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Abstract. An efficient one-dimensional ensemble Monte Carlo simulator that
improves the study of carrier transport by including a space-variable charge
algorithm has been developed. The algorithm is automatically implemented in
regions with remarkable concentration gradients. In this way is possible to study
devices in which the carrier concentration varies by several orders of magnitude
along the device and/or when we are interested in the population of states rarely
occupied by the carriers (tails of distribution functions, hot electrons, etc) without
excessive CPU requirements.

In the present work this technique is used to study a Schottky barrier diode
over a wide range of forward bias (80–800 mV). In particular, the exponential
behaviour of the current–voltage characteristic, the agreement of this with the
experimental results, the distribution function and the recombination velocity of
carriers close to the metal–semiconductor interface confirm the validity of the
implemented algorithm.

1. Introduction

The ensemble Monte Carlo method (EMC) is a powerful
tool for simulating submicrometre semiconductor devices
because it affords a very complete data set on their carrier
transport properties [1, 2]. However, the major drawbacks
to the EMC approach derive from the fact that much CPU
time is required when the carrier concentration varies by
several orders of magnitude along the device and when
unlikely high-energy carrier states are to be studied [3, 4].
Thus, study of the degrading effect in the MOSFET channel
due to the energetic electrons (‘hot electrons’) is of crucial
importance in the performance of the device [5, 6]. In this
sense it is very important that the EMC should be able
to predict small substrate and gate currents. In bipolar
transistors, study of the heating of electrons when these
cross the base–collector depletion region of high electric
fields is essential. Calculation of ‘rare’ electron states is
of great relevance in ‘barrier-controlled current’ devices
because in these the probability of a carrier crossing the
space-charge region (SCR) falls exponentially with the
opposing barrier height.

The aim of the present work is to report the results
obtained in a one-dimensional EMC simulation of a barrier-
controlled device. To ensure statistical validity of the
results obtained in the SCR, a procedure of space-variable
charge was implemented. The main features of the method
used are reported in section 2.

A Shottky barrier diode (SBD) was chosen as the
‘barrier-controlled current device’ owing to its special
characteristics, namely (i) an SCR with a low free carrier
concentration and (ii) a small number of carriers with
enough energy to surmount the barrier. Additionally,
charge transport in SBDs is applicable to similar problems
such as conduction band spikes in heterojunction bipolar
transistors (HBTs) [7].

Section 3 reports on the simulated structures, boundary
conditions and parameters employed in the simulation.
Section 4 offers a comparison between the results of a
standard EMC simulation (EMC I) and those obtained in
an EMC simulation in which the space-variable charge
procedure is implemented (EMC II). The EMC II results
are compared with the current theories and existing
experimental results. Finally, section 5 presents the main
conclusions.

2. Description of the space-variable charge
procedure

By means of a traditional EMC scheme [3], most of the
sample particles will populate the highly doped regions of
the device (generally close to ohmic contacts with a small
influence on the device behaviour), requiring considerable
CPU time for the simulation. The small population of
sample particles in the low-density regions or SCR leads
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to strong fluctuations in the average results (velocity,
energy. . . ).

In order to overcome these difficulties, different
statistical improvements of the standard Monte Carlo
technique have been introduced. In 1977 Phillips and
Price [8] developed a weighting procedure of statistical
enhancement based on dividing the ‘history’ of the electron
in a semiconductor into two parts: containing the ‘common’
and the ‘rare’ states (energy states greater than a threshold
value). By implementing a repetition scheme varying in
duration, these authors calculated the energy distribution
function for hot electrons in a semiconductor.

In 1985, Wanget al [9] developed an EMC based on
the work in [8], assigning an energy-dependent weight to
each ‘sample-electron’. That EMC code was applied to a
planar-doped barrier (PBD) structure of GaAs of 0.2 µm
length with a barrier height of 0.25 V. The PBD structure
presents an extreme concentration ratio of 105.

The Phillips and Price technique was used by Sangiorgi
et al [5] to study transport in a MOSFET channel. The
domain of the ‘rare’ states of the electron is divided into a
number of ‘subregions’ where a multiple repetition scheme
with different multiplication factors is implemented in a
drift-diffusion method coupled with a single-particle Monte
Carlo algorithm.

Fischetti and Laux also made use of that scheme to
improve their two-dimensional EMC in a study ofSi n and
p MOSFETs, GaAs MESFETs andSi bipolar transistors
by the definition of ‘stat-box’ regions in real andk-space
[5, 10]. In this procedure, the statistical variance of each
‘rare’ state is controlled by automatically adjusting the
number of particles in ‘rare configurations’.

A weighting technique similar to that of Wanget al [9]
has also been used by Maziar and Lundstrom [11] to study
the recombination velocity at the metal–semiconductor
interface of a GaAs SBD. The semiconductor employed
is homogeneous (1017 cm−3) and the ‘sample electrons’
were injected into the SCR of the diode by a weighted
Maxwellian distribution function. Although they used the
weighting scheme, the study is limited to conditions of a
semiconductor–metal barrier height of a fewKBT/q.

On studying semiconductor devices it is usual to
employ an EMC method with a constant particle factor
(EMC I) [12]: each sample carrier has a preset and constant
electron-particle equivalent (EPE). That EPE (in one-
dimensional Monte Carlo) records the number of electrons
per unit area, in the two unsimulated dimensions, that
represents a simulated sample particle. A variable EPE that
depends of the position occupied by the simulated particle
along the device allows that the lightly populated regions
have similar statistical significance than the more populated
ones.

Initially, the device is divided into several regions of
different charge-particle weight:Si, i = 1, 2, . . . , n such
that each of thesen regions is assigned a different value of
electron-particle equivalent, EPEi .

The space-variable charge procedure aims at achieving
physically appropiate expansion/compression processes
between adjacent regions (Si, Si+1). When a particle
undergoes a transition from one state (r,k) of a regionSi

Figure 1. Schematic drawing of expansion/compression
processes between states of adjacent regions Si and Si+1
for the case in which EPEi+1 < EPEi . Each node represents
an electron state. Full lines indicate the regions of different
EPE and dotted lines the mesh for the resolution of the
Poisson equation (1x is the cell width). The multiplication
factor associated with this particular transition is Ni .

to another state (r ′, k′) in a regionSi+1 of less probable
population (hence EPEi+1 < EPEi), a multiplication
algorithm of this particle is activated. The expansion factor
Ni is given with the ratio between the EPE of the final and
initial regions. The algorithm must generateNi particles,
ensuring that together with the ‘parent’ particle, that is
removed, the laws of energy and momentum conservation
are fulfilled (figure 1 upper part). To solve Poisson’s
equation and calculate the average values of the simulation,
the generated particles acquire the charge weight conferred
by the EPE of the new region. An inverse process of
compression must be carried out in the case in which the
final state corresponds to a more probable population region
(figure 1, lower part).

To facilitate the implementation of this space-variable
charge algorithm, the limits of the expansion/compression
regions must coincide with the boundaries of the cells used
to solve Poisson’s equation. Neither the position of the
boundaries of the variable charge regions nor the best values
of each EPE are known at the start of the simulation since
they depend on the applied voltage.

With the aim of achieving a number of sample particles
practically equal in each cell, at the beginning of the
simulation the program performs an iterative autoadjust
algorithm. This algorithm is coupled to the EMC scheme
and provides an automatic assignment of the EPE values
and boundaries of the different expansion/compression
regions. For each bias point, this algorithm carries out
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modifications in the EPE of each cell until a stationary
situation is reached. It is based on the relation between the
potential gradient and the free carrier concentration along
the device. In broad outline the algorithm is as follows.

We initiate the ensemble simulation by assigning to
each cellj a rough EPEj value which is determined by

EPEj = 1xj DOPj

NPj

(1)

where1xj is the cell width, DOPj the doping density and
NPj the number of particles of thej -cell. The values of NPj
at each cell are set as similar as possible. By comparison
of the EPE values of adjacent cells we determine the
boundaries of theSi regions and theNi factors. The EPE
values are adjusted in order to keep the integer nature of
Ni .

As second step we perform an usual EMC calculation
(with these EPEj values) during an adequate number of
iterations (1–5 ps) until an accurate enough calculation of
the potential profile is reached. This potential profile is
necessary to obtain a free carrier density estimation which
will be used to achieve a more adequate EPE at each
cell. Let us consider two cells:j, k. Near equilibrium
conditions (low current level) and/or when thej and k

cells are spatially close we can assume that the quasi-
Fermi potentials of the electrons in both cells are equal.
In consequence we can express

nk ≈ nj exp

(
Vk − Vj

KBT/q

)
(2)

wheren is the free carrier density andV the value of the
potential previously calculated.

This approximation is suitable to obtain, taking the
origin of n andV in the highly doped region, an estimated
value of the free carrier density along the device. This
allows us to recalculate the new EPE of each cell using
nk instead of DOPk in (1) and then determine the new
position of the boundaries of theSi regions and the new
Ni factors. Again the integer nature ofNi must be kept.
This requirement leads to an EPE profile formed of discrete
values which are multiples of each other. These EPE values
may not be consistent with the initial NPj , i.e. the time
average of simulated particles at each cellNPj could be
different from the initial NPj .

In order to correct these discrepancies betweenNPj

and NPj , further modifications ofSi and Ni are made
(from the results of simulations of 500–1000 iterations)
until NPj and NPj coincide within a 40% tolerance. This
iterative procedure performs an adaptive optimization of the
Si boundary positions and theNi factors.

This procedure enables the EMC method to be used for
the study of charge transport in devices with regions of very
different doping levels (BJTs, HBTs,. . . ), thus considerably
reducing the number of sample particles in regions of high
doping density and at the same time obtaining reliable
statistics of ‘rare processes’ such as the high-energy tails
of the distribution functions.

3. Schottky barrier diode. One-dimensional
ensemble Monte Carlo simulator

Currently, SBDs continue to be widely used, due to
their excellent behaviour at high frequencies (mixers and
detectors extend to up to frequencies of several hundred
gigahertz [13, 14]).

Over the past 40 years, the current–voltage characteris-
tics of this type of diode have been extensively dealt with in
the literature: Crowell, Chang and Sze developed a theory
to calculate the current flow of majority carriers in metal–
semiconductor barriers by encompassing the Schottky dif-
fusion and Bethe thermoionic emission theories within a
single thermoionic emission diffusion (TED) theory that
includes the image force lowering of the barrier [15] and
tunnelling [16] effects. More recently, several numerical
analysis [17–21] and Monte Carlo simulations [11, 22–24]
have been performed with a view to studying charge trans-
port and current fluctuations in SBDs.

The study of a forward biased SBD with the
semiconductor–metal barrier greater than 2–3KBT/q is a
problem for an EMC algorithm with constant EPE [11, 24].
In that operation the number of carriers surmounting the
barrier is too small to ensure the reliability of the current
calculation without an extensive amount of CPU time.

The simulated SBD is modelled as Sin+-n-metal
structure. The absence of two-dimensional effects is
assumed. The doping of the n+ region is 1017 cm−3 and it is
0.3 µm long. The simulated electrode in the free end of the
n+ region is modelled as an ideal ohmic contact: the free
carrier concentration of a small region close to the contact
should remain constant and equal to the doping density [25].
Periodically, sample particles are injected into the electrode
at thermal equilibrium with a velocity chosen randomly
according to a Maxwellian distribution function weighted
by the velocity component perpendicular to the contact and
directed into the device. The simulation has been carried
out with two different doping densities (ND) of the n region
(1015 cm−3 and 1016 cm−3), that is 0.8 µm long. The
Schottky barrier is situated at the end of this n zone with
the metal contact acting as a perfect absorbing boundary.
Electrons with sufficient velocity (kinetic energy) to pass
the energy barrier are injected into the metal. No carrier
is injected from the metal into the semiconductor which
imposes a lower limit (3KBT/q ≈ 80 mV) on the range of
applied voltages in the simulation.

The quantum effects of tunnelling and barrier reflection
in the semiconductor–metal contact are not included in the
simulation. Image-force lowering effect is not taken into
account globally, only its effects at low bias, as will be
detailed below. Figure 2 shows the energy band diagram
of the SBD under equilibrium conditions.

The barrier height,8Bn of the metal (Au)–Si(n-type)
contact is an important factor to be taken into account in
the EMC simulation. We assume that8Bn remains constant
with bias. The value of8Bn has been calculated from
experimental results [16], using the extraction method of
the Schottky diode parameters from the forward current–
voltage characteristics [26]. The barrier height considered
is 0.81 eV, which lies within the range reported in
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Figure 2. Detailed band diagram of a metal–semiconductor
Schottky barrier diode under equilibrium conditions.

experimental results [16, 27]. Therefore the barrier height
from the n region to the metal (built-in potential:qVbi)
is equal to 0.54 eV and 0.60 eV for doping densities of
1015 cm−3 and 1016 cm−3 respectively.

TheSi microscopic model employed is the same as that
reported in [28]. The simulation was performed at 296 K.
The calculation of the physical quantities of interest follows
the standard scheme [1]. Self-consistent coupling of the
Poisson solver algorithm with an EMC simulator (one-
dimensional in real space and three-dimensional ink-space)
affords the spatial distribution of the electric potential. The
device is divided into equal cells of 100̊A each, that are
sufficiently small to reproduce the spatial variations in the
electric potential. The time step,DT , to solve the Poisson
equation is 10 fs. The EPE value used in the EMC I
simulation is 1013 electrons/m2.

4. Results

The current–voltage characteristics under forward bias
conditions obtained with the EMC I and EMC II simulations
are shown in figures 3(a) and 3(b) respectively. The results
of both simulations have been obtained with the same
simulation time.

For high forward voltages, no significant differences in
the values of current density between EMC I (figure 3(a))
and EMC II (figure 3(b)) are seen for either of the dopings
of the n region since the SCR are negligible due to the
effects of the disappearance of the barrier. This confirms
the consistency of the space-variable charge scheme.

Only the forward bias range leading to a semi-
conductor–metal barrier height lower than a fewKBT/q

can be reliably simulated in acceptable CPU times by the
EMC I method. The poor number of sample particles
crossing the SCR is responsible for the lack of precision
appearing in the current values as the voltage decreases
(see error bars). For the sake of clarity, the error bars
are only represented for the n region doping of 1016 cm−3.
It should be noted that using the EMC I method for the
lower bias (0.37 V) over 300 ps of simulation, no sample
particle was seen to cross the semiconductor–metal contact,
whereas using the EMC II method for the same simulation

Figure 3. Current–density characteristics obtained with the
EMC I (a) and the EMC II (b) simulations for two doping
densities of the n region: 1015 cm−3 (open symbols) and
1016 cm−3 (full symbols). The Mott (broken and dotted
curves) and the TED (solid curve) predictions are also
plotted in the figures.

conditions we found that around 7500 particles crossed the
semiconductor–metal contact.

Figures 4(a) and (b) show respectively the spatial
distributions of carrier density and mean energy obtained
with EMC I and EMC II simulations using the same
number of time steps. Owing to the insufficient number of
particles in the SCR when the EMC I simulation is used,
strong spatial fluctuations appear in the average values.
Accordingly, henceforth the results described correspond
to simulations performed with the EMC II method.

For applied voltages (Vapl) to aboveVbi the current
tends to show a quasilinear dependence on voltage due to
the disappearance of the barrier (figure 3). Essentially, the
diode behaves as the series resistance associated with the n
and n+ regions, that controls the current through the device
[29]. Figure 3(b) plots the current–voltage characteristics
according to the Mott theory [30] for both doping densities.
The EMC II results tend to the Mott predictions and are in
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Figure 4. Comparison between the profiles of carrier
density (a) and mean energy (b) obtained with the EMC I
(full curve) and the EMC II (broken curve) simulations as a
function of the position in the SBD for a bias of 0.37 V.

excellent agreement with them forVapl > 0.65 V.
For forward biases lower than flat band conditions

(Vapl ≈ Vbi), the current exhibits an exponential type
of behaviour determined by the thermoionic emission
and diffusion processes. The exponential current–voltage
dependence corresponding to a ‘barrier-controlled current’
appears over a wide range of 80 mV< Vapl < 470 mV
(figure 3(b)).

The expansion/compression scheme is applied automat-
ically in the regions in which there are remarkable concen-
tration gradients such as n+–n interfaces and mainly the
SCR of the metal–semiconductor union. To determine the
static characteristics in the exponential range, a varying
number of expansion/compression regions was used, de-
pending on the n-region doping density and the forward
bias.

At low bias the validity of the results thus obtained is
limited to the appearance of phenomena such as generation–
recombination processes [31] and minority carrier injection
[32], not taken into account in the simulation.

In the exponential region of the current–voltage curves
we do not observe significant differences between the
current–voltage characteristics for both doping densities of
the n region. In theory, the value of the saturation current
does not depend on impurity concentration. Fitting of the
EMC II results to the TED theory affords a saturation
current of 4.25 × 10−3 A m−2 and a non-ideality factor
of 1.01, both within the range of experimental values [16].
This fitting of the TED theory is also plotted in figure 3.
Additionally, this value for saturation current value agrees
with the theoretical predictions for Si at this temperature.

The carrier density and potential profiles are shown in
figures 5(a) and 5(b) for an n-region doping density of
1015 cm−3, and in figures 6(a) and 6(b) for 1016 cm−3.

Figure 5. Profiles of free-carrier density (a) and potential
(b) as a function of the position along the SBD with the n
zone doping density equal to 1015 cm−3 for different biases.
The key given in (a) is also valid for (b).

Figure 6. Profiles of free-carrier density (a) and potential
(b) as a function of the position along the SBD with the n
zone doping density equal to 1016 cm−3 for different biases.

In the plots of the potential, it may be seen that when
Vapl > Vbi the barrier disappears and the voltage drops
along the whole device and mainly along the n region
(more resistive), in agreement with the observed resistive
behaviour. WhenVapl < Vbi the whole of the potential drop
is essentially localized in the region close to the metal–
semiconductor interface.

The carrier density profiles corroborate the existence
of a depletion region near to the Schottky contact. Use
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Figure 7. Different EPE profiles generated by the iterative
autoadjust algorithm in the simulation of the structure with
a doping density in the n region of 1015 cm−3 for a bias of
0.37 V. Full line: rough initial EPE assignment provided by
equation (1) with NPj of 50. Dotted line: EPE assignment
provided by equation (1) with nj instead DOPj . Broken line:
first approach of a discrete profile to fit the previous curve.
Bold line: final EPE assigment.

of the space-variable charge algorithm has been completely
satisfactory for both doping densities due to the absence of
spatial fluctuations in the concentration profile even though
the carrier concentration varies more than 10 orders of
magnitude across the device.

It may be seen that the SCR width is almost all of the n
region for a doping density of 1015 cm−3, also, the carrier
concentration decreases gradually with the distance as the
Schottky contact is approached. In the 1016 cm−3 structure,
the SCR width is approximately 0.3 µm and the decrease in
the carrier concentration is much sharper. As a consequence
of that, the width of the expansion/compression regions in
the SCR must decrease as the doping density increases.
To obtain an almost constant number of sample particles
in each cell (approximately 50) it has been necessary to
consider a different number of regions depending on the
bias: from seven regions forVapl of 0.47 V to 17 regions
for 80 mV. Figure 7 shows an example of the iterative
autoadjust algorithm explained in section 2 applied to the
structure with a doping density in the n region of 1015 cm−3

for Vapl of 0.37 V. The iterative application of the automatic
algorithm finally provides the boundaries and the EPE
values of 10 different expansion/compression regions that
are shown in the figure.

Figure 8 shows the EMC II results for the lowest
electric fields applied as compared with the values taken
from [16] in the 〈111〉 direction for both doping densities.
The excellent agreement between the EMC II simulations
and the experimental results for the lowest bias (80–
170 mV) can be seen. For higher voltages (170–
250 mV) the EMC II results are somewhat larger than the
experimental ones. There are two reasons for this slight
difference:

(i) The barrier height8Bn was held constant during the
simulation. The dependence of the ‘barrier lowering’ on
the electric field at the metal–semiconductor contact has
not been taken into account. As the voltage increases, the
electric field at the interface decreases (figure 9) and makes
the barrier height increase slightly.

Figure 8. Comparison between current–density
characteristics obtained with the EMC II simulation (circles)
and the experimental results taken from [15] (triangles), for
both n-zone doping densities: 1015 cm−3 (open symbols)
and 1016 cm−3 (full symbols).

Figure 9. Electric field profile as a function of the position
along the SBD with the n-zone doping density equal to
1015 cm−3 (a) and 1016 cm−3 (b) for different biases.

(ii) Additional discrepancies appear due to the different
values of the series resistances of the simulated structure
and the experimental one.

Owing to the high number of particles close to the
barrier, the EMC II method is able to provide reliable
energy and velocity carrier distribution functions at the
metal–semiconductor interface that are not possible to
achieve with EMC I.

The theoretical model most frequently used for the
study of Schottky diodes is based on the TED theory [15].
Current flow near the Schottky contact can be described

385



M J Martı́n et al

Figure 10. Velocity distribution functions of the carriers in
different regions of the SCR for a bias of 0.51 V. With the
space origin taken at the metal–semiconductor contact, the
different regions are located: from 150 to 200 Å (a), from
40 to 60 Å (b), from 5 to 40 Å (c) and from 0 to 5 Å (d ). A
full-Maxwellian distribution is also plotted in (d ) (see text).

in terms of an effective recombination velocityVr . If the
electron distribution is considered to be Maxwellian [15],
this recombination velocity is given by

νr =
√

KBT

2πm∗ . (3)

Later, Baccaranni and Mazzone [22] proposed a hemi-
Maxwellian velocity distribution function of electrons, for
which the recombination velocity can be expressed as

νr =
√

2KBT

πm∗ . (4)

The work by Adams and Tang [18] also suggests that the
interface recombination velocity should be considered as
bias dependent.

During the EMC II simulation, the carrier distribution
functions at different regions of the SCR are calculated.
Also the mass and velocity of the carriers at a distance of
less than 5Å from the metal–semiconductor barrier were
calculated to verify the estimation of the recombination
velocity. Owing to the perfectly absorbing nature of
the Schottky contact, and because metal–semiconductor
injection is not considered, the distribution function close
to the contact does not contain carriers with negative
velocities. Thus, on approaching the metal–semiconductor
interface, the velocity distribution function of electrons
changes from a full Maxwellian to a hemi-Maxwellian.
This effect can be appreciated for a bias of 0.51 V in
figures 10(a)–(d). The distribution function of the carriers
in each of the X valleys of our Si band model are identical
(as would correspond to the isotropic behaviour of Si
with the field applied in the〈111〉 direction). No bias
dependence of the recombination velocity was found. The
velocity value obtained (9.8 × 104 m s−1) is consistent
with that estimated by equation (4). Figure 10(d) also
shows the full-Maxwellian distribution function (withm∗

calculated from the simulation) for comparison with the
distribution function obtained in the EMC II simulation
close the Schottky contact.

5. Conclusions

In this paper an efficient one-dimensional ensemble Monte
Carlo (EMC) simulator that improves the study of the
carrier transport by including a spatially variable charge
algorithm has been developed (EMC II). The model allows
the simulation of devices in which the carrier concentration
varies by several orders of magnitude along the device
and/or when one is interested in the population of states
rarely occupied by carriers (tails of distribution functions,
hot electrons, etc).

In particular, in this work the scheme (EMC II) was
used to study a Schottky barrier device for a broad range
of forward bias (80–800 mV). In the regions with a elevated
carrier density gradients the program performs a self-fitting
algorithm to optimize this scheme automatically.

The current values obtained with the EMC II simulation
are consistent with the experimental data. For applied
voltages above flat band conditions, the EMC II simulation
results approach the Mott predictions. The exponential
behaviour of the current–voltage characteristics over a wide
range of bias (80–470 mV) is observed. The saturation
current is in excellent agreement with the thermoionic-
emission diffusion theory and the experimental results.

Because of the absence of fluctuations in the analysis
of the concentration profiles, the stability of the variable
charge assignation scheme is guaranteed even through
the carrier concentrations vary more than 10 orders of
magnitude across the device.

The number of particles close to the barrier is
sufficiently high to afford a reliable carrier energy or
velocity distribution functions at the metal–semiconductor
interface. As the interface is approached, the variation of
the velocity distribution function from a full Maxwellian
to a hemi-Maxwellian is confirmed. The recombination
velocity lies within the range reported in theoretical results
and does not show bias dependence.
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