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Abstract. The dependence of the electron mobility on the longitudinal electric field
in MOSFETs has been studied in detail. To do so, a Monte Carlo simulation of the
electron dynamics in the channel, coupled with a solution of the two-dimensional
Poisson equation including inversion-layer quantization and drift-diffusion
equations, has been developed. A simplified description of the silicon band
structure in the effective-mass approximation including non-parabolicity has been
considered. Different-channel-length MOSFETs and different biases have been
taken into account. It has been shown that in order to accurately describe
electron-mobility behaviour in short-channel MOSFETs it is necessary to take into
account the electron-velocity overshoot. An analytical expression, easy to include
in device simulators, is provided to account for the dependence of the electron
mobility on the high values of the longitudinal electric field and of its gradient found
in state-of-the-art MOSFETs.

1. Introduction

One of the most important parameters to take into account
in describing MOSFET behaviour in both analogue and
digital applications is electron mobility. A detailed
knowledge of electron-mobility dependence on several
variables such as the transverse and longitudinal electric
fields, oxide-trapped and interface-trapped charges, and
bulk-impurity concentration is therefore essential for
simulation and modelling of MOSFETs. The electron
mobility in a low longitudinal electric field has often
been described by a universal relationship as a function
of the transverse effective field [1]. Nevertheless,
strong deviations from this universal behaviour have been
observed due to the presence of charges in the structure.
Extensive studies of low-field mobility have already been
made from both experimental and theoretical viewpoints
[2–12].

At the same time, technicians have made great
strides in reducing MOSFET channel dimensions. An
important consequence of this reduction is the increase
in the magnitude of the longitudinal electric field along
the channel, mostly near the drain. This increase in
the longitudinal electric field produces a rise in the
electron energy and in the scattering probability, thus
causing an electron-mobility decrease. Therefore, the low-
electric-field model is not accurate enough to represent
electron mobility in short-channel MOSFETs [13]. Hence,

a description of electron-mobility dependence on the
longitudinal electric field is desirable as well in order to
correctly incorporate this effect in device simulators.

Many different models of this dependence can be found
in the literature [14], most of them following the expression
[15]

µ(E‖, E⊥) = µ0(E⊥)
[1+ (µ0(E⊥)E‖/vsat )β ]1/β

(1)

µ0 being the low-field mobility,E‖ the longitudinal electric
field (along the channel), andE⊥ the transverse electric
field (perpendicular to the Si–SiO2 interface). vsat and β
are parameters for which a very wide set of values have
been reported in the literature. For example, Caughey and
Thomas [16] and Engl and Dirks [17] usedβ = 2 and
vsat = 1.1×107 cm s−1; Dang and Konaka [18] and Kotani
and Kawazu [19] usedβ = 1 andvsat = 1.0×107 cm s−1,
Canali et al [20] usedβ = 1.1 and Modelli and Manzini
[21] usedβ = 2 andvsat = 6× 106 cm s−1.

In this paper, we have obtained an expression for
µ(E‖, E⊥) in the linear regime suitable for device
simulation. The inversion layer has been treated as a
two-dimensional electron gas (2DEG) contained in energy
subbands. This extends our previous work [7, 8, 10–
12, 22] to situations in which there are strong variations
of the longitudinal electric field along the channel. The
dependence of mobilityµ on a wide range ofE‖ and
E⊥ is examined even for very short channels (down to
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0.1 µm). This has been done by numerically evaluating
the local electron mobility at each point of a MOSFET
channel, solving the Boltzmann transport equation by the
Monte Carlo (MC) method. This method is held to
contain a more rigorous description of device physics than
the models based on the solution of fundamental balance
equations [23–26]. To apply the Monte Carlo method to
the study of the transport of electrons contained in energy
subbands, a suitable departure point had to be prepared
by a simple simulator using the low-field electron mobility
µ0(E⊥). A brief description of the device simulation is
given in section 2. Afterward, the electron-drift velocity
was calculated at each channel point. Once the electron-
drift velocity was known, local electron mobility was
obtained by dividing the electron-drift velocity at each
channel position by the longitudinal electric field at that
point. Some results for MOSFETs of different channel
lengths are given in section 3.

As the aim of this work was to model the drift velocity
under normal operating conditions, appropriateβ andvsat
parameters were chosen by fitting mobility data versus
the longitudinal electric field using expression (1), as
described in section 4. Since it was not the aim of this
work to study hot-carrier effects, the transport of high-
energy electrons, which would require a more accurate band
description [26], has not been considered. Nevertheless,
even in the low-energy conditions considered in this work,
heating effects such as electron-velocity overshoot were
observed when dealing with short-channel MOSFETs. This
phenomenon has been predicted theoretically [27, 28] and
observed experimentally [29–31]. Laux and Fischetti
[23, 24] showed velocity overshoot for a submicrometre
MOSFET at 77 K using the MC method. Baccarani and
Wordeman [25] also found velocity overshoot in their study
based on the numerical solution of the fundamental balance
equations, fully accounting for diffusion effects. These,
among many other works on electron-velocity overshoot,
are very important due to the consequences electron-
velocity overshoot has in explaining the increase of the
drain current and channel transconductance in short-channel
MOSFETs.

Finally, an analytical expression is provided to account
for the dependence of the electron mobility on the high
values of the longitudinal electric field and of its gradient,
which can be found in state-of-the-art MOSFETs.

2. Device simulation

A submicron MOSFET has been simulated in normal
operating conditions by the MC method, including
inversion-layer quantization. To include quantization, the
Schr̈odinger equation has to be self-consistently solved,
in addition to the 2D Poisson equation and drift-diffusion
equations, for the whole structure. When this is combined
with the MC method, a formidable computing task has
to be dealt with. We have simplified this task with the
following procedure. (i) A starting situation is prepared
by using a very simple drift-diffusion simulator combined
with the 1D Schr̈odinger and Poisson equations, which are
solved adopting a simplified non-parabolic description of

the silicon band structure. As the inversion layer is treated
as a 2DEG, it is reasonable, coherent, and computationally
efficient to use a sheet-charge model, in which the mean
transverse position of the electron distribution is included,
together with an accurate value ofµ0(E⊥), obtained from
a separate calculation applied to a long-channel transistor.
(ii) The situation obtained above is improved by including
2D corrections, for which the 2D Poisson equation is
solved. (iii) Once the potential distribution along the
channel is known, the evolution of electron magnitudes is
computed with the MC method. Points (i)–(iii) are repeated
until convergence is reached. Details of these steps are
given below.

2.1. Subband structure

In order to obtain reasonable results in any device
simulation, a realistic band structure of the semiconductor
used has to be considered [32, 33]. Nevertheless, in the
case of an MC simulation of the electron transport in
silicon inversion layers, the numerical difficulties involved
in the evaluation of the quantized levels, density of states
(DOS), and scattering rates make the utilization of a full
band structure an impossible task. Therefore, several
crude approximations, such as parabolic and non-parabolic
energy-band-dispersion relationships, have to be taken into
account [33]. Nevertheless, Fischetti and Laux have shown
that if the electron energy is lower than 0.5 eV [23, 33],
a non-parabolic model gives a very good approximation
of the results obtained using realistic full-band structure
models. In the simulations we have faced, the kinetic
electron energy is always below 0.3 eV. Therefore, in
accordance with the above comments, a simplified non-
parabolic description of the silicon band structure is
justified.

To obtain the electron energy levels in a silicon-
inversion layer in the non-parabolic approximation, we
have solved a modified Schrödinger equation that directly
includes non-parabolicity [34], thus directly obtaining non-
parabolic solutions. Alternative approaches to take non-
parabolicity into account can be found in the literature [33].

The development of the modified Schrödinger equation
used here, the associated boundary conditions, and the
application to the calculation of the energy levels in an
infinite and a finite quantum square well can be found
elsewhere [34]. With this equation, the transverse energy
levels can be obtained by using an effective mass which
is independent of the transverse energy. However, there
is a dependence of these energy levels on the parallel
energy. In a first-order approximation, we have neglected
this dependence of the energy levels on the parallel energy.
The modified Schr̈odinger equation has been applied to the
case of a silicon-inversion layer using the formalism of
step potentials [35]. This modified Schrödinger equation
and the Poisson one are finally self-consistently solved. In
this work, we have only considered the contributions of
the depletion and inversion charge to the Poisson equation,
neglecting the contributions of the image and exchange–
correlation potential effects [33].
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In the non-parabolic model, the (DOS) of a 2DEG
can also be easily evaluated according to the following
analytical expression [26, 36]:

Dn(E) = D[1+ 2α(E − Vn)] (2)

D being the DOS of a parabolic 2DEG and

Vn =
∫ +∞
−∞

ζ ∗n (z)V (z)ζn(z) dz (3)

ζn(z) being the envelope function in thenth subband
and V (z) the potential well. As can be seen, when
nonparabolicity effects are included, the DOS in a 2DEG
becomes dependent on the electron energy.

2.2. The departure point (self-consistent solution of
Poisson, Schr̈odinger and drift-diffusion equations)

As Schr̈odinger’s equation has to be solved, the problem is
cumbersome. Drift-diffusion equations are usually written
as a function of the 3D electron distribution, while in
our case the electron distribution is quasi-2D, with the
transverse extension given by the envelope function. As
finding a departure point was the only interest at this stage,
a simple procedure was preferred. The pseudo-Fermi levels
as well as their separation were assumed to be constant in
the transverse direction, while they were allowed to vary
along the longitudinal direction. The total variation of
the pseudo-Fermi levels along the channel is given by the
drain-to-source bias voltage. The transistor is subdivided
into a series ofsubtransistors[37], each with its own
imaginary source and drain points, of very short length
to make the voltage drop in each of them very small.
In such a division, the following two conditions must be
fulfilled:

∑
Li = L,

∑
vdsi = Vds , , whereLi and vdsi

are the length and the drain-to-source voltage of theith
subchannel. vdsi are fixed by us (and therefore known)
as very small, whileLi are initially unknown. Therefore,
for a given valueVds of the external bias applied between
drain and source, the difference between the pseudo-Fermi
levels for electrons and holes is known in the extremes
of each subchannel. The 1D Schrödinger and Poisson
equations are then selfconsistently solved in both extremes
of each subchannel, taking into account the pseudo-Fermi-
level separation at each point. Each subchannel is then
described as a sheet layer of charge located inside the
semiconductor bulk at a distancezI from the silicon-oxide
interface. This positionzI is the mean transverse position of
the electron distribution (the first momentum of the electron
distribution). The current in the subchannel is obtained
by adding drift and diffusion contributions. If the voltage
drop across it is very small (as actually occurs in each
subchannel), the following expression for the drain current
(Ids) is obtained:

Ids = qWµ(E‖, E⊥)
Li

[−N̄I (ψ∗drain − ψ∗source)
+φt(NI,drain −NI,source)] (4)

where ψ∗ is the electrostatic potential inzI , NI is the
density of electrons in the extremes of the channel,N̄I is
the average density of electrons in the channel, andφt the

thermal voltage [38]. If the subchannels are set such that
the voltage drop between their extremes is small enough
(attainable by choosing a large number of subchannels) we
can apply expression (4) with guaranteed accuracy. One
advantage of expression (4), in addition to the use of an
analytical approximation to the drift-diffusion equation, is
that it only requires knowledge of the electrostatic potential
and the inversion and depletion charge right at the extremes
of each subchannel.

The electron mobility depends on both the longitudinal
(E‖) and transverse (E⊥) electric fields. An approximated
dependence onE‖ is assumed at first, while an accurate
expression obtained by one-electron MC simulation is
used for the low-field mobility and its dependences
on the transverse electric field and the temperature,
which is crucial for reproducing experimental results with
accuracy. Furthermore, since the transverse-electric-field
profile varies along the channel, this variation must be
taken into account when the mobility in each subchannel
is considered. In this work, we have used accurate
results of mobility obtained by one-electron MC simulation
[10, 11, 22].

The length of each subchannel,Li , is determined by
the following iterative procedure.

(i) Starting from fixed values for the external biases,
Vds (voltage between drain and source),Vgs (voltage
between gate and source), andVsb (voltage between source
and substrate), the division ofVds between the different
subchannels is carried out. To do so, we have assumed that
vdsi = 25 mV. According to this division, the difference
between the pseudo-Fermi levels at the extremes of each
subchannel is established. The 1D Poisson and Schrödinger
equations are then selfconsistently solved in the imaginary
extremes of each subchannel taking into account the actual
doping profile and the actual pseudo-fermi level separation,
and evaluating at each of these points the inversion and
depletion charge, the electrostatic potentialψ∗ etc.

(ii) An arbitrary current levelIds in the channel of the
MOSFET is assumed. This current level will also be the
channel current in all the subchannels, and the length of
each of them,Li , is obtained by applying the modified
charge-sheet model given in expression (4), taking into
account the results obtained by selfconsistently solving the
Poisson and Schrödinger equations in the extremes of each
subtransistor.

(iii) The total channel length,L, is compared with the
sum of channel lengths,Li , of each subtransistor into which
the MOSFET is divided. If the two magnitudes do not
coincide, the current level is modified, and steps (ii) and
(iii) are repeated untilL = ∑

Li , within a convergence
criterion. When the channel is saturated,Vds and L are
substituted byVds(sat) andL − 1L, respectively.Vds(sat)
is obtained from the difference between the pseudo-Fermi
levels for holes and electrons whenNinv < 0.1Ndepl
is reached. 1L is evaluated from the solution of the
1D Poisson equation in the depletion region established
between the drain and the channel point where pinch-off
occurs [39]. This procedure allows us to obtain, in addition
to the drain current, a first approximation to the potential
distribution along the channel,ψ0(x, y).
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2.3. The quasi-two-dimensional Poisson equation

The above approach gives us a first solution of the
electrostatic potential distribution in the channel, but
without taking into account 2D effects, which are important
in short-channel MOSFETs. The 1D approximation is
appropriate as far as the Schrödinger solution is concerned,
since the length scale of interest in this case, the de
Broglie wavelength, can actually be short for electrons in
an inverted channel. As far as the Poisson equation is
concerned, however, the Debye length can be quite long,
and the longitudinal field can vary significantly. As a
consequence, the 2D Poisson equation solution is required.
The resulting potential distribution is used as the starting
point to iteratively solve the 2D Poisson equation in the
whole structure:

∂2ψ(x, y)

∂x2
+ ∂

2ψ(x, y)

∂y2
= −ρ(x, y)

εs
(5)

where x and y are the co-ordinates parallel and
perpendicular to the channel respectively. An adaptive
grid has been set in the whole structure. The 2D
problem considered in (5) has been decomposed intoN

1D problems:

d2ψi(y)/dy
2 = −ρ̃i(y)/εs (6)

where

ρ̃i(y) = ρ(xi, y)+ εs ∂
2ψ0(x, y)

∂x2

∣∣∣∣
x=xi

(7)

ψ0(x, y) being the solution obtained in subsection 2.2,
and xi a grid column in the channel. With this effective
charge density,ρi(y), we can use the same procedure as in
subsection 2.2 above to solve the Poisson and Schrödinger
equations. We have, thus, been able to transform a 2D
complex problem into several much simpler 1D problems.
Once the 2D Poisson equation is solved with this approach,
the drain current and the lengths of each subchannel are
calculated again by the procedure described in 2.2 and the
solution of equation (5) is repeated until a convergence
criterion is reached.

2.4. Monte Carlo simulation

Once the actual potential distribution, longitudinal and
transverse fields, and inversion- and depletion-charge
concentrations along the channel have been calculated, the
electron dynamics is simulated. To do so, the channel
device is partitioned into a different number of grid zones.
The grid is chosen thin enough that a constant value
of the different transport magnitudes can be assumed in
each grid interval (i.e., each grid interval is characterized
by a constant value of the longitudinal and transverse
electric fields, surface potential, inversion and depletion
charges, electronic subband minima, etc). Keeping in
mind these values, the scattering rates are evaluated in
each grid zone, taking into account the non-parabolic
approximation. Phonon, surface-roughness, and Coulomb
scattering have been considered. The approach in which the

above scattering mechanisms have been considered and the
procedure to evaluate the scattering rates are identical with
those used previously [10, 11, 22], except for the inclusion
of non-parabolicity. To continue the MC simulation, a
great number of electrons (typically between 7000 and
10 000) are introduced, one by one, into the channel from
the source. The longitudinal electric field then causes
them to drift towards the drain, undergoing the different
scattering mechanisms considered. The simulation begins
with an electron in one subband with a wavevectork0. In
order to achieve suitable initial conditions, electrons, before
entering the channel, have been introduced in a separate
semiconductor region in which there exists a drift electric
field similar to the one in the source-channel edge. In this
region, the initial kinetic energy of the electron is chosen to
be equal to the mean kinetic energy that the electron would
have in an infinite structure with a longitudinal field equal
to the one in the source. The final state of each electron
in this separate region is the initial state of the electron
entering the channel. Thus, the electrons that reach the
channel have an equilibrium distribution of energies.

The longitudinal electric field in each grid zone
modifies the electron wavevector according to the
semiclassical model during a free flight whose length is
calculated according to the expression

tr = − 1

0
ln(r) (8)

r being a random number between zero and one, and0

the maximum of the total scattering rate along the whole
channel. The fast selfscattering procedure has been used
[40]. The semiclassical model has been appropriately
modified to include the non-parabolicity of the conduction
band in the electron dynamics.

During a free flight an electron can cross the border
between different grid zones, and therefore ‘see’ different
electric drift fields. This fact has been taken into account
by calculating the portion oftr that the electron actually
spends in each grid zone. A scattering event is chosen as
being responsible for the end of the free flight, according
to the habitual procedure of taking into consideration the
scattering rates corresponding to the grid zone in which the
electron free flight has finished. The electron dynamics is
tracked until the drain is reached.

The time an electron spends in each grid zone and
electron mean velocity and mean energy in each interval
are recorded. The electron-velocity distribution along the
channel can thus be evaluated. Keeping in mind the
expressionvdrif t = µ(x)E‖, we can define a local electron
mobility in the channel to be used in expression (1) to
calculate the new drain current and subchannel lengths.
The whole procedure is solved again until a convergence
criterion is reached.

3. Results

0.1, 0.2, 0.25, 0.5, and 1µm channel MOSFETs have been
simulated using different normal operating conditions in
order to obtain a full range of transverse and longitudinal
electric field values throughout the MOSFET channel. The
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Figure 1. The 2D electrostatic potential distribution for a
0.2 µm channel MOSFET: Vgs = 2.4 V, Vds = 1 V and
Vsb = 1 V.

Figure 2. Experimental (solid curves) and simulated (solid
squares) drain current versus drain–source voltage, for
Vgs = 2, 2.5, and 3 V. Also shown is the drain current
obtained ignoring quantum effects (dashed curve).
(L = 0.25 µm, W = 10 µm, tox = 56 Å, NA = 4× 1017 cm−3,
Vsb = 0 V.)

bulk doping concentration wasNA = 4× 1017 cm−3, the
gate-oxide thicknesstox = 5.6 nm, and the source and drain
junction depths werexj = 0.05µm for the 0.1 µm channel
MOSFET andxj = 0.1 µm for the rest. Figure 1 shows
the 2D electrostatic potential distribution for the 0.2 µm
channel MOSFET simulated forVgs = 2.4 V, Vds = 1 V,
andVsb = 1 V. The short-channel effects are quite evident
even for this bias, which corresponds to the linear-operation
region.

In order to demonstrate the validity of the algorithm
proposed in section 2 we have tried to reproduce
experimental results for short-channel MOSFETs. Figure 2
shows experimentalI–V curves obtained for an NMOS
transistor withL = 0.25 µm, W = 10 µm, tox =
56 Å, and NA = 4 × 1017 cm−3 (solid curves) [41].
The calculated data are also shown in squares. As can
be seen, the simulated results agree very well with the
experimental data in the wholeVgs and Vds bias for the
transistor. Similar results have been obtained for all the
simulations we have considered. The results obtained
neglecting quantization are also shown in figure 2 (dashed
curve). As can be observed, in such a case simulated and

Figure 3. The inversion charge distribution along the
channel for a 0.1 µm MOSFET. The MC distribution is
shown as symbols and the drift diffusion (DD) as a solid
curve. Vgs = 1.5 V and Vds = 0.5 V.

experimental curves do not coincide, and therefore it is
absolutely necessary to solve the Schrödinger equation and
take into account the quantization effects to reproduce the
experimental behaviour of short-channel devices. In fact,
a much better agreement can be achieved making use of
the classical model if the oxide thickness is increased by
adding the inversion charge layer centroid.

The inversion-charge distribution along the channel for
an 0.1 µm channel MOSFET is shown in figure 3. MC
results (symbols) and drift-diffusion results (solid curve) are
compared. Note that the two curves are in good agreement
along the whole channel. The same results were found for
the rest of the MOSFETs simulated for all channel lengths
and biases. This fact reveals that (MC) and drift diffusion
solutions are coherent once the convergence criterion is
reached. Figure 4 shows the electron-drift velocity along
the channel obtained by the MC method (solid curve). As
can be observed, even at low electron energies, which is the
case here, there is a significant difference between the two
electron-velocity distributions. Also shown in figure 4 is
the electron steady-state transport velocity (dashed curve),
that is to say, the velocity that the electron would have in
a very long channel with a uniform longitudinal electric
field all along it. The velocity in the last case is plotted
for the longitudinal electric field versus channel position
we found in our MC simulation. Noticeable velocity
overshoot can be observed all along the channel in the
MC velocity curve, although mostly near the drain. This
velocity overshoot is due to the distinct relaxation times for
energy and momentum in the channel zone next to the drain
[29]. The velocity overshoot shown here is similar in both
shape and magnitude to that obtained by other researchers
[23, 28].

The average kinetic-energy distribution for electrons
along the channel is shown in figure 5 (solid curve). As
can be seen, it is always below 0.3 eV. This result is
also obtained in the rest of the simulations considered
here. Therefore, in accordance with the comments in
subsection 2.1, a simplified description of the silicon band
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Figure 4. The electron drift velocity along the channel
obtained by the MC method for a 0.1 µm MOSFET (solid
curve). Also shown for comparison is the steady-state
transport electron velocity (dashed curve) for the
corresponding longitudinal electric field found in the
MOSFET, simulated by the MC method. Vgs = 1.5 V and
Vds = 0.5 V.

Figure 5. Electron kinetic-energy distribution along the
channel for a 0.1 µm channel MOSFET for Vgs = 1.5 V and
Vds = 0.5 V (solid curve). Also shown for comparison is the
steady-state transport electron kinetic energy (dashed
curve) for the corresponding longitudinal electric field found
in the MOSFET, simulated by the MC method.

structure is justified. The electron kinetic energy in the
channel is compared in figure 5 with the steady-state
transport energy (dashed curve), that is to say, the kinetic
energy that the electron would have in a very long channel
with uniform longitudinal electric field all along it. As can
be seen, unlike the velocity curves, the actual energy curve
is below the steady-state transport all along the channel.
This is due to the following two facts.

(i) Electrons undergo very few scattering events near
the drain in the high-field region due to the short time they
spend in this region. Therefore, velocity is only slightly
randomized, thus making the transport quasi-ballistic. This
makes the actual drift velocity greater than the steady-state

Figure 6. Local electron mobility in a 1.0 µm channel
MOSFET for Vgs = 3.6 V and Vds = 2.6 V. Mobility
calculated by the MC method is shown as symbols. The
corrected mobility in a low longitudinal electric field mobility
is shown as a solid curve.

Figure 7. Local electron mobility for the 0.1 µm channel
MOSFET for Vgs = 1.3 V and Vds = 0.5 V. Mobility
calculated by the MC method is shown (as symbols), as
well as the mobility in a low longitudinal electric field
corrected taking (solid curve) and without taking (dashed
curve) electron-velocity overshoot into account.

transport one, although instantaneous velocity is almost the
same in both cases (even lower in the first case).

(ii) Electrons do not spend enough time in the channel
undergoing the effects of the longitudinal electric field
to reach the steady-state transport energy, that is to say,
the time expended by the electrons to cross the high
longitudinal electric field gradient region is less than the
energy relaxation time.

Once the electron-drift velocity is known, local electron
mobility is obtained by dividing the electron velocity at
each channel point by the longitudinal electric field at that
same point. Figures 6 and 7 show, as symbols, the local
electron mobility calculated by the MC method for two
different channel lengths,L = 1 µm andL = 0.1 µm,
respectively. In these mobility curves the influences of the
transverse and longitudinal electric fields are superimposed.
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The nearer the position to the drain, the lower the transverse
electric field. An increase of the electron mobility is
therefore expected for the transverse electric field range
settled in the channel by the chosen bias (4.28×105–5.23×
105 V cm−1), due to this decreasing transverse electric field.
The longitudinal electric field shows, however, the opposite
behaviour, i.e., it increases towards the drain. A decrease
of the electron mobility is thus expected. In figure 6 (L =
1.0 µm), electron mobility initially increases due to the
influence of the transverse electric field (corresponding to
a low longitudinal electric field near the source). However,
as we move towards the drain, the longitudinal electric
field increases and starts to have a stronger influence on
the electron mobility, which therefore shows the opposite
behaviour, becoming lower towards the drain. In figure 7
(L = 0.1 µm), the effect of the longitudinal field is much
stronger than the effect of the transverse field, with the
mobility decreasing along the whole channel.

4. Mobility model

As commented above, one of the main goals in this paper
was to obtain a useful inversion-layer electron-mobility
model for circuit simulators. To do so, we tried to
reproduce the MC electron mobility in the channel using
the low-field mobility and a semiempirical expression that
takes into account the effect of the longitudinal electric
field. Making use of equation (1) to correct the low-
field mobility, we tried to find the fitting parameters which
reproduced the mobility curves calculated by the MC
method. Nevertheless, we realized that this expression
was not good enough, mainly in short-channel-length
MOSFETs. There are two effects to be taken into
consideration to improve equation (1).

4.1. Dependence of theβ parameter on the
longitudinal electric field

From the results of the above-mentioned procedure, we can
make the following observations.

(i) We have found that the value of theβ parameter
in expression (1) necessary to reproduce the MC mobility
curves depends on the range of the longitudinal electric
field. We have obtained values ranging from two, for low
longitudinal electric fields, to 1.5, for high longitudinal
electric fields. The value of two coincides with the value
obtained theoretically in [42].

(ii) We have also found that theβ parameter does not
depend on the transverse electric field.

(iii) We have used several values for thevsat parameter,
finding that only the valuevsat = 1.1× 107 cm s−1 allows
the MC mobility to be reproduced for all cases. Othervsat
values would give incorrect shapes for the whole mobility
curves, regardless of the value used forβ. This vsat is the
value we obtained in steady-state MC simulation atT =
300 K, a result also provided by other MC simulations [33],
although some authors have published lower experimental
values [21].

These facts were checked for all the devices simulated,
covering a wide range of transverse and longitudinal electric
fields usually found under normal operating conditions.

Accordingly, we obtained an empirical expression for
the dependence ofβ on E‖:

β(E‖) = 3− 0.31 log(E‖). (9)

This expression has been used in expression (1) to fit
the MC electron mobility taking into accountµ0(E⊥) in a
large number of cases. Its validity has thus been verified
for a wide range of longitudinal electric fields in MOSFETs
with different channel lengths down to 0.5 µm. Figure 6
shows very good agreement between the MC electron
mobility (symbols) and the electron mobility calculated
from the mobility in a low longitudinal electric field
electron mobility using (1) and (9).

Although expressions (1) and (9) were successfully
used in a very large range of longitudinal electric fields
for 1 and 0.5 µm, we observed that for 0.1 µm and
for the same range of electric fields MC mobility curves
near the drain were significantly higher than the mobility
obtained by expressions (1) and (9) (shown in figure 7 as a
dashed curve). This fact indicates that an additional effect,
unrelated to the longitudinal electric field value, must be
taken into account in order to accurately reproduce mobility
near the drain in very short-channel MOSFETs. This
behaviour of the electron mobility is due to the electron-
velocity overshoot.

4.2. Electron-velocity overshoot

Velocity overshoot can be observed in figure 4, where
the MC electron velocity is shown along the 0.1 µm
channel MOSFET forVgs = 1.5 V and Vds = 0.5 V.
Such electron-velocity behaviour cannot be reproduced with
expression (1) as it would show velocity saturation at high
longitudinal electric fields. Therefore, velocity overshoot
must be taken into account in order to accurately model
electron mobility in short-channel MOSFETs.

Velocity overshoot has been widely studied previously
[23–31]; Blakey et al [43, 44] and Baccarani and
Wordeman [25] showed that velocity overshoot was
produced by high longitudinal electric field gradients.
Following this proposal we have added a term depending
on the longitudinal electric field gradient to expression (1)
[45]:

µ(E‖, E⊥) = µ0(E⊥)
(1+ (µ0(E⊥)E‖/vsat )β(E‖))1/β(E‖)

+λ 1

E‖

∂E‖
∂x

. (10)

Figure 7 shows MC electron mobility and the electron
mobility provided by expression (10) for two cases:
(i) no correction related to the longitudinal electric field
gradient (λ = 0) and (ii) a correction taking into account
a term related to it (λ = 4 × 10−5 cm3 V−1 s−1).
As can be observed, very good agreement is achieved
when the correction for velocity overshoot is taken into
account. Using expression (10) with the same value of
λ, we have reproduced MC mobility curves for different
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Figure 8. Local electron mobility for the 0.1 µm channel
MOSFET for Vgs = 1.5 V and Vds = 0.5 V. Mobility
calculated by the MC method is shown (as symbols), as
well as the mobility in a low longitudinal electric field
corrected taking (solid curve) and without taking (dashed
curve) electron-velocity overshoot into account.

Figure 9. Local electron mobility for the 0.2 µm channel
MOSFET for Vgs = 1.3 V and Vds = 0.5 V. Mobility
calculated by the MC method is shown (as symbols), as
well as the mobility in a low longitudinal electric field
mobility corrected taking (solid curve) and without taking
(dashed curve) electron-velocity overshoot into account.

channel lengths and biases. In the case of long-channel
MOSFETs (or in short-channel MOSFETs near the source)
the longitudinal electric field gradient is quite small, and the
second term in expression (10) is negligible compared to
the first one. Therefore, expression (10) will also work
in such cases. Expression (10) has also been used to
reproduce experimental transconductances in the context of
the charge-control model analysis [46].

4.3. Verification of the mobility model

The phenomenological mobility model we have used in this
paper (expression (10)) has been extensively verified. We
have applied this model to a wide range of cases, including
different channel lengths and biases.

Figure 10. Local electron mobility for the 0.2 µm channel
MOSFET for Vgs = 1.5 V and Vds = 0.5 V. Mobility
calculated by the MC method is shown (as symbols), as
well as the mobility in a low longitudinal electric field
mobility corrected taking (solid curve) and without taking
(dashed curve) electron-velocity overshoot into account.

Figure 11. Local electron mobility for the 0.5 µm channel
MOSFET for Vgs = 1.5 V and Vds = 0.5 V. Mobility
calculated by the MC method is shown (as symbols), as
well as the mobility in a low longitudinal electric field
corrected taking (solid curve) and without taking (dashed
curve) electron-velocity overshoot into account.

Figures 7–11 show the local electron mobility for 0.1,
0.2, and 0.5 µm channel MOSFETs for differentVgs values
and Vds = 0.5 V. Mobility curves calculated by the
MC method are shown as symbols, while mobility curves
calculated taking into account expression (10) are shown as
solid curves. Also shown (as dashed curves) are mobility
curves calculated ignoring velocity-overshoot correction.
The following facts can be observed.

(i) The mobility model (expression (10)) fits the MC
mobility data well in all cases, thereby showing the validity
of the model.

(ii) Velocity-overshoot effects are important for 0.2
and 0.1 µm MOSFETs, and therefore it is necessary to
take into account velocity-overshoot corrections in order to
reproduce MC mobility. This effect is reduced asVgs rises,
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keepingVds fixed, due to a reduction of the longitudinal
electric field gradient.

(iii) For L = 0.5 µm velocity-overshoot effects are
negligible. Mobility curves taking into account velocity-
overshoot effects (figure 11—solid curve) and ignoring
them (figure 11—dashed curve) coincide.

5. Conclusions

We have studied the influence of the longitudinal electric
field on the electron mobility in MOSFETs. To do so,
we have developed an MC simulator including inversion
layer quantization, coupled with the solution of the two-
dimensional Poisson and drift-diffusion equations. A non-
parabolic description of the silicon band structure has
been used. It has been found that theβ parameter in
expression (1) (which has been regarded as constant so
far) depends on the magnitude of the longitudinal electric
field. We have also shown the influence of the velocity
overshoot on electron mobility in short-channel MOSFETs.
Finally, an analytical expression that is easy to include
in device simulators is provided. This expression takes
into account the dependence of the mobility on both the
longitudinal electric field and its gradient along the channel.
This mobility model has been extensively validated for a
wide range of cases, including different channel lengths and
biases.
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