal electric field is significantly
more elevated for the asymmetrically doped transistor (about
−100 kV · cm−1 at x = 20 nm) than for the SYM MOSFET
(−20 kV · cm−1 at that same longitudinal location). The SYM
device presents the typical velocity profile for a MOS transistor
in saturation [22], with an important velocity overshoot close
to the drain, while in the most part of the channel, the ve-
locity values are below the saturation velocity in bulk silicon
(107 cm · s−1). However, in the case of the LAC MOSFET,
the velocity increases much more rapidly from source to drain,
thus presenting an overshoot mostly at the middle part of the
channel: Indeed, with the Gaussian doping profile considered,
the maximum velocity value (which is lower than the peak value
in the SYM device) is obtained practically at the midpoint of the
effective channel. From that point on, the longitudinal velocity
tends to decrease in the LAC MOSFET. This is due to the
combination of several factors: First of all, the population in



2450 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 57, NO. 10, OCTOBER 2010

Fig. 2. (a) Longitudinal electric field, (b) potential profiles, and (c) average
drift velocity in the X-axis at ID = 300 µA · µm−1 and VDS = 2.0 V.

the X valleys of the conduction band is not uniform along the
channel, as a consequence of the variation of the longitudinal
and transversal electric fields. In the case of the LAC MOSFET,
the profile of the vertical field (which will be discussed af-
terward) provokes a progressive increase in the population of
[010] X valleys along the channel, thus augmenting the total
population of X valleys transversal to the longitudinal field
along the [100] direction and contributing to the initial increase
of the average velocity due to their reduced effective mass.
For the SYM MOSFET, this occurs closer to the drain. On the
other hand, when the electrons reach energies on the order of
hundreds of millielectronvolts, the average electron momentum
tends to relax by the effect of isotropic phonon scattering, and
the average velocity rapidly drops for the LAC MOSFET, while
still high kinetic energies are observed in the last part of the
channel. Consequently, significant nonequilibrium phenomena
are observed.

The results shown for the different longitudinal profiles (po-
tential, velocity, and Ex) are in a general good agreement with
those presented by other authors [9], [21]. However, in order to
fully understand the nature of transport within the channel of
LAC MOSFETs, it is also extremely important to examine the
vertical dimension, and in particular the electric field transver-
sal to electronic transport, Ey , which is usually not discussed
in the literature but, in this case, plays a key role. Fig. 3
shows the vertical electric field (Ey) profile along the channel
for the LAC and SYM MOSFETs at ID = 300 µA · µm−1.
While the peak value of Ey close to the source is practically
identical (around 1000 kV · cm−1) in both structures, in the
middle part of the channel, the conventionally doped SYM

Fig. 3. Transversal electric field profiles at ID = 300 µA · µm−1 and
VDS = 2.0 V.

MOSFET presents much more elevated values than the LAC
device. For example, at x = 50 nm, the electric field is equal
to 300 kV · cm−1 for the LAC MOSFET, while in the SYM
transistor, it practically triples this value, being Ey equal to
900 kV · cm−1. This fact is consequence of the different action
of a uniform gate voltage over the asymmetrically doped chan-
nel, since in a MOS junction, the vertical electric field inside the
semiconductor depends on the square root of the local substrate
doping: The lower the doping, the lower the vertical electric
field. Therefore, in the LAC MOSFET, the vertical field is
consequently strongly curtailed along the channel, and a minor
influence of surface scattering is expected.

In Fig. 4, we present the average number of total isotropic
scatterings, phonon scattering, and surface scatterings suffered
by an electron travelling from source to drain, as a function of
the drain current at VDS = 2.0 V. As it can be observed, there
are a much reduced number of the total isotropic scattering
events in the LAC MOSFET. On the one hand, phonon scatter-
ing is much more relevant for the asymmetrically doped device.
The high values of momentum reached by carriers crossing the
channel yield an enhanced probability for those events to occur.
As it can be observed, for low drain currents (i.e., low VGS),
the number of phonon scatterings in a LAC MOSFET almost
doubles the number of phonon scatterings in a SYM device.
As the gate voltage is increased and higher drain energies are
reached, the differences tend to reduce, but even so, the number
of phonon scatterings keeps larger in the LAC MOSFET. How-
ever, on the other hand, there is a paramount divergence in the
number of surface scatterings under the gate, being much more
elevated for the conventional device. This is due to the higher
vertical electric field in the SYM MOSFET that enhances the
pile-up of electrons against the Si–SiO2 interface along the
most part of the channel and therefore increases the number
of surface scattering events. Consequently, the LAC MOSFET
benefits, in an inherent manner, of a reduced influence of carrier
interactions with the Si–SiO2 interface, thus contributing to the
boosting of velocity overshoot in the whole channel previously
commented. This result suggest that, although a longitudinal
doping variation is considered, there is also a very important
modification of transport features along the vertical dimension,
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Fig. 4. (a) Average total number of isotropic scattering events, (b) phonon
scattering, and (c) surface scatterings as a function of drain current at
VDS = 2.0 V.

thus resulting in a 2-D effect on transport that indeed enhances
the velocity overshoot in LAC MOSFETs.

If a complete picture of transport inside the device is desired,
it becomes necessary to examine microscopic quantities related
to the movement of carriers when crossing the channel. The
combination of more favorable electrostatic conditions and
reduced influence of surface scattering provokes much more
reduced transit times of carriers in the LAC MOSFET, as it
can be observed in Fig. 5(a). Electrons take practically half
the time to cross the channel as compared to the conventional
device. When examining the transit time distribution function
[Fig. 5(b)] for ID = 300 µA · µm−1, a much more pronounced
peak of the distribution for the LAC MOSFET can be observed,
while the SYM device shows a smoother profile consequence of
the larger dispersion in the transit time values in this case. Both
graphs evidence a closer-to-ballistic behavior in the laterally
asymmetrically doped device as compared to the conventional
device. The mean free path [Fig. 5(a)] is subsequently much
larger in the asymmetrically doped transistor.

Such improvement in the electronic transport conditions
inside the channel is also translated into a better dynamic
performance of the transistors in the RF and microwave range.
Fig. 6(a) shows the total gate capacitance Cg (computed as
Cgs + Cgd) and the transconductance gm as a function of the
drain current in the high frequency range (both parameters
remain constant in the RF and microwave range, up to at least
80 GHz). As it can be observed, lower and higher values of
Cg and gm, respectively, are obtained for the asymmetrically
doped transistor, which presents an intrinsic transconductance

Fig. 5. (a) Average transit time (circles) and mean free path (triangles) as
a function of drain current for VDS = 2.0 V and (b) transit time distribution
function at ID = 300 µA · µm−1 and VDS = 2.0 V.

Fig. 6. (a) Gate capacitance and transconductance in the RF and microwave
range and (b) cutoff frequency of current gain as a function of drain current for
VDS = 2.0 V.

equal to 1410 S m−1 for the bias point providing the highest
cutoff frequency. The reduced capacitive coupling with the gate
is related to the minor influence of the vertical electric field
over the channel charge in this case, as previously discussed;
in the LAC MOSFET, charge is not so strongly tied under
the gate oxide as in the SYM device. The Gaussian doping
profile, on the contrary, favors the travelling of electronic
charge across the channel and, consequently, the increase of
drain current. When examining the longitudinal profiles of the
electron concentration and velocity for several values of VGS

(not shown in the graphs), it can be observed that, for the LAC
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Fig. 7. (Circles) Average electron concentration and (triangles) velocity in the
channel as a function of drain current for VDS = 2.0 V.

MOSFET, there exists a reduced variation of inversion charge
as VGS is raised under constant VDS conditions, which explains
the reduced values of the gate-to-source capacitance Cgs and,
hence, the total gate capacitance Cg . This is due to the higher
doping values in the channel close to the source as compared to
the constant value of the conventional device. Consequently, the
gate potential is less effective in order to increase the channel
inversion charge close to the source. Fig. 7 shows the average
electron concentration and velocity in the whole channel. As
it can be observed, the lower values of inversion charge in
the LAC device are compensated by a much higher average
velocity, thus providing the higher current values previously
mentioned. Moreover, in order to investigate the origin of the
higher transconductance found in the LAC device, one may
pay attention to the values of concentration, velocity, and the
increase of both quantities when VGS is augmented. In this
way, the transconductance has three main components, i.e.,
increase of concentration times the velocity (Δn × v), increase
of velocity times the concentration (Δv × n), and the third
coming from the product of both increases (Δn × Δv). Com-
puting these values from the data obtained in the Monte Carlo
simulation, it has been found that the first component (Δn × v)
is the most important for both devices, particularly for the LAC
MOSFET (in which up to 90% of gm is due to this contribution
for the largest VGS values). Therefore, the main reason of the
enhanced transconductance in the asymmetrically doped device
is the much higher velocity values and, particularly, the elevated
speeds reached by electrons in the middle part of the channel.

The lower gate-to-source capacitance values and the higher
transconductance have the direct consequence of a much ele-
vated current gain cutoff frequency (fT ) for the LAC MOSFET
as compared to the conventional device [Fig. 6(b)]. The cutoff
frequencies shown here are obtained by extrapolation of the
current gain to the unity value directly computed from the
admittance parameters and agree well with the usual expression
for this figure of merit in terms of gm and Cg [23]. As it can
be observed, the highest fT ’s are reached for drain currents
between 350 and 400 S m−1, with a maximum value equal to
113.5 GHz for the LAC MOSFET and 75 GHz for the SYM
MOSFET, which means an outstanding improvement, as high
as +50%.

Fig. 8. Transconductance-to-current ratio as a function of the normalized
drain current for VDS = 2.0 V.

In the design of low-power analog applications, the
transconductance-to-current ratio (gm/ID) of the transistor is
a key figure of merit. It indicates the efficiency of the tran-
sistor in using current to achieve a given value of gm [24];
in other words, it has been defined as a quality factor, the
transconductance representing the amplification delivered by
the device and the current indicating the power dissipated to
obtain that amplification [25]. Moreover, it is used by designers
to determine the width and length of the device to obtain the
performance required in a certain application. Fig. 8 shows
the transconductance-to-current ratio as a function of the nor-
malized drain current for the two transistors under study. As
it can be observed, the LAC MOSFET clearly outperforms
the conventional device for all the currents considered (which
correspond to moderate and strong inversion conditions). While
the ratio tends to drop in strong inversion for both devices,
the relative improvement provided by the LAC device is still
very significant, although the main differences are observed
in moderate inversion; in particular, in the moderate inversion
regime, the values reached are close to the ideal weak inversion
value 38.6 V−1 (considering a body factor equal to 1) [26]. It
must be reminded that the results presented correspond to the
intrinsic performance of the transistors and do not include the
effect of fringing capacitances or contact resistances.

The LAC MOSFET also presents higher values of the Early
voltage (VEA) as compared to the conventional device. The
Early voltage values are extracted from the ratio of the drain
current ID and the output conductance gds. The results for
both transistors are shown in Fig. 9(a). The improved Early
voltage values obtained for the LAC MOSFET are due to a
much reduced output conductance: We have checked that, while
the variation of the drain voltage shows little influence on the
channel charge in both transistors, in the case of the SYM
MOSFET, there is an important increase of the carrier velocity
close to the drain (not shown in the graphs) when a drain voltage
step is applied. Such velocity increase, which does not take
place in the LAC MOSFET, is the main responsible for the
higher gds values observed in the SYM MOSFET and, hence,
the lower values of VEA in strong saturation conditions. In the
moderate inversion regime, the Early voltage values tend to be
similar (and low) in LAC and SYM devices. Such reduction
in the Early voltage values close to weak inversion has also
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Fig. 9. (a) Early voltage and (b) open-loop gain as a function of the normal-
ized drain current for VDS = 2.0 V.

been observed by other authors in multichannel and UTB SOI
MOSFETs [27].

The transconductance-to-current ratio and the Early voltage
combine to provide a much better open-loop gain for the asym-
metrically doped device [Fig. 9(b)], particularly in the strong
inversion regime. The results are consistent with those observed
by other authors in the case of graded-channel SOI devices [24],
in which the channel doping does not vary smoothly as in the
case of a LAC transistor, but there is a sharp variation in the
channel doping.

Therefore, it can be concluded that the use of an asymmetric
doping in the channel (which, on the other hand, introduces
a relatively more elaborated fabrication process) yields higher
transconductance efficiency for RF analog design and an im-
proved open-loop gain, thus enhancing the performance of bulk
MOS technology for analog applications. The noise perfor-
mance of LAC MOSFETs will be the subject of a forthcoming
paper.

IV. CONCLUSION

A Monte Carlo investigation of the electron transport prop-
erties and high-frequency dynamic performance of LAC bulk
MOSFET has been presented. Results have shown a preem-
inence of velocity overshoot in the whole channel in LAC
MOSFETs, extremely favored by improved electrostatic condi-
tions as compared to a conventionally doped device. In partic-
ular, the strong reduction of the vertical electric field in a wide
part of the channel significantly shrinks the influence of sur-
face Si–SiO2 interactions, thus enhancing ballistic movement
features inside the channel, which is reflected in a much larger
mean free path and a sharper transit time distribution function.
The improvement in the electronic transport conditions echoes

into a much better RF and microwave dynamic performance.
An outstanding improvement in the cutoff frequency is ob-
tained, owing to a reduced gate-to-source capacitance and a
larger transconductance. Moreover, higher values of the Early
voltage and better transconductance-to-current ratio and open-
loop gain are obtained due to the more favorable transport
conditions. Results demonstrate the feasibility of LACs as
a way to significantly improve the dynamic performance of
conventional bulk MOSFETs.
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