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Abstract
We present a Monte Carlo investigation of the dynamic performance of bulk
and FD SOI MOSFET devices with one-to-one comparable topologies. The
features of the simulator allow us to provide a complete comprehension of
the transport phenomena and the main internal quantities that are connected
to the small-signal behaviour of the devices at RF and microwave
frequencies. In this way, the effect of the buried oxide and the variation of
the active layer thickness on the static and dynamic characteristics of FD
SOI MOSFETs are readily evaluated, and an exhaustive investigation of the
physical basis of the dynamic performance is realized, thus clarifying the
underlying differences between bulk and FD SOI transistors that can be used
for the optimization of the devices. The parameters of the small-signal
equivalent circuit are carefully analysed: important issues, such as the high
frequency capacitive coupling to the substrate, the physical meaning of
non-quasistatic parameters or the behaviour of figures of merit such as gm, fT
and fmax are studied in detail. Furthermore, when scattering parameters are
evaluated the kink effect in the S22 parameter at high frequencies has been
checked to be much more pronounced in the case of FD SOI devices.

1. Introduction

Silicon MOSFETs are progressively becoming the core device
in the present framework of mobile communications. As
the dimensions of the devices are shrunk into the deep
submicron range, it is possible to obtain very high frequencies
of operation, elevated values of transconductance and faster
switching speed for the digital parts of the circuits [1–3].
Nevertheless, modern bulk CMOS devices require special
processing in order to overcome the problems associated
with short-channel effects and the poor isolation between
the device and the substrate or crosstalk between neighbour
active elements operating at high frequencies [4, 5]. In
the last few years, silicon-on-insulator (SOI) technology has
emerged as the most feasible alternative to conventional silicon
devices [6–8]. For example, it has been claimed that fully-
depleted (FD) SOI MOSFETs provide, as compared to their

bulk counterparts, a higher transconductance and reduced hot-
carrier effects, together with an exceptional isolation and an
easier and cheaper CMOS processing [9].

Due to these facts, an extraordinary effort is being
carried out in order to explore the downscaling limits of bulk
and SOI devices: the investigation of ultra-small transistors
is the spearhead of nanoelectronic research, fundamental
for the progression of the roadmap predictions [10, 11].
However, taking into account the size of the transistors used
in reliable commercial production lines, the characterization
and modelling of devices with gate lengths over 100 nm for
their applicability to the design of high-frequency applications
is presently the subject of intense research (see, i.e.
[12–14]). In the case of FD SOI transistors, the fast
development of the technology has not been accompanied
by a parallel advance of accurate models adapted to their
specific features as compared to the case of well-known
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bulk devices. Within this framework, for many experimental
and modelling groups identifying the physical origin of
the behaviour of small-signal parameters can be of great
help for the development of accurate small-signal and noise
models to be used in the design of future analog applications
and in commercial simulators. It is also particularly
interesting to perform a comparative study of the intrinsic
dynamic behaviour of bulk and FD SOI transistors; in this
way, the differences and similarities between both kinds
of structures may be detailed. As a result, it would be
possible to identify the most adequate way of developing
completely accurate RF models for FD SOI transistors by
profiting from the background experience of conventional
silicon technology. Unfortunately, from the experimental
point of view it is extremely difficult to perform one-to-
one comparisons between SOI and bulk MOSFET transistors
due to the different geometrical and physical parameters of
fabricated devices [9]. Advanced simulation tools seem the
most adequate to achieve this goal.

The purpose of this work is to perform a complete study
of the main intrinsic static and dynamic characteristics (paying
special attention to non-quasistatic parameters) of bulk and FD
SOI MOSFETs with direct one-to-one comparable topologies
by means of an ensemble Monte Carlo (EMC) 2D simulator
[15]. Unlike drift-diffusion-based RF analysis available in
commercial simulators, the features of the EMC technique
allow us to obtain a microscopic knowledge of the transport
phenomena and their relationship with the most significant
dynamic parameters. Furthermore, the pseudo-experimental
nature of the simulator allows us to evaluate the influence
of important topology parameters, such as the thickness of
the active layer in the case of FD SOI devices, without the
requirement of a pre-existing knowledge. Another important
point is the fact that both types of carriers are simulated
[16]. In this way, the high-frequency dynamic behaviour of
the substrate in MOSFETs is appropriately reproduced in the
simulation, without the necessity of considering any additional
parameter. Moreover, non-stationary effects are incorporated
in a natural way, and it is also possible to link the dynamic
study with the investigation of current fluctuations in order
to calculate noise parameters (i.e. minimum noise figure or
equivalent noise resistance).

The paper is organized as follows. In section 2, we
discuss the topologies of the simulated structures and we
briefly describe the features of our Monte Carlo simulator.
The procedure for calculation of the admittance and scattering
parameters by means of this method, together with the
topology of the small-signal equivalent circuit (SSEC) chosen,
are also described. In section 3, the results for the
static characteristics of the bulk and FD SOI transistors are
presented. Several internal quantities (potential profiles,
electric fields and concentration and energy of carriers) are
analysed in order to get a proper understanding of the inner
physics of the devices, emphasizing the differences found
between bulk and FD SOI MOSFETs. The results for the
main SSEC parameters (taking into account a non-quasistatic
representation) in the saturation regime are presented in
section 4, and the comparison between the results of the
simulated structures is carried out taking into account the
internal quantities previously analysed. The influence of Si-
SiO2 surface effects on the most relevant intrinsic parameters is
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Figure 1. Scheme of the simulated devices: (a) bulk MOSFET and
(b) FD SOI MOSFET. Two different values for the active layer
thickness (30 and 50 nm) are considered.

studied. Important dynamic figures of merit are also discussed
for both kinds of devices, and the presence of a kink in
the representation of the S22 parameter in a Smith chart is
detected and explained. Finally, the conclusions of our work
are detailed.

2. Simulated structures and Monte Carlo procedure

2.1. Simulated structures

The topologies of the devices considered in the simulations
are shown in figure 1. As can be observed, the geometry
and doping levels of the FD SOI MOSFET are similar to
those of the bulk one with the exception of the presence
of the 400 nm thick buried oxide. In the simulations, two
different values for the active layer thickness of the FD SOI
transistor, tsi, were considered, 30 nm and 50 nm, which
allows us to evaluate the influence of this important parameter
on the static and dynamic characteristics. For the channel
doping concentration considered in the simulated devices, the
estimated maximum width of the depletion region is 55 nm,
a fact that has been confirmed with our simulator; therefore,
the full-depletion condition is ensured for both values of tsi in
the bias range studied. In general, the topology of the devices
has been chosen with the intention of reproducing the main
features of the intrinsic behaviour of actual devices in present
commercial lines. To reduce the computational time and to
achieve affordable ensemble Monte Carlo simulations, some
restrictions must be made: for example, a reduction of the
doping of source and drain regions as compared to fabricated
devices. Anyway, this shall affect in a similar way both kinds
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of devices. Moreover, our main purpose is to evaluate the
behaviour of carriers within the channel, and how the band
bending caused by the presence of a buried oxide in FD SOI
devices affects the dynamic behaviour.

In order to perform a straightforward comparison between
the intrinsic static and dynamic behaviour of both kinds
of MOSFETs, the effect of extrinsic elements appearing in
fabricated devices, which are associated with contact parasitics
or topology factors, was not taken into account (with the
only exception of the results for the maximum oscillation
frequency). The source and substrate terminals are considered
to be short circuited. Most of the results will be shown for
saturation bias conditions, which is the usual operation regime
in analog applications.

2.2. Monte Carlo procedure

For the simulations, we used a two-dimensional (2D) bipolar
EMC simulator self-consistently coupled with a Poisson
solver. The validity of the simulator has been recently checked
by means of the successful comparison between numerical
simulations and experimental high-frequency dynamic and
noise measurements for fabricated FD SOI MOSFETs with
the same gate length as those studied in this paper [17, 18].
A previous work addressed the analysis of bulk MOSFETs
[16]. With the aim of describing the dynamic behaviour
of the devices in a proper manner, both types of carriers
were simulated. More details about the simulator and
the parameters considered can be found in [16–19]. The
simulation temperature is 300 K. In order to solve accurately
the Poisson equation, the size of the meshes varies from 10
to 250 Å wide and 20 to 50 Å long depending on the carrier
concentration. The time step considered in the simulations is
1 fs, and the total number of particles ranges from 20 000 to
50 000 depending on the device and the bias point.

When using EMC device simulators, an accurate physical
modelling of the processes taking place at the Si-SiO2 interface
is not an easy task, since a detailed knowledge of the actual
oxide band structure and a complete atomic level model is
required [20]. Nevertheless, since this effect could be an
important factor in the comparative study of bulk and FD
SOI structures, we must evaluate its possible influence on the
dynamic behaviour. In the case of advanced transistors with
gate lengths of tens of nanometre, or SOI devices with active
layer thickness less than 10 nm, where quantization of the
channel plays a significant role, the implementation of surface
roughness scattering as an additional scattering mechanism is
required to perform reliable simulations. Realizing this with an
acceptable computational cost and in a trustworthy, physically
based fashion is a matter of intense investigation nowadays
[21–23] and some questions still remain open.

However, when quantum effects play a negligible role (as
in our particular case), a usual procedure for mimicking the
surface roughness scattering in EMC methods is to consider
a boundary condition for carriers reaching the interface as
a combination of specular and diffused reflections [22, 24],
the ratio between both of them usually chosen in order to
fit some experimental parameter (i.e. mobility curves). In
our case, the calculations were performed for two different
situations: an ideal picture, with 100% of specular reflections,
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Figure 2. Topology of the small-signal equivalent circuit
considered.

and a ‘worst-case scenario’ in which all the impacts have a
diffusive behaviour (this would represent an extremely poor
quality surface: experimental data are usually reproduced with
not more than 20% of diffusive reflections [25, 26]). To avoid
repetition, most of the results presented in this paper will be
shown for the ideal situation unless explicitly stated, although
the impact of surface effects will also be properly described.

To evaluate the dynamic behaviour of the devices, the
calculation of the admittance (Yij) parameters can be performed
following the procedure for EMC simulations described in
[27]. The method is based on the Fourier analysis of the
transient response of the instant currents at the gate and drain
terminals when adequately chosen voltage steps are applied
from a stationary bias point. To minimize statistical noise and
to guarantee the reproducibility of the results, each voltage step
is performed numerous times by considering different seeds for
the generation of random numbers in the EMC simulator; the
calculation of Y parameters is performed taking into account
the average of all runs. This method has proved its validity and
accuracy when contrasted with experimental data [17]. Once
these parameters are determined, it is possible to transform
them into other important parameters such as Z, ABCD or
S parameters [28]. Nevertheless, to face the analysis of the
dynamic behaviour of the device it is highly convenient, from
a physical point of view, to use a SSEC representation. In
our case, we have taken into account the topology shown in
figure 2. This SSEC is usually employed in FET devices to
represent their dynamic behaviour in the GHz range, since it
incorporates important non-quasistatic parameters such as the
channel charging resistance Ri or the transconductance delay
time τ [29]. When dealing with the study of the high frequency
behaviour of MOSFET devices, one must bear in mind that
non-quasistatic representations are necessary in order to get
an accurate description of the small-signal response [30–32].
The values for the SSEC parameters shown in this work have
been found to be frequency independent up to at least 40 GHz,
which assures the validity of the SSEC considered in the RF
and microwave frequency range.

3. Static characteristics

The drain current–voltage (I–V) characteristics of the
simulated devices are shown in figure 3. The transfer
characteristic (ID–VGS) in the saturation region for a drain
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Figure 3. (a) Transfer characteristic for VDS = 1.25 V and
(b) output characteristics for the bulk MOSFET (black symbols), the
FD SOI MOSFET with tsi = 50 nm (grey symbols) and the FD SOI
MOSFET with tsi = 30 nm (white symbols).

voltage VDS = 1.25 V (figure 3(a)) allows us to confirm the
reduction of the threshold voltage (VT) for the FD SOI devices
as compared to the bulk case, a fact that is more significant
as the thickness of the active layer becomes smaller. In
figure 3(b), we show the output characteristics for the same
VGS − VT conditions for all the devices. A higher saturation
current is obtained for the FD SOI devices (specially for the
one with tsi = 50 nm). Nevertheless, the reduced slope in
the triode region of the ID–VDS curve for the case of the FD
SOI device with tsi = 30 nm is noticeable, as compared to the
other devices analysed. We will focus on the reasons for this
behaviour in the following paragraphs.

We shall now analyse some of the many internal quantities
provided by the EMC simulator to give a microscopic insight
into the behaviour of the devices. All the results shown in
the graphs correspond to the saturation regime. In figure 4,
we present the results for the isopotential lines for the bulk
MOSFET and the FD SOI device with tsi = 30 nm, both
for VGS − VT = 0.75 V and VDS = 1.25 V. Figure 5(a)
shows the electric field along the longitudinal (X) direction
(EX) corresponding to the transversal (Y) dimension where the
maximum is reached in every device, and figure 5(b) shows
the values of the average energy of inversion carriers along the
channel for that same bias condition of figure 4. The values
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Figure 5. (a) Longitudinal electric field (EX) along the channel for
the point in the Y dimension where EX reaches its maximum value in
the three devices for VGS − VT = 0.75 V and VDS = 1.25 V. Inset
shows the transversal component of the electric field for X =
125 nm (position at the middle of the gate) and VGS − VT = 0.75 V
and VDS = 0.0 V. (b) Energy of electrons along the channel for the
same bias condition.

of the Y dimension (taking as the origin the semiconductor-
gate oxide interface) for which EX takes its maximum value
correspond to Y = 80 nm for the bulk MOSFET, Y = 35 nm
for the FD SOI device with tsi = 50 nm and Y = 18 nm for the
FD SOI device with tsi = 30 nm. The inset shows the electric
field along the Y dimension (EY) in the active channel of the
three transistors corresponding to X = 125 nm (position at the
middle of the gate) for the same VGS − VT biasing and VDS =
0.0 V. Finally, since the electron concentration also provides
interesting information for the subsequent analysis of the high-
frequency behaviour of the devices, results for this quantity
in the active channel for two different gate bias conditions
(VGS − VT = 0.25 V and VGS − VT = 1.0 V, both for VDS =
1.25 V) are comparatively shown for the three devices in
figure 6.
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Figure 6. Concentration of electrons in the channel for the devices
with VGS − VT = 0.75 V and VDS = 1.25 V.

From the analysis of these magnitudes in the three
simulated structures, several consequences can be extracted:
first of all, along the Y dimension it can be observed that in
the case of the FD SOI device, the buried oxide accounts for
the major variation of potential from the gate to the substrate
as compared to the case of the bulk device, where the most
important drop in the Y dimension takes place immediately
below the gate oxide. As a consequence, an average higher
voltage exists in the channel of FD SOI transistors, a fact
that must be obviously linked to the previously mentioned
reduction of the threshold voltage in these kinds of devices:
it is therefore necessary to apply less potential at the gate to
produce the inversion layer. These different profiles of the
potential for the bulk and FD SOI devices lead to several
modifications in the electric fields suffered by the electrons
inside the active region. Concerning the EY field component
(inset of figure 5), we can check that the slope is the same
in the three devices since they have the same channel doping
concentration. However, reduced values of electric field are
obtained for the FD SOI transistors, specially for tsi = 30 nm
due to the additional band bending generated by the presence of
the buried oxide. The study of the EY field component indicates
that the strength that pushes electrons towards the gate oxide
interface is less effective in the FD SOI transistors. This
effect can be easily appreciated in the concentration profiles
(figure 6); for the case of FD SOI MOSFETs the inversion layer
is thicker than in the bulk MOSFET, an effect that becomes
more evident for higher gate biasing specially for the device
with tsi = 30 nm.

Along the longitudinal dimension X, in the fully-depleted
transistor a more gradual potential variation in the channel
(figure 4) exists, being very significant inside the n+ drain

region. In the bulk MOSFET, a larger potential gradient is
obtained at the limits of the n+ source and drain regions, which
together with the stronger variation of potential under the gate
may cause significant differences in the transport conditions
along the channel in both kinds of devices.

The reduced values of the maximum field EX at the
drain metallurgical junction observed for the SOI devices
are noteworthy (especially for the smallest value of tsi), a
result that was previously indicated by other authors [33, 34].
The origin for this behaviour is directly associated with the
smoother potential drop from drain to substrate in the case
of FD SOI devices. We have also checked that at the oxide-
channel interface (Y = 0 nm), EX takes very similar peak
values for the three devices at the drain metallurgical junction
(with an absolute value around 200 kV cm−1); in the case of
the bulk MOSFET, the significant values for this magnitude
are practically located at the pinch-off region and the drain-
substrate junction. However, for FD SOI devices the field is
much more homogeneous (reaching values worth mentioning)
along the channel than in the case of the bulk transistor.

Due to this behaviour of EX, reduced values for the
maximum electron energy in the pinch-off region are obtained
for the FD SOI devices under study (specially for tsi = 30 nm,
we can see a maximum of 0.39 eV) as compared to the
results for the bulk MOSFET (0.5 eV, figure 5(b)). As a
consequence, less non-equilibrium phenomena and excess
noise are expected to appear. In general, it has been
suggested that FD SOI transistors present an improved hot-
carrier behaviour as compared to bulk transistors [9, 34],
which is in good agreement with our results. Nevertheless,
it must be mentioned that the study of hot-carrier degradation
in thin film SOI transistors is a subject of intense analysis
by many other authors, owing to the special features and the
additional degree of complexity due to the charge-trapping
and oxide damage associated with the presence of a buried
oxide or the influence of self-heating phenomena [35–37]. As
a consequence, the global comparison of hot-carrier effects in
one-to-one comparable bulk and SOI transistors still remains
an open question. An exhaustive investigation of this kind of
phenomenon is beyond the scope of this paper.

We must bear in mind that the results shown in this paper
correspond to the same VGS – VT conditions. However, it is
a common condition in real-life circuitry design to work with
a fixed gate voltage. In this case, if the same VGS bias is
considered to perform the comparison between the devices,
the results are even more advantageous for FD SOI MOSFETs
in terms of reduced electric fields and energies.

4. Dynamic characteristics

With the intention of giving a proper explanation of the
physical magnitudes governing the small-signal behaviour, we
shall focus on the analysis of the SSEC parameters obtained in
the simulation. In figure 7, we show the results for the SSEC
capacitances for the three devices under study. The drain-to-
source capacitance (CDS) represents the capacitive coupling
to the substrate through the drain-to-substrate and source-to-
substrate junctions. The strong reduction of CDS in the FD
SOI devices as compared to the results for the bulk MOSFET
must be noted. This effectively reduced coupling of the active

638



A physically based investigation of the small-signal behaviour of bulk and FD SOI MOSFETs for microwave applications

VDS = 1.25 V

VGS - VT (V)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

C
ap

ac
ita

nc
e 

(1
0-1

0  F
 m

-1
)

0

2

4

6
CGS

CDS

CDS

CGD

bulk

FDSOI 30 nm

FDSOI 50 nm

Figure 7. SSEC capacitances as a function of VGS − VT for VDS =
1.25 V in the devices.

layer to the substrate is extremely important for high-frequency
applications, since less efforts are necessary in order to achieve
an adequate isolation of the device, thus allowing a higher
packaging density and the practical elimination of undesirable
phenomena such as latch-up and substrate crosstalk [9, 38].
From our results it can be also concluded that there is no
influence of the active layer thickness on the value of CDS in
the considered bias range. Moreover, in previous works we
checked that substrate holes have a strong influence on this
capacitance for bulk MOSFETs [16]; in the case of FD SOI
devices, the reduction of CDS is exclusively due to the presence
of the buried oxide, which avoids any influence of substrate
holes on the capacitive coupling between the active region and
the substrate.

Concerning the gate-to-source capacitance (CGS), it can
be observed that for values of VGS − VT higher than 0.5 V,
the FD SOI devices (and specially the device with tsi =
30 nm) present higher values for this parameter. By analysing
the variation of inversion charge when the same increase of
gate voltage (�VGS) is applied in the three devices, we checked
that a larger variation of electronic charge is obtained in the
active region of FD SOI MOSFETs controlled by the gate
as compared to the bulk transistor. This increase of negative
charge is significantly balanced towards the source in FD SOI
transistors; moreover, at a high gate biasing the progressive
increase of the width of the inversion layer with VGS in these
devices (figure 6) contributes to the important rise in the
values of CGS as compared to the results obtained for the bulk
MOSFET.

With regard to the gate-to-drain capacitance (CGD), the
differences between the three devices are not so significant as
in the case of CGD or CGS. The reason for this fact is that
CGD is strongly affected by the pinch-off region in the channel
close to the drain in saturation, and it is not governed by the
dynamics of electronic charge as for the case of the other SSEC
capacitances.

In figure 8, the intrinsic transconductance (gm) is plotted
for the three devices as a function of VGS − VT for VDS =
1.25 V. First of all, higher values of gm are found for the FD
SOI MOSFET with tsi = 50 nm, whereas for the bulk device
and the FD SOI with tsi = 30 nm similar and lower values
are obtained. The reason for this behaviour (reduction of gm

when tsi reduces) can be found in the profile of the potential in
FD SOI devices. For tsi = 30 nm, the significant drop of the
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potential along the X direction in the source and drain regions
(figure 4(b)) indicates an important increase of the access
resistances to the channel due to the small thickness of these
regions. This effect is also easily appreciated in figure 3,
since in the triode region a reduced slope of the output
characteristics is obtained for the FD SOI MOSFET with tsi =
30 nm. Therefore, it can be concluded that the improved
transconductance obtained for FD SOI devices is compensated
by the increase of access resistances due to the thin active
layer. To overcome this problem and to obtain a larger gm, real
devices usually require modifications of the usual topology
of the transistors, such as elevated contacts, recessed channel
topologies or alternative geometries for the source and drain
regions [39–41].

Other important SSEC parameters providing important
information about the dynamic behaviour of the devices are the
non-quasistatic parameters: the channel charging resistance
(Ri) and the transconductance delay time (τ ) [30]. In figure 9,
we show the values for these parameters as a function of
VGS − VT for VDS = 1.25 V. The consideration of a channel
charging resistance is related to the fact that charge in the
active region does not respond instantaneously to variations in
the VGS biasing. The results of our simulation indicate that
in the case of Ri, larger values are obtained for the FD SOI
MOSFET (being larger for the device with the thinner active
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layer) than in the bulk MOSFET. In FD SOI devices, the
charge variation in the channel is significantly more balanced
(and appreciably higher) towards the source, as we previously
commented in the discussion of the results for CGS. As a
result of this behaviour, a retarded charging time of the CGS

capacitance must be obtained; from a physical point of view,
this must be necessarily reflected in the SSEC by an increase
of Ri.

We have also checked that for the three devices Ri is
proportional to 1/gm for VGS in strong saturation, a result
that was previously pointed out by other authors [30, 42] in
experimental and theoretical works. Proportionality factors of
6.0 for the bulk device, 3.9 for the 50 nm FD SOI MOSFET
and 3.1 for the 30 nm FD SOI MOSFET have been found.

With regard to the transconductance delay time, it is
related to the time required by the drain current to adapt to
gate-to-source bias variations. Shorter times are obtained for
the FD SOI devices (specially for the case of the device with
tsi = 30 nm). Although other authors suggest a direct
connection between Ri and τ , even indicating that the
transconductance delay time corresponds (or it is directly
proportional) to the charging time of CGS via Ri [30, 43], from
our point of view this relationship is not that clear at least for
silicon-on-insulator devices. Whereas for FD SOI MOSFETs
charge at the source side of the channel shows a stronger inertia
when a small-signal variation of gate potential is applied (thus
explaining the increase of Ri), for these same devices drain
current is able to respond much faster to small modifications
of the gate biasing. This apparent paradox can be explained
by the differences in the charge transport conditions in the
channel induced by the presence of the buried oxide. By
studying the contour plots of the current, the velocity and the
concentration of inversion carriers, we have checked that in
a bulk MOSFET the electrons reaching the pinch-off region
do not move exclusively at the vicinity of the semiconductor-
gate oxide interface along the X dimension, but they spread
in a two-dimensional movement towards the substrate and the
drain. Due to this fact, the contribution of carriers surrounding
the drain region to the total current at the drain contact can be
significant. Nevertheless, in a FD SOI device, that spreading
is limited by the fact that inversion electrons can only move in
the extremely reduced active region; in this way, current at the
drain is able to respond much faster to VGS variations than in
the case of a bulk MOSFET. Therefore, when dealing with FD
SOI devices, both non-quasistatic parameters should be taken
into account in order to achieve a correct description of the
high frequency dynamic behaviour of the devices.

At this point, it is convenient to examine the influence
of surface roughness scattering on the results shown up to
now. In spite of the particular modifications observed for
each parameter when surface scattering is included (which
are discussed below), we found that from a qualitative point
of view the comparative differences observed between the
bulk and SOI structures studied in this work are the same
as those of the ideal case discussed in the previous paragraphs,
regardless of the quality of the oxide interfaces (always if they
are fabricated following the same processes for both kinds of
devices). Therefore, when the active layer thickness is not
very thin, surface scattering affects the dynamic behaviour
of FD SOI devices in a similar manner to the case of bulk
transistors.

Figure 10. Values of channel charging resistance (Ri) obtained in
the case of an ideal surface with 100% of specular reflections
(circles) and in the case of an extremely poor quality Si-SiO2

interface with 100% of diffusive reflections (triangles).

Let us now comment particularly on the modifications
to the main static and dynamic characteristics observed in
the extreme case of considering a poor, bad-quality surface
as defined in section 2. Regarding the static characteristics,
some interesting facts were observed when surface roughness
scattering was activated: threshold voltage was not affected,
but the slope of triode characteristics was reduced. Surface
effects produce a ‘backscattering’ of carriers at the Si-SiO2

interface and as a consequence the mobility is reduced, since
carriers are not allowed to follow the longitudinal electric field
so easily as in the case of an ideal (specular) picture. As a
consequence we checked that the local concentration below
the gate is augmented, and the velocity of carriers along the
longitudinal axis is reduced.

Concerning the SSEC capacitances, CGD and CDS were
practically not affected by surface scattering. In contrast, in
the case of CGS an increase was observed at high VGS − VT

(when the device, although still operating in the saturation
regime, tends to approach to the triode regime). This is
due to the increase of charge just below the interface at the
source part of the channel (where surface scattering is more
active) that provides a better control of the gate over electronic
charge.

The values of transconductance of the devices were also
modified due to the surface roughness scattering (in the
extreme case, the maximum values are reduced for the three
devices down to more than 50% of the values obtained in
the ideal case). Non-quasistatic parameters were affected in a
similar way. For example, the results for Ri are shown in
figure 10, where it can be observed how the channel charging
resistance is increased for all the structures: the reason for
this fact is that charge close to the source reacts more slowly
to VGS variations. Therefore, CGS is ‘charged’ less rapidly
and this implies the increase of Ri. The transconductance
delay time was also raised in a similar manner for the bulk
and FD SOI transistors, in good agreement with the previous
comments.

Once we analysed the main parameters of the SSEC, we
studied some other important high frequency parameters and
figures of merit in FET devices. From the point of view
of circuit designers, it is especially important to analyse the
bandwidth of the current gain, hfe and the unilateral power
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Figure 11. |hf e|2 and U as a function of frequency in the FD SOI
transistor with tsi = 30 nm for VGS = 1.75 V and VDS = 1.25 V.

gain, U, which are defined through the following expressions
[44]:

hfe =
∣
∣
∣
∣

Y21

Y11

∣
∣
∣
∣
, and

U = |Y21 − Y12|2
4[Re(Y11)Re(Y22) − Re(Y12)Re(Y21)]

. (1)

For example, figure 11 shows the dependence of |hfe|2 and
U on frequency for the FD SOI device with tsi = 30 nm, and
VGS = 1.75 V and VDS = 1.25 V. As can be observed in the
graph, for both quantities a decay of 20 dB per decade was
obtained, a result that is in good agreement with the
experimental data and theoretical calculations found in the
literature for FET devices [44, 45]. Moreover, it must be
mentioned that in our case, higher values of hfe and lower
values of U are obtained in general for the bulk device as
compared to the FD SOI transistors.

The cut-off frequency fT (associated with hfe) and the
maximum oscillation frequency fmax (related to U) are
important dynamic figures of merit very useful for the
characterization of the dynamic response of the transistor. fT
can be calculated in a simplified manner by the following
equation [46]:

fT = gm

2π(CGS + CGD)
. (2)

Since the EMC method allows us to obtain the frequency
dependence of the Y parameters, we have also performed the
exact calculation provided by the intersection of the current
gain with the 0 dB axis: an exceptional agreement was found
with the results predicted by equation (2). The same method
was applied for the calculation of fmax. However, in this case it
is necessary to incorporate the effect of extrinsic elements in
order to obtain realistic values for this magnitude; for this
sake, we followed the method proposed by Babiker et al
[47]. For the gate resistance (the most influential parameter
on fmax) we considered a R�� of 10 �/��, typical of low-gate
resistance processes [12], and a 2 finger gate topology with
total gate width of 50 µm. The values for the source and
drain resistance (much lower than the gate resistance) were
also chosen according to typical experimental values [12].

Figure 12 shows the results obtained for fT and fmax as a
function of VGS − VT for the three devices, for VDS = 1.25 V. In
our case, as can be observed at high gate biasing the FD SOI
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Figure 12. fmax and fT as a function of VGS − VT for VDS = 1.25 V in
the devices.

devices have a reduced intrinsic cut-off frequency as compared
to the bulk MOSFET. This is mainly due to the increased gate-
to-source capacitance; anyway, in a real transistor the use of
alternative contact geometries may lead to similar or even
higher values of fT in the case of FD SOI devices as compared
to equivalent bulk transistors, as reported by other authors
in experimental works [48]. Regarding fmax, the maximum
values obtained for the three structures are quite similar
(around 40 GHz). The parasitic effect associated with the gate
resistance is the main impediment for achieving significantly
higher maximum oscillation frequencies: when extrinsic
elements are not considered much elevated values for fmax

are obtained, being higher in the case of FD SOI transistors
and particularly for the thinner active layer device. This can
be associated with the higher CGS/CGD ratio for these devices
[16]. In this way, we can affirm that high values of CGS

lead, on one hand, to a higher CGS–CGD ratio, thus providing
a better maximum oscillation frequency. On the other hand,
a worse cut-off frequency is obtained in FD SOI transistors
due to the higher total gate capacitance; therefore, a trade-off
exists between both kinds of structures when dealing with these
figures of merit, since the FD SOI devices provide a worse
current gain but a better unilateral power gain as compared to
the bulk device from an intrinsic point of view. However, if
a proper minimization of the gate resistance is not realized,
the fmax improvement provided by SOI devices as compared to
bulk ones will not be reached.

To conclude with the analysis of dynamic parameters, we
performed the calculation of the scattering (S) parameters by
means of the transformation of the Y parameters previously
determined. It is a well-known fact that for the case of the
S22 parameter, both in FETs and BJTs, a kink appears at high
frequencies [49–51]. The origin of this phenomenon has been
explained by different authors [52, 53]. By using a dual-
feedback methodology, Lu et al [53] have shown that high
values of the drain-to-source capacitance lead to a smoother
kink effect. In our case, it can be properly demonstrated how
for the FD SOI devices, the kink is much more pronounced
than in the case of the bulk transistor (figure 13), which is
in good agreement with the fact that CDS takes much reduced
values (figure 7) in the FD SOI MOSFETs. Moreover, we
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Figure 13. S22 parameter up to 100 GHz for VGS − VT = 0.75 V and
VDS = 1.25 V in the devices. The width considered for the devices is
300 µm, in order to emphasize the kink effect.

have found that kink takes place at a higher frequency in the
case of FD SOI devices, this frequency being higher when tsi

is smaller.

5. Conclusions

We have performed a Monte Carlo investigation of the high-
frequency small-signal behaviour of bulk and FD SOI devices
with one-to-one comparable topologies. Our results show
that FD SOI devices provide a much improved capacitive
isolation between the active region and the substrate in the
RF and microwave frequency range, together with a better
transconductance, reduced electric fields and carrier energies.
However, when dealing with reduced values of the active layer
thickness we have found a degradation of the values of gm,
due to the increase of the channel access resistances. Non-
quasistatic parameters were also investigated; we found that
in the case of FD SOI devices the connection between Ri and
τ is not clear, while the response time of the transconductance
is faster in FD SOI devices, the charging time of CGS in a
comparable bulk transistor is significantly lower. The reasons
for this behaviour have been found in the important differences
in the conditions of charge transport inside these transistors as
compared to a bulk one. A trade-off between fT and fmax

was obtained, the bulk MOSFET providing a better cut-off
frequency but a worse maximum oscillation frequency, always
bearing in mind that these results would correspond to purely
intrinsic devices. Finally, we have checked that the kink
effect in the S22 parameter is much more pronounced in FD
SOI devices, a fact that can be associated with the strongly
reduced values obtained for the drain-to-source capacitance as
compared to the values observed for the bulk MOSFET.
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