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Abstract
In this paper, an ensemble 2D bipolar Monte Carlo simulator is employed
for the study of static characteristics, high-frequency response and noise
behaviour in a 0.3 µm gate-length n-MOSFET in common source
configuration. Short-channel effects, such as velocity overshoot in the
pinch-off region, together with the appearance of hot electrons at the drain
end of the channel are observed in the static characteristics. Admittance
parameters and the small-signal equivalent circuit have been calculated in
order to characterize the dynamic response of the device. The use of a
bipolar simulator allows one to study the dynamics of both types of carriers
simultaneously. While the static results are dominated by the electron
transport, the contribution of holes mainly affects the drain–substrate
capacitive coupling. The noise behaviour of the simulated MOSFET is also
studied (up to 40 GHz) by means of different parameters, such as the
spectral densities of the current fluctuations at the drain and gate terminals
(and their cross-correlation), normalized α, β and C parameters and NFmin.
In the saturation regime, due to the presence of hot carriers, an increase in
drain and gate noise with respect to the long-channel prediction has been
found. Moreover, a stronger correlation between drain and gate noise is
observed, especially at low drain current. Induced gate noise is found to
play a crucial role in the determination of NFmin at high drain currents.

1. Introduction

In the last decade, CMOS devices have become an
interesting alternative for consideration in the design of radio-
frequency (RF) integrated circuits. It must be remarked that the
high-frequency performance of Si MOSFETs (in terms of unity
current gain frequencies, fT , minimum noise figure, NFmin,
etc) will never reach that of advanced III–V FETs due to the
poorer electron transport properties. However, the progressive
downscaling of silicon MOS transistors has permitted one to
obtain fT of tens of GHz [1,2], and several RF CMOS circuits
have already been demonstrated [3]. Unfortunately, the
reduction in the gate length (Lg) to deep submicron dimensions

involves the appearance of undesired short-channel effects [4].
Although some other silicon-based technologies, such as
silicon-on-insulator (SOI) seem a very promising alternative,
CMOS technology still presents the clear advantage of very
low cost and high levels of integration, and its feasibility in the
design of RF system-on-chip applications is beyond all doubt.

To succeed in designing RF and microwave CMOS low-
noise applications, a detailed characterization of the high-
frequency noise performance of sub-micron MOSFETs is
required. Especially in the saturation region (which is the usual
region of operation of MOSFETs for analog applications), it
is necessary to determine accurately the drain and gate noise
equivalent sources and their cross-correlation [3]. Precise
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device models are of capital importance for the optimization
of the device design. Unfortunately, the conventional long-
channel noise models for MOSFETs underestimate the drain
noise for short-channel devices, as evidenced by experimental
data found in the literature [5, 6]. Therefore, it is crucial
to use a model that reproduces exactly the carrier transport
conditions inside the device. Due to this fact, the ensemble
Monte Carlo (EMC) method [7] is the ideal tool to carry out the
mentioned study. It intrinsically incorporates all the transport
phenomena of interest (such as non-stationary effects or the
appearance of hot carriers) in such devices, together with the
possibility of simulating both types of carriers. The EMC
method also allows the extraction of many interesting physical
quantities, such as carrier concentration, energy, velocity, etc,
and therefore to study the primary origin of electronic noise.
This method has been successfully employed in the study of
noise in many different devices [8–10].

The aim of this paper is to present an EMC study of
noise in a sub-micrometer gate-length MOSFET device under
saturation conditions, focusing our analysis in the RF and
microwave range, that is, up to 40 GHz [11]. The paper is
organized as follows. In section 2, the simulated structure and
the features of our Monte Carlo simulator are presented. In
sections 3.1 and 3.2, the static characteristics and dynamic
response of the device are studied. The noise sources are
investigated in section 3.3 by means of the calculation of the
spectral densities of current fluctuations in the gate and drain
contacts, α, β andC parameters and minimum noise figure. To
the authors’ knowledge, this work represents the first attempt
to calculate these noise parameters for a bulk MOSFET by
using an ensemble bipolar Monte Carlo simulator. Finally, the
main conclusions of this paper are presented.

2. Simulated device and Monte Carlo model

The geometry and doping levels of the simulated n-channel
silicon MOSFET are shown in figure 1. The gate length
is 0.3 µm, and the doping concentration of the p-substrate
equals 2 × 1016 cm−3. The source and drain n+ regions are
0.3 µm long, with a doping concentration of 5 × 1017 cm−3.
Both parameters, together with the lateral position of the
contacts, have been chosen in order to minimize the CPU time
while ensuring carrier thermalization before reaching the drain
contact. Even if these values may not correspond exactly
to those employed in fabricated devices, their modification
just leads to a change in the resistance of the ohmic regions
next to the contacts; an effect that can be compensated for
in a post-processing stage by means of considering a series
resistance in the contacts [12]. Furthermore, since electron
transport in a MOSFET depends basically on the inversion
layer under the oxide, the relatively ‘low’ doping of the source
and drain regions does not change the results significantly. A p+

region with a doping concentration of 2 × 1017 cm−3 has been
considered at the bottom of the device to perform the substrate
contact. The built-in potential considered for the MOS
structure is 0.95 eV. The oxide thickness is 10 nm, which is
within the technological limits usually employed in MOSFETs
for the considered Lg [4]. Due to the dimensions and the
Lg considered in this structure, short-channel effects (such as
excess drain noise) are expected to be observed. The source
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Figure 1. Scheme of the simulated device. The grid does not
correspond to the real dimensions; it is just indicative of the areas
where the dimensions of the meshes are smaller.

and substrate terminals are short-circuited, and the device is
considered to operate in common-source configuration, as in
the majority of high-frequency applications [13].

The calculations are performed by means of a 2D
semiclassical EMC simulator, consistently coupled with a two-
dimensional Poisson solver. Many authors consider holes
in a quasi-static approximation when solving the Poisson
equation [14], which is physically plausible for the static
analysis of MOSFETs. However, when dealing with dynamic
and noise behaviour, the consideration of the simultaneous
self-consistent dynamics of both types of carriers becomes
necessary. Thus, in our case both electrons and holes are
simulated as particles [15]. Due to this fact, it is possible
to evaluate the influence of substrate holes on the dynamic
response and noise behaviour of the device. The band
structure of silicon is considered to be formed by nonparabolic,
anisotropicX andL valleys in the conduction band, and heavy-
and light-hole subbands in the valence band. The scattering
mechanisms and parameters for electrons and holes may be
found in [16]. The temperature considered in the simulation
is 300 K. The device is divided into meshes 50–100 Å long
and 10–100 Å wide in order to solve accurately the Poisson
equation in the whole device including the gate oxide. Due
to the high concentration of the inversion layer, the size of
the meshes is smaller in the region under the oxide (figure 1).
The time step used to solve the Poisson equation is 2.5 fs,
and the number of simulated particles varies from 10 500 to
12 000 electrons and 6500 to 7500 holes depending on the
bias point. In order to realise an accurate noise calculation,
a simulation time of 500 ps for each bias point has been
necessary. Dirichlet conditions (fixed potential) are considered
at the four terminals. At the oxide–semiconductor interface the
continuity of the displacement vector normal to the surface is
taken into account. The source, drain and substrate contacts
are considered to be ohmic [17].

In order to perform a correct calculation of the
admittance (Y ) parameters and the spectral densities of current
fluctuations, an accurate calculation of the electrode currents
is necessary. The Ramo–Shockley theorem [18] is employed
for this purpose. With this technique, the contribution of every
particle inside the simulated device to the total current (formed
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Figure 2. (a) Output and (b) transfer characteristics of the simulated
MOSFET.

by the electron and hole conduction terms and the displacement
term) [9] is taken into account, and the calculated values for
the instantaneous currents at the terminals are much more
accurate [19].

3. Results

3.1. Static characteristics

Figure 2(a) shows the drain current (ID) versus drain voltage
(VDS) characteristics for different gate voltages (VGS). In
figure 2(b), the transfer characteristics (ID versus VGS) are
also plotted. The dependence of ID with VDS is associated
with the evolution of the inversion layer with the drain voltage.
In figure 3, the electron concentration in the channel region
15 nm under the oxide is shown in a contour graph for three
different VDS (0.25, 0.5 and 1.0 V) and a value of 0.5 V for
VGS . For low drain voltages, the inversion layer extends over
the entire channel (figure 3(a)). The behaviour of the device is
purely resistive, and the ID–VDS characteristic exhibits a linear
dependence. When the drain voltage increases, the inversion
layer induced by the gate begins to progressively reduce its
concentration at the drain side of the channel (figure 3(b))
due to the increasing length of the depletion region associated
with the drain–substrate junction. Finally, for VDS = 1 V,
the inversion layer disappears at the drain side and the pinch-
off phenomenon can be clearly observed (figure 3(c)). For
higher VDS , the depletion region near the drain increases
its width and is responsible for the voltage drop exceeding
the saturation voltage. It has to be remarked that for the
MOSFET under study, the length of the pinch-off region is
not negligible as compared to the total gate length, as can be
observed in figure 3(c). This provokes that the drain current
in the saturation region is not constant with the drain voltage,
and, as a consequence, a slight increment in the current level
in the saturation regime is observed. This effect typically
appears in devices with a submicrometric gate length [4].
Since we are interested in studying the device behaviour in the
saturation regime, in most of the results shown in this paper
we have considered a value of VDS equal to 1.5 V, and we have
varied VGS in order to obtain the dependence of the different
parameters with the drain current.
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Figure 3. Electron concentration (in cm−3) in the channel under the
oxide for VGS = 0.5 V and different drain voltages: (a) 0.25 V, (b)
0.5 V and (c) 1.0 V.

The average velocity along the channel and the energy
of electrons in the inversion layer are shown in figure 4
for a fixed VDS of 1.5 V and two different bias values in
the gate, VGS = 0.25 V (figure 4(a)) and VGS = 1.5 V
(figure 4(b)). Velocity overshoot is observed in the pinch-
off region, as expected for a short-channel MOSFET [14] (vsat

corresponds to the saturation value of electron velocity in bulk
Si). Accordingly, hot electrons appear at the drain end of the
channel, reaching energies even larger than 0.5 eV. Both effects
are due to the fact that the carrier transport takes place under a
very high lateral electric field. The value of this electric field
at the drain side of the gate increases when VGS is reduced,
leading to the widening of the overshoot region and the increase
of the maximum value of the energy for low VGS , as it can be
observed in figure 4. Moreover, it can also be checked that
the length and doping concentration of the drain n+ region are
wide and high enough respectively, to allow the thermalization
of electrons before reaching the contact.

3.2. Dynamic response

The ac behaviour of a MOSFET device can be represented by
the complex frequency-dependent two-port Y parameters [20].
In this work the Y parameters are obtained directly from
our Monte Carlo simulation by means of the following
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Figure 4. Average velocity (solid curve) and energy (dashed curve)
of electrons in the inversion layer for VDS = 1.5 V and two different
gate voltages, (a) VGS = 0.25 V and (b) VGS = 1.5 V.

procedure [21]. First of all, a stationary bias point is
chosen. Secondly, small step voltage perturbations are applied
separately at the gate and drain terminals (�VGS and �VDS

respectively), and the simulation takes place until stationary
conditions are reached again. By Fourier transformation of
the transient response (bearing in mind that the EMC method
allows one to record the instantaneous values of the terminal
currents for each time step) the four Y parameters are obtained.
The values of the applied voltage steps must be large enough to
dominate over numerical and physical noise but small enough
to avoid harmonic generation. For instance, for the bias points
corresponding to VGS = 1.0 V and VDS = 1.5 V, �VGS

and �VDS have been chosen to be equal to 0.1 and 0.25 V,
respectively.

Figure 5 shows the real and imaginary parts of the Y

parameters for the bias point corresponding to VGS 0.5 V
and VDS 1.5 V (in the saturation region) as a function of
frequency up to 40 GHz. The sign and frequency dependence
of the Y parameters are in good agreement with measured data
found in the literature for other submicron MOSFETs [13,22].
Nevertheless, the Y parameters give little information about
the physics of the device. The small-signal equivalent
circuit (SSEC) is frequently employed in order to have a
more physical representation of the device. We considered the
typical intrinsic SSEC for a FET transistor in common source
configuration, whose different elements were calculated from
the Y parameters [23]. It must be pointed out that the results
obtained from our MC simulator for the SSEC parameters
are frequency independent up to more than 40 GHz, which
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Figure 5. Admittance parameters as a function of frequency for
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confirms the validity of the proposed equivalent circuit in the
considered frequency range.

Figure 6(a) shows the values obtained for the SSEC
capacitances as a function of drain current for a value of VDS

of 1.5 V, in the saturation region. As it can be observed, the
gate-to-source capacitance (CGS) takes the highest values. The
gate-to-drain capacitance (CGD) takes the smallest values, but
its influence increases as the current level does. This behaviour
can be easily explained by means of the analysis of the static
characteristics and the corresponding carrier concentration in
the inversion layer of the device (figure 3). In the pinch-
off regime, the source end of the channel accounts for the
bigger part of the inversion charge (figure 3(c)), and CGS

is the dominant capacitance (especially for ID lower than
150 A m−1). Nevertheless, for constant VDS , as the gate
voltage increases the pinch-off region becomes shorter, and the
inversion charge tends to be more balanced between the drain
and source, and, as a consequence, the difference between
CGS and CGD is reduced [4]. It must be remarked that when
lowering the gate voltage (ID < 40 A m−1) CGS strongly
decreases, since for low gate voltages the device operates in
the moderate inversion region. In this case, the EMC method
allows us to check that the charge in the channel is not so
sensitive to variations of the applied voltage as for higher VGS ,
as predicted by theory [4]. Concerning the drain-to-source
capacitance (CDS), it slightly varies with the gate voltage, as it
can be observed in figure 6(a). In order to study the influence
of substrate holes on the SSEC capacitances, we performed
an alternative calculation of the capacitances neglecting the
contribution of the hole current to the total current during the
transient response. Very small differences where found for
CGS andCGD , since they strongly depend on the inversion layer
charge. Nevertheless, when the contribution of holes to the
total current is precluded, a significant reduction in the value of
CDS takes place, as can be seen in figure 6(a). Therefore, holes
are found to play a significant role in the dynamic behaviour
mainly related to the drain–substrate capacitive coupling.
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Figure 6(b) shows the calculated values of the
transconductance (gm), output conductance (gds) and intrinsic
cut-off frequency (fT ) as a function of drain current for VDS

1.5 V. The cut-off frequency is given by [4]:

fT = gm

2π(CGS + CGD)
(1)

gm represents the variation of ID with the applied VGS for a
given VDS ; as the current level increases, its value increases
until it reaches a maximum value (around 160 S m−1 for ID
equal to 140 A m−1), corresponding to the strong inversion
region in saturation [4]. With regard to the influence of SSEC
capacitances on fT in the saturation regime, due to the higher
value of CGS this is the one that mainly limits fT . As can
be observed, fT approximately follows the behaviour of gm,
taking into account that for low currents the lower values of
gm are partially compensated by the reduction of CGS in the
moderate inversion region. The maximum value of fT is found
to be equal to 65 GHz for ID around 220 A m−1. Concerning
gds , it increases with the bias current, since for high ID the
device operates closer to the triode region (figure 2(a)). It has to

be stressed that the EMC results obtained correctly reproduce
the experimental behaviour of these parameters with the gate
voltage [6].

3.3. Noise

A noisy two-port device in common source configuration may
be represented by means of the intrinsic noiseless device
together with two correlated noise current generators, one
at the input (gate) and the other at the output (drain) of the
device [20]. The noiseless device is represented by the Y

parameters, which have been previously shown in section 3.2.
The EMC method allows one to calculate the equivalent noise
sources together with their correlation through the analysis
of the current fluctuations at the gate and drain terminals,
without making any assumption about their physical origin.
Moreover, this method provides a microscopic understanding
of these noise sources by means of the study of the internal
mechanisms that control the carrier transport inside the device.
This possibility represents a clear advantage as compared to
other methods.

3.3.1. Spectral densities of current fluctuations. Figure 7
shows the spectral densities of the gate (SIG) and drain
(SID) current fluctuations and their cross-correlation (SIGID)
obtained from the EMC simulation as a function of frequency
for VDS = 1.5 V and two different gate voltages in the
saturation region. It can be observed that the spectral
density of the fluctuations of the drain current (SID) is almost
independent of frequency, as corresponds to a thermal noise
source. As was previously commented in section 3.1, the
basic operation of a field-effect transistor consists in the
modulation of a conducting channel by the gate terminal.
Therefore, the device operates as a modulated resistor, and,
as a consequence, thermal noise is expected to appear in
the channel. Thus, SID has its origin in the thermal noise
generated by the carriers in the channel region. The gate noise
source, SIG, can be associated with the capacitive coupling
(to the gate) of charge fluctuations in the channel. In the
high-frequency range, the MOSFET may be considered as
an RC distributed network; the capacitive coupling to the
gate represents the distributed capacitance, and the channel
represents the distributed resistance [20].

Since both noise sources (SID and SIG) have the same
origin—the thermal noise in the channel—they must be
correlated (SIGID). SIG exhibits an f 2 dependence, whereas
the imaginary part of SIGID increases proportionally to f (the
real part of SIGID is negligible at the frequencies shown).
These dependencies obtained are in good agreement with those
predicted by the theory for a MOSFET in general [20], and with
the results given in the literature for other FET devices, like
MESFETs [8] or HEMTs [24].

Concerning the drain noise, experimental data show that in
a short-channel MOSFET an excessive drain noise appears as
compared to the long-channel devices [5,6]. The long-channel
theory predicts a value for SID in the saturation regime of [20]:

SID = 4kBT
2
3gm. (2)

Figure 8 shows the results obtained with our MC simulator
together with the values of SID estimated by the long-channel
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theory (equation (2)) as a function of drain current for VDS =
1.5 V, in the saturation region. It can be observed that our EMC
results successfully provide an ‘enhanced’ drain noise, which
increases with drain current. For low values of drain currents,
SID increases rapidly, and the difference between the long-
channel model and the EMC results becomes more outstanding
as ID increases. However, for ID larger than 100 A m−1, SID

tends to saturate. The reason for this behaviour of SID can be
associated with the presence of hot carriers. As we previously
commented in section 3.1, hot carriers appear at the drain end
of the channel due to the presence of a high electric field.
In general, these hot carriers generate an excess noise with
respect to the thermal equilibrium level, thus contributing to
an increase of SID as compared to the long-channel prediction.
When VGS is raised, two opposing effects appear, on the one
hand, the average energy of the carriers at the drain end of
the channel reduces (figure 4); on the other, the amount of
hot electrons increases due to the higher concentration of the
inversion layer. The second effect is stronger at low ID , thus
leading to an important increase of SID , whereas for high
current SID saturates, since both effects tend to compensate
each other.

3.3.2. α, β, C parameters and NFmin. To complete the
analysis of the noise behaviour of the device, in addition to
studying the spectral densities of the current fluctuations, it
is of primary importance to use normalized noise parameters
that allow direct comparison of the noise behaviour of different
devices. The minimum noise figure, NFmin, is the parameter
most commonly employed for this purpose. Nevertheless,
as a first step, normalized α, β and C parameters [20] have
been determined. These parameters are equivalent to the
generalized P , R and C for a FET in general, and they can give
valuable information about the physical origin of noise [25].
α is a measure of the drain noise, β is associated with induced
gate noise andC to the cross-correlation between drain and gate
noise equivalent sources. These parameters can be calculated
through the following expressions [25, 26]:
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α = SID

4kBT |Y21| (3)

β = SIG|Y21|
4kBT |Y11|2

(4)

C = Im [SIGID]√
SIGSID

. (5)

Figure 9 shows the values of α, β and C as a function of
drain current for a drain voltage of 1.5 V. Our EMC results
for these parameters are almost independent of frequency in
the frequency range considered. By comparing equations (2)
and (3), since the transconductance corresponds practically to
the magnitude of Y21 in saturation, it can be concluded that
the value of α for the ideal long-channel device should be
near 2/3. In our short-channel MOSFET higher values are
obtained due to the excessive drain noise. Furthermore, it
can be observed that α increases with the current level (SID

increases more rapidly with VGS than gm). β is associated with
the induced gate noise SIG (equation (4)), and increases with
the current level, as can be seen in figure 9(b). Furthermore, it
significantly deviates from the long-channel prediction (β ≈
0.3). The induced gate noise has its primary origin in the
charge fluctuations in the channel due to the thermal noise of
carriers, and therefore it is increased by the presence of hot
electrons. Moreover, as VGS is raised, the higher amount of
hot carriers leads to the augmentation of the fluctuations of
charge in the channel, and, as a consequence, β increases.
Therefore, the presence of hot electrons leads to an increase
not only of α, but of β too, as suggested by van der Ziel [20]
and confirmed by our simulation results. C is the correlation
factor; the real part of SIGID has been found to be roughly
zero in the frequency range under study. It is important to
remark that this result confirms that the drain–gate correlation
coefficient is completely imaginary, as it is usually considered
in theoretical models for FETs in general. Its theoretical value
for a long-channel device is 0.395 [20]. In our case, our EMC
simulator provides values up to 0.7, which also indicates that
the ideal relationships fail to predict the actual values of the
correlation factor, since a stronger correlation between gate
and drain noise sources exists in a short-channel MOSFET
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mainly at low gate voltages. This result (in good agreement
with the simulation results obtained by other authors by means
of a hydrodynamic approach [27]) is due to the fact that in
the pinch-off region electron transport is quasi-ballistic, and
scattering mechanisms are not able to break the correlation
between SIG and SID . Nevertheless, for high ID (especially
over 100 A m−1) the value of C decreases and it is closer to the
long-channel prediction, which agrees with the lower average
energy of electrons and the reduced width of the velocity
overshoot region at high gate voltages (figure 4) indicating
a more diffusive electron transport character.

Although α, β and C parameters provide useful
information, as mentioned above, the most typical parameter
for an experimental characterization of the global noise
performance of a device is the minimum noise figure, NFmin.
This figure of merit indicates how the device increases the noise
level of the signal that is being amplified. The intrinsic NFmin

can be calculated using the following equations [28–30]:

NFmin = 1 + 2Rn

[
Gcor + Gopt

]
(6)

with

Rn(f ) = SID

4kBT |Y21|2
(7)

Gcor = Re

[
Y11 − Y21

S∗
IGID

SID

]
(8)
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Figure 10. Minimum noise figure versus ID for VDS = 1.5 V at two
different operating frequencies, 4 and 20 GHz. Inset shows the
frequency dependence of NFmin for two different gate voltages.

and

Gopt=
√

|Y21|2 SIG
SID

+|Y11|2−2Re
[
Y11Y

∗
21

SIGID
SID

]
−
(

Im
[
Y11−Y21

S∗
IGID
SID

])2
. (9)

Although equations (6)–(9) are an exact calculation for
NFmin, the minimum noise figure can be also calculated
from α, β, and C parameters by means of the following
approximation [31]:

NFmin = 1 + 2
f

fT

√
αβ(1 − C2). (10)

Figure 10 shows the intrinsic minimum noise figure as a
function of drain current for 4 and 20 GHz and a drain voltage
of 1.5 V, calculated exactly by means of equation (6) (white
symbols) and through the approximation of equation (10)
(black symbols). The dependence of NFmin on frequency
(calculated through equation [6]) for two different values of
VGS and VDS = 1.5 V is shown in the inset. In general, for
both calculations it can be observed that, as expected, NFmin

increases with the operating frequency. Furthermore, NFmin

also increases with current, a fact that has been confirmed by
experimental data [32].

Although equation (10) tends to underestimate the value
of NFmin for low currents and high frequencies as compared to
the results given by equation (6), in general equation (10) can
be considered a good approximation to the exact calculation,
allowing us to relate NFmin to α, β and C parameters. From
our MC simulation results and bearing in mind equation (10),
it can be concluded that the increase in NFmin with current
can be attributed to the increase of α and β and the reduction
in Cas the gate voltage increases. Furthermore, taking into
account the values obtained for the β parameter, comparable
or even higher than those obtained for α at high VGS (figure 9),
it becomes clear that induced gate noise plays a very important
role in the determination of the minimum noise figure in the
saturation regime, as confirmed by other authors [3]. It is also
important to show that the improved C due to the ballistic
transport of electrons through the channel (mainly at low VGS)
reduces the noise level of the devices.
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4. Conclusions

An ensemble bipolar 2D Monte Carlo simulation of a
n-MOSFET with a submicrometric gate length has been
performed. The static response, dynamic behaviour and
high-frequency noise of the device were studied. Velocity
overshoot of electrons has been observed in the channel region
near the drain, together with the appearance of hot carriers,
which become crucial in the noise performance of the device.
Moreover, for a constant VDS , the width of the velocity
overshoot region and the maximum of the average energy of
electrons have been checked to decrease as VGS increases.

The results obtained for the SSEC parameters reproduce
correctly the experimental and theoretical behaviour of these
parameters with the bias current. Nevertheless, it has been
shown that neglecting the contribution of holes to the total
current at the terminals leads to an important underestimation
of CDS for this structure.

Noise parameters (α, β, C and NFmin) have been
calculated (for the first time in a MOSFET by means of an
EMC simulator) through the previously determined admittance
parameters and noise spectral densities. The noise spectral
densities, calculated by Fourier analysis of current fluctuations,
show an increase in SID and a stronger correlation between
source and drain fluctuations, SIGID , with respect to the long-
channel theory. This is related to excess noise generated by the
presence of hot carriers in the saturation region. Nevertheless,
the value of SID tends to saturate and the correlation reduces
for high drain currents, due to the lower average energy of
electrons at the drain end of the channel for high VGS . As a
consequence of the excessive drain noise observed, α, β and C

show higher values than those predicted by the long-channel
model, especially in the case of C at low currents, where the
pinch-off region accounts for a big part of the channel. With
regard toNFmin, from the results obtained it can be asserted that
the increase ofNFmin with current is due to the increase of drain
noise and induced gate noise and the reduction in the drain–
gate correlation as the gate voltage increases. Furthermore, it
has been shown that induced gate noise means a significant
contribution to the minimum noise figure especially at high ID
in saturation.

In general, the results obtained demonstrate the capability
of our EMC simulator to analyse the dynamic and noise
performance of short-channel MOSFETs. However, in
order to compare the simulation results with experimental
measurements in fabricated devices, several real effects
must be considered, like impact ionisation, interface states
generation or the 2D degenerate electron gas, which will be
the subject of forthcoming works in the model.
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1999 IEEE Trans. Electron Devices 46 2217
[23] Berroth M and Bosch R 1990 IEEE Trans. Microw. Theory

Tech. 38 891
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