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Room temperature electron mobility ��� in nanometer Si metal-oxide-semiconductor field-effect
transistors �MOSFETs� with gate length �LG� down to 30 nm was determined by the
magnetoresistance method. A decrease of � with the decrease of LG was observed. Monte Carlo
simulations of electron transport in nanometer MOSFETs were carried out for realistic devices as a
function of LG. The dependence with LG and electron concentration of simulated mobility and
transmission coefficient agree with experimental data. An analysis of scattering events and time of
flight gives evidence of the presence of ballistic motion in the investigated structures and proves its
influence on mobility degradation in short transistors. The results give arguments that interpretation
of the magnetoresistance coefficient as the square of the mobility is valid also in the case of
quasiballistic electron transport. © 2007 American Institute of Physics. �DOI: 10.1063/1.2739307�

I. INTRODUCTION

Mobility ��� is a basic macroscopic parameter that al-
lows to describe the reaction of an ensemble of electrons to
the electric field. In the case of silicon �Si� inversion layers,
the interest of the present paper, mobility has been experi-
mentally investigated for more than 50 years1,2 and is still a
subject of lively activity driven mainly by the necessity to
improve the performance of Si metal-oxide-semiconductor
field-effect transistors �MOSFETs�.3,4 Such an improvement
is not possible without a deep understanding of the micro-
scopic processes influencing the carrier mobility.

Specifications imposed by the International Technology
Roadmap for Semiconductors demand devices with a char-
acteristic length of just a few tens of nanometer. Modeling a
nanometer MOSFET is an extremely difficult task because of
several factors. First, the device is nonuniform, with heavily
doped n+ source and drain contacts �we consider here n-type
MOSFETs only� adjacent to a p-doped channel. Also, accep-
tor concentration is usually increased in the regions close to
the source and drain �in the so-called pockets�, which allows
for a better control of the MOSFET electrostatics by the gate
potential. Second, normal MOSFET operation is character-
ized by the presence of strong electric fields, which lead to
hot carrier phenomena and large deviations of the electron
distribution function from its equilibrium form. Third, when
the length of the transistor becomes comparable to the mean
free path, transport becomes quasiballistic, i.e., the average

number of scattering affecting an electron crossing the chan-
nel is small.5–10 These factors make the conductivity in short
MOSFETs a highly nonequilibrium process, characterized by
a mixture of diffusive motion with hot electron and ballistic
phenomena.

Several approaches have been employed to describe the
conductivity in nanometer MOSFETs: Landauer–Buttiker
formalism,5,11,12 McKelvey’s flux method,13 the Green’s
function method,14 quantum simulations,15,16 and Monte
Carlo �MC� simulations. In particular, the latter technique,
due to its microscopic nature, serves as a very efficient tool
for the study of hot electron phenomena and ballistic motion
in MOSFETs,8,17–19 as well as mobility.20–24

Besides complications in the theoretical modeling of
mobility in nanometer MOSFETs, difficulties arise also at
the experimental side. Standard methods to determine the
mobility25–28 are based on measurements of the gate-channel
capacitance and the channel resistance, quantities which are
difficult to determine precisely in nanometer devices. A
method to experimentally measure the mobility, alternative
to the standard ones, was recently applied to nanometer bulk
and silicon-on-insulator �SOI� Si MOSFETs. This method is
based on measurements of the transistor magnetoresistance
�MR�, which allow to extract the mobility independently of
the carrier concentration and without referring to any geo-
metrical, electrical, or material parameters of the transistor.29

With this technique, the electron mobility was determined in
a series of nanometer bulk10,30 and SOI MOSFETs.31 A sig-
nificant decrease of the mobility with the decrease of LG was
observed. This decrease was interpreted as resulting from
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scattering within the pockets and the contribution of ballistic
motion. A phenomenological analysis allowed to determine
the transmission coefficient,32 which estimates the contribu-
tion of ballistic motion into the total conductivity.33

The present paper is devoted to a physical analysis of the
microscopic processes that lead to the observed degradation
of mobility at small LG. To this aim, a two-dimensional �2D�
Monte Carlo simulation of the fabricated structures was car-
ried out. Experimentally determined mobility is compared
with the results of Monte Carlo simulations. A number of
quantities related to the mobility are determined �like mean
scattering time and mean free path� that allow us to clearly
show the influence of ballistic motion on the mobility deg-
radation at short transistors. The paper is organized as fol-
lows. In Sec. II we describe the experimental setup and re-
sults. Section III is devoted to a detailed description of the
Monte Carlo simulations, including the definition of the av-
erage values used to determine the mobility from Monte
Carlo data and related microscopic quantities. Section IV
describes the results of Monte Carlo simulations and a dis-
cussion is presented in Sec. V. The paper is summarized and
conclusions are given in Sec. VI.

II. EXPERIMENT AND DATA ANALYSIS

The measurements were carried out on bulk n-type
MOSFETs with LG ranging from 30 to 300 nm and width
W=10 �m. The substrate doping was on the level of 5
�1018 cm−3 and the oxide was about 1.8 nm thick. The ac-
ceptor concentration in the pockets was on the order of
1019 cm−3. The transistors were bonded to a commercially
available multipin support with a gold wire and mounted in a
variable temperature insert. A superconducting coil cooled
by liquid helium was the source of the magnetic field up to
10 T. The transistors were thermally isolated from the helium
bath and kept at a temperature of 300 K, stabilized within
0.03 K.

In each case, a small drain/source voltage �UD� of 80
mV was applied and the drain current was measured while
the magnetic field �B� was swept up to 10 T. Such scans were
repeated for different gate/source polarizations �UG�, which
allowed to determine the resistance �R� of the transistors as a
function of B and UG. The resistance was next corrected to
take into account the source and drain resistance by the
method described in detail in Ref. 10. The corrected resis-
tance was traced as a function of B2. An example of such
data for a transistor with LG=30 nm is shown in Fig. 1. A
parabolic R�B� dependence was found with a very good ac-
curacy in all cases. Strong magnetic fields up to about 10 T
are necessary in this investigation because of the small value
of mobility in Si MOSFETs at room temperature. In fact, for
�MR�100 cm2/V s, as observed in nanometer Si transistors,
a change of R at 10 T is typically only of a fraction of 1%.

Each curve in Fig. 1 was fitted with a straight line, and
the magnetoresistance mobility was calculated as the square
root of the slope coefficient �see Refs. 10 and 30 for details�.
The electron concentration �ns� was determined as ns

=LG / �e�MRWR0�, where �MR is the magnetoresistance mo-
bility, e is the electron charge, and R0 is the channel resis-

tance at B=0. Figure 2 shows the magnetoresistance mobil-
ity as a function of LG for several values of ns. One can see
a strong decrease of the mobility with the shortening of the
gate length already discussed in Ref. 10. The aim of the
present paper is to provide a deeper interpretation of the
observed �MR�LG� dependence based on the discussion of
microscopic mechanisms of electron motion revealed by
Monte Carlo simulations.

III. MONTE CARLO SIMULATIONS

The geometry and doping levels of the simulated
n-channel bulk Si MOSFETs are shown in Fig. 3. The simu-
lated structure reproduces the main topological parameters of
the fabricated transistors, together with a technologically es-
timated doping profile of the pockets and gate/source and
gate/drain overlaps. The source and drain length of 40 nm,
together with the lateral position of the metallic electrodes,
have been chosen in order to ensure the thermalization of
carriers before reaching the drain contact while minimizing
the CPU time. The calculations were carried out for different
values of ns, corresponding to experimental conditions, i.e.,
in the range 5�1011−2�1012 cm−2. Since our main purpose
is to evaluate the effect of the scaling of LG, several values of
the gate length, from 20 to 250 nm, have been considered in
the Monte Carlo simulations.

For the numerical calculations, we used a 2D semiclas-
sical, bipolar ensemble Monte Carlo simulator self-

FIG. 1. Magnetoresistance of an LG=30 nm transistor for UG=0.4, 0.6, 0.8,
and 0.9 V �bottom to top�. The threshold voltage is 0.36 V. �R=R�B�−R0.

FIG. 2. Magnetoresistance mobility as a function of LG for ns=5�1012, 2
�1012, 1�1012, 5�1011, and 5�1010 cm−2 �top to bottom�. Solid lines are
guides for the eye.
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consistently coupled with a Poisson solver. This method has
already been successfully applied to the study of several Si
and SiGe devices, such as bipolar junction transistors �BJTs�,
heterojunction bipolar transistors �HBTs�,34 and MOSFETs.35

Both electrons and holes are simulated as particles, which
allows us to properly evaluate the influence of each type of
carrier. The device is considered to operate in the common-
source configuration, with the source and substrate contacts
short circuited. The characteristics of the conduction and va-
lence band structures of Si can be found in Ref. 34.

In our model, we consider acoustic, nonpolar optical
scattering and interactions of electrons with ionized impuri-
ties, as well as impact ionization34 and surface roughness
scattering as described in Ref. 35 and references therein. To
deal with the highly doped regions existing in realistic de-
vices, our simulator includes effects such as Coulomb
screening of the impurity charge and the Pauli exclusion
principle.36 An adaptive rectangular mesh �with the size of
vertical and horizontal cells ranging from 1.25 to 20 Å, de-
pending on the local doping and electron concentration� is
used to solve the Poisson equation with a time step of 0.2 fs.
The number of simulated particles depends on the gate
length and the bias conditions, and varies from 3.5�104 to
7�104 electrons and from 8�103 to 4�104 holes. The
source, drain, and substrate contacts are considered to be
ohmic.37,38

To evaluate the microscopic processes related to trans-
port, and to determine internal physical quantities such as the
mean free path or the characteristic time between scattering
events, we consider a counting region17 limited by entering
and exiting surfaces, which, in the present case, are located
at the source-channel and channel-drain borders, respec-
tively. Long time simulations �typically of the order of 100
ps� have been performed, which allow us to assure a proper
statistical resolution for each bias point by letting a large
number of superparticles cross the channel. The originality
of the present work lies in the fact that each electron inside
the counting region is flagged and individually followed to
record all the significant parameters related to the complete

spectroscopy of the electron motion, i.e., not only scattering
events but also free flight time durations, two-dimensional
mean free path, etc. This detailed analysis of the motion of
each individual electron allows to determine average quanti-
ties and their distribution functions. The evolution of the
velocity distribution functions at different channel positions
is traced and information about backscattering processes is
also recorded. Similar procedures have been already success-
fully applied to the study of SOI MOSFETs.9

From Monte Carlo simulations we obtain time averaged
values of electron velocity vx�x ,y�, electron concentration
n�x ,y�, and electric field Ex�x ,y�, where x and y are the
corresponding mesh coordinates. The mobility is defined as
the coefficient that relates the velocity with the electric field
averaged over the counting region, �vx� and �Ex�, respec-
tively,

�vx� = �MC�Ex� , �1�

where

�vx�=�	 	 dx dy vx�x,y�n�x,y�
/nMC, �2�

�Ex�=�	 	 dx dy Ex�x,y�n�x,y�
/nMC, �3�

and nMC=��dx dy n�x ,y� is the average electron concentra-
tion in the channel. The integrals are calculated over the
counting region.

The number of scattering events undergone by electrons
that cross the channel is a key quantity for interpreting mo-
bility results. To this end, one should take into account the
average number of isotropic scattering events.39 All scatter-
ing mechanisms in our model, except scattering by ionized
impurities, are isotropic. To determine an equivalent number
of isotropic scattering events in the case of ionized impuri-
ties, this type of interaction was weighted according to the
appropriate angular dispersion.40 Consideration of the ion-
ized impurity scattering could also be implemented as an
isotropic mechanism in a direct way by modifying the origi-
nal anisotropic probability.24,41

In order to analyze details of the electron motion we
determine also the average time between scattering events, �,
and the average transit time, ttr. The latter quantity is mean-
ingful only for those electrons which left the source and
reached the drain, while the former one can be evaluated for
all electrons, including those which left the source and re-
turned to it. However, to compare these two times, we cal-
culated � just for the limited group of electrons which leave
the source and reach the drain. It is this value of �, which
will be discussed further on.

IV. MONTE CARLO RESULTS

The dependence of �MC on the gate length, calculated
for three values of nMC, is shown in Fig. 4. The mobility
increases with the increase of nMC for all LG. This means that
electron concentration falls within a range where screening
plays an important role in scattering by charged impurities.20

There is an overall agreement of the functional form of the

FIG. 3. Scheme of the simulated structure �not to scale�. Substrate p doping:
5�1018 cm−3; source and drain n+ doping: 2�1019 cm−3; pocket p+ doping:
1019 cm−3; gate/source and gate/drain overlap: 5 nm; source and drain length
�x direction�: 40 nm; source and drain depth �y direction�: 25 nm; pocket
length: 25 nm; pocket depth: 15 nm. Shaded areas denote metallic
electrodes.
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�MC and �MR curves: the mobility decreases with the de-
crease of the gate length, although the decrease of �MR is
more pronounced than that of �MC, especially for LG lower
than 100 nm.

Figure 5 shows the average number of scattering events,
Nscat, as a function of LG for different nMC. In defining Nscat

we consider the event of entering the drain as a scattering.
That is why each electron is scattered at least once when
moving between the source and the drain. This corresponds
to the fact that we are modeling finite devices in which the
mean free path cannot be longer than the device itself. For
the shortest transistors with LG of about 20 nm, Nscat is close
to 2, which means that, on average, electrons are scattered
only once between source and drain. This is a signature of a
quasiballistic transport in the shortest MOSFETs.

Figure 6 shows the mean free path, �, as a function of LG

and nMC. To calculate �, we determined the average of the
accumulated length traveled by the electrons when moving
in the x direction from source to drain �both forward and
backward� and divided it by Nscat. As in the case of �, the
computed � is only accounted for the group of electrons that
leaves the source and reaches the drain. Results for a few
values of nMC are compared with the gate length, LG. One
can see that for the smallest transistors � approaches LG,
which is consistent with a small average number of scatter-

ing events. In the whole range of LG, � increases with nMC,
although the ��nMC� dependence is weaker for shorter chan-
nels than for longer ones. For a given value of nMC and LG

larger than about 100 nm, � remains nearly constant indicat-
ing a diffusive behavior.

V. DISCUSSION

Last years, many papers were devoted to calculations of
mobility in the inversion layer of MOSFETs for comparison
with the “universal mobility law.”4 Gámiz et al.20 performed
Monte Carlo simulations in the diffusive regime �i.e., for
long devices�. They showed that Coulomb scattering is re-
sponsible for deviations of the ��Eeff� dependence from the
universal curve �Eeff is the effective electric field�. Jungeman
et al.22 used Monte Carlo simulations for investigation of the
influence of the stress in Si/SiGe MOSFETs with LG between
23 and 48 nm, and estimated how close to the ballistic limit
is the “on” current. Esseni and Sangiorgi23 investigated ex-
perimentally large �15�100 �m� ultrathin SOI MOSFETs in
the form of Hall bars, operating in single- and double-gate
modes. The results were interpreted within a generalized mo-
mentum relaxation time model. Aubry-Fortuna et al.24 ap-
plied Monte Carlo simulations to strained Si/SiGe MOSFETs
to investigate the influence of strain and doping level on
electron mobility.

A common feature of these papers is that mobility cal-
culations were carried out for a constant and spatially uni-
form longitudinal electric field �x direction�, and were dis-
cussed as a function of the effective vertical electric field �y
direction�. The approach of the present paper is different
since �Ex� of Eq. �3� takes into account the bidimensional
features of the real field profile obtained by solving the Pois-
son equation, since the integral extends over the whole chan-
nel.

The mobility �MC defined by Eq. �1� assumes a linear
dependence of the average velocity on the average electric
field. This definition is identical to the standard definition of
the drift mobility in the linear response theory, but its physi-
cal interpretation is different. The standard definition consid-
ers a local relation between the electric field and the drift
velocity. In the case of Eqs. �1� and �3� we first characterize

FIG. 4. �MC�LG� determined from Monte Carlo simulations for nMC=2
�1012 cm−2 �squares�, 1�1012 cm−2 �circles�, and 5�1011 cm−2 �triangles�.
Dotted lines are guides for the eye taken from Fig. 2 for the same values of
ns �top to bottom�.

FIG. 5. Nscat�LG� for different values of nMC. The symbols and correspond-
ing nMC values are the same as in Fig. 4.

FIG. 6. Mean free path � for different values of nMC. Symbols and corre-
sponding nMC values are the same as in Fig. 4. The solid line shows the �
=LG dependence.
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the device channel as a whole by the average quantities, �vx�
and �Ex�, and then we postulate a linear relation between
these quantities. This definition is equivalent to the experi-
mentally obtained mobility, �MR, related to the resistance R
=LG /Wens�MR. In fact, in calculating the mobility from the
equation �MRUD /LG= ID /Wens, where ID is the drain cur-
rent, one uses a relation between the average electric field
and the average electron velocity. Thus in both cases, Monte
Carlo calculation and experiments, we consider an effective
mobility that links average values of velocity and electric
field; this makes possible their comparison.

Let us also note that the agreement of the functional
form of the experimentally determined and Monte Carlo
simulated mobilities, shown in Fig. 4, has important conse-
quences for the investigation of quasiballistic transport. In-
terpretation of the magnetoresistance coefficient as the
square root of the mobility is correct in the case of diffusive
transport, and results from the solution of the Boltzmann
equation in the case of weak magnetic field.30 There is no
analogous theory for quasiballistic transport when some elec-
trons pass the channel suffering a small number of scattering,
or are not scattered at all. The present paper gives strong
arguments for extending the “diffusive” interpretation of the
geometrical magnetoresistance to the case of a quasiballistic
conductivity and shows that the magnetoresistance method to
determine the mobility in nanotransistors is correct.

As previously stated, the most interesting feature of mo-
bility in nanometer MOSFETs found experimentally and in
Monte Carlo simulations is its decrease at small LG. This is
related to the fact, shown in Fig. 7, that the average scatter-
ing time shrinks when LG becomes smaller than about 100
nm. In the purely ballistic case, the scattering time is equal to
the transit time and decreases as LG shrinks. Thus, the de-
crease of � is related to an increased contribution of ballistic
transport. The contribution of ballistic transport to the total
conductivity can be estimated by the transmission coeffi-
cient, TB.32 According to Ref. 7, TB=� / ��+LG�=�0 / ��0

+�B�, where �0 is the diffusive mobility �i.e., the mobility
measured in devices with LG��� and �B is the so-called
ballistic mobility.42 In a previous publication, Ref. 33, TB

was estimated from �0 determined experimentally and �B

calculated according to the model of Ref. 42. In the present

paper, we are able to calculate TB on the basis of �, shown in
Fig. 6. Figure 8 compares these two approaches showing a
satisfactory agreement.

It was not the aim of the present paper to achieve a
quantitative agreement of the experimentally measured and
simulated mobilities. Although we tried simulated devices to
resemble real ones, it is not possible to grasp in simulations
all details that influence transistors performance, such as real
doping levels, extension of overlap zones, or parameters of
the pockets. That is why a qualitative �and approximately
also quantitative� agreement of experimental and simulated
mobility is satisfactory. It is important that the Monte Carlo
analysis showed a decrease of the mobility with shrinkage of
LG, which is one of the most characteristic features of trans-
port in nanotransistors. The analysis shown in Figs. 5–8
clearly evidences the importance of ballistic motion that can
be the main factor for the mobility reduction at the shortest
LG.

VI. CONCLUSIONS

The mobility in nanometer transistors determined by
Monte Carlo simulations in a 2D framework is compared
with experimentally obtained values. The experimental mag-
netoresistance method allowed to determine the mobility in
nanometer MOSFETs with gate length down to 30 nm.
Monte Carlo simulations of realistic nanometer MOSFETs,
registering the individual history of each simulated electron,
allowed to calculate the mobility and relate it to the statistics
of scattering events, mean free path, average transit time, and
average scattering time. Both the mobility and the transmis-
sion coefficient determined by the Monte Carlo simulation
show a satisfactory agreement with experimentally deter-
mined values. Ballistic motion was shown to be involved in
a strong decrease of the mobility at the shortest gate lengths.
The open question, left for further investigation, is a quanti-
tative description of the role of the pockets in the mobility
degradation. The results give a strong argument for interpre-
tation of the coefficient of the geometrical magnetoresistance
as the square of the mobility also in the case of quasiballistic
transport. A successful comparison of experimental and

FIG. 7. Average transit time from the source to the drain, ttr, closed sym-
bols, and average scattering time, �, open symbols, as a function of LG. The
symbols and corresponding nMC values are the same as in Fig. 4.

FIG. 8. Transmission coefficient as a function of LG. Phenomenological
model of Ref. 33: ns=2�1012 cm−2 �dashed line�; ns=5�1011 cm−2 �dotted
line�. Monte Carlo simulations: ns=2�1012 cm−2 �squares�; ns=5
�1011 cm−2 �triangles�.
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Monte Carlo mobility results gives the possibility of a deeper
understanding of the physics of electron transport in nanom-
eter devices.
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