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Abstract—Anomalous output characteristics are observed in
hydrodynamic simulations of partially depleted SOI MOSFETs.
The effect that the drain current reaches a maximum and then
decreases is peculiar to the hydrodynamic transport model. It
is not observed in drift-diffusion simulations and its occurance
in measurements is questionable. An explanation of the cause of
this effect is given and a solution is proposed by modifying the
hydrodynamic transport model.
Index Terms—Device simulation, hydrodynamic transport
model, numerical analysis, semiconductor device modeling, SOI
MOSFET.

I. INTRODUCTION

U

SING the standard hydrodynamic (HD) transport model
for simulation of partially depleted SOI MOSFETs, an
anomalous decrease of the drain current with increasing drain–
source voltage has been observed (Fig. 1).
The anomalous effect has been reproduced using the two different device simulators MINIMOS-NT [1] and DESSIS [2] and
can be explained by an enhanced diffusion of channel hot carriers into the floating body [3], [4]. It is believed that this decrease in drain current is an artifact because experimental data
do not show this effect, nor can it be observed when using the
drift-diffusion (DD) transport model. One exception is given in
[5], where a weak decrease of the measured drain current of a
p-MOS SOI is reported.
However, applicability of the HD model to the ever downscaled devices is desirable, because in contrast to the DD
model it takes nonlocal effects into account. Empirical measures provided by DESSIS, such as weighting heat flow and
thermal diffusion, have only little influence on the current
drop. It is assumed that the anomalous current drop is a
consequence of several physical assumptions usually made
in the derivation of the standard HD model. We present a
modified HD model, which accounts for an anisotropic carrier temperature and a non-Maxwellian distribution function.
This new model is implemented in MINIMOS-NT and gives
proper results for partially depleted SOI MOSFETs. The additional model parameters are estimated from Monte-Carlo
(MC) calculations.
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Fig. 1. Output characteristics obtained by standard DD and HD simulations
verified by using two different device simulators.

Fig. 2. Electron concentration in an SOI MOSFET obtained by HD and MC
simulations.

II. THE ANOMALOUS SIMULATION EFFECT
The energy balance equation represents the main difference
between the HD and the DD transport model. The benefit of the
increased computational effort of solving an additional equation
with the HD model is that the carrier temperature can differ from
the lattice temperature. Since the diffusion of the carriers is proportional to their temperature, the diffusion can be significantly
higher with the HD transport model. Fig. 2 clearly shows the
enhanced vertical diffusion of electrons as compared with the
DD result in Fig. 3.
When simulating SOI MOSFETs, this increased diffusion has
a strong impact on the body potential because the hot electrons
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HD model. As the most relevant assumptions, we consider the
approximation of tensor quantities by scalars and the closure of
the hierarchy of moment equations.
To relax these assumptions, we reconsider the derivation of
the HD equation set from the Boltzmann equation which reads
(1)
Here, denotes the distribution function, the group velocity,
the sign of the carrier charge, that is, 1 for electrons and 1
for holes, denotes the elementary charge, the electric field,
and the collision operator.
Using the method of moments, the Boltzmann equation is
integrated in -space against the following weight functions

Fig. 3. Electron concentration in an SOI MOSFET obtained by DD and MC
simulations.

The weight functions are scalars for even orders and vectors for
.
odd orders. A single parabolic band is assumed,
the macroTo express moments of the scattering operator
scopic relaxation time approximation is employed. This introduces relaxation times for momentum, energy, and energy flux,
and , respectively. As a result,
which are denoted by ,
the following moment equations are obtained:
(2)

(3)

(4)
Fig. 4. Electron concentration in a MOSFET at a vertical cut located in the
middle between source and drain.

of the pinch-off region have enough energy to overcome the energy barrier toward the floating body region and thus enter into
the sea of holes. Some of these electrons in the floating body
are collected by the drain-body and source-body junctions, but
most recombine. The holes removed by recombination cause the
body potential to drop. A steady state is obtained when the body
potential reaches a value which biases the junctions enough in
reverse direction so that thermal generation of holes in the junctions can compensate this recombination process. The decrease
in the output characteristics is then connected to the drop of the
body potential via the body-effect. Note that this effect can only
be observed in partially depleted devices. It disappears gradually when changing the device parameters so as to make the device fully depleted.
III. MODIFIED HYDRODYNAMIC EQUATIONS
In MC simulations, the spreading of hot carriers away from
the interface is much less pronounced than in HD simulations
(Fig. 4). If we assume that the Boltzmann equation does not predict the hot-carrier spreading and if the standard HD equations
derived from the Boltzmann equation do so, the problem must
be introduced by the assumptions made in the derivation of the

(5)
for the statistical
The symbols used are
average, for the tensor product and for the unity tensor.
The previous equation system is not closed as it contains more
unknowns than equations. The four state variables commonly
used are
(6)
(7)
In order to capture more realistically the phenomenon of hot
carrier diffusion we close the equation set by assuming an
anisotropic temperature and a non-Maxwellian distribution
function.
A. Anisotropic Maxwellian Distribution Function
,
,
for the three
Permitting different temperatures
spatial directions leads to an anisotropic Maxwellian distribution function of the form
(8)
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with
. Asymmetry can be introduced by
shifting the distribution by some wave vector

all diagonal elements are equal. Therefore, the
flux equations (4) and (5) simplify to

(9)

(17)

In the diffusion approximation, the displacement in momentum
is assumed to be much smaller than the thermal momentum,
, such that a linear expansion of the shifted
that is
is justified
Maxwellian distribution with respect to
(10)
Evaluating the statistical averages of the tensor products in
(2)–(5) using the distribution function (10) results in diagonal
tensors. The resulting flux equations read

(18)
remains as an unknown. To
The moment of fourth order
close the equation set this moment needs to be approximated
as a function of the lower order moments. For a Maxwellian
and parabolic bands the following, widely used
distribution
closure is obtained
(19)
, we use the nor-

In case of a non-Maxwellian distribution
malized moment of fourth order

(11)
(20)
which gives the energy flux equation of the form
(12)
(21)
where the temperature tensor is denoted by
diag
. For the here considered parabolic
bands it can be easily shown that

with a mobility defined by

.

C. Anisotropic Non-Maxwellian Distribution Function

The carrier continuity equation and the energy balance equation
are not affected by the anisotropy

Now the changes in the flux equations resulting from the
anisotropy and the non-Maxwellian shape of the distribution
function are combined. Considering a generic space direction
we obtain
characterized by the unit vector

(14)

(22)

(13)

(23)
(15)
B. Isotropic Non-Maxwellian Distribution Function
As a second effect, we investigate the influence of the
shape of the distribution function on the HD transport model.
The starting point is a generic, non-Maxwellian distribution
. The diffusion approximation requires linearization
for small displacement vectors
(16)
The two terms on the right-hand side represent the distribution function’s symmetric and antisymmetric parts, respectively.
Note that all tensor products in (4) and (5) are even functions
of and hence their statistical average will depend only on
. From the symmetries of
, such
the symmetric part
, it follows that the off-dias
agonal elements of the statistical averages vanish. Without the
linearization performed within the diffusion approximation (16)
the symmetric part of the distribution function would be different and the off-diagonal elements would be nonzero. Because
to permutations such as
of invariance of

(24)
defined by (6) is a measure of avThe carrier temperature
erage carrier energy. The diagonal component of the temper. Off-diagonal comature tensor is given by
is the normalized moment of fourth
ponents are neglected.
order defined by (20). The solution variable is still the carrier
temperature , whereas the tensor components and the fourthorder moment are modeled empirically as functions of .
By assuming an isotropic Maxwellian distribution, which reand
, the conventional HD model is
sults in
obtained.
D. Temperature Tensor Modeling
The empirical model for the temperature tensor distinguishes
between directions parallel ( ) and normal ( ) to the current
density
(25)

(26)
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Fig. 6. MC simulation of a 90-nm and a 180-nm MOSFET showing the
y -component of the temperature at the surface compared to the temperature
T
from the mean energy. The analytical T uses
0:6.

=

and .

The anisotropy functions
give 1 for
and an
for large
(Fig. 5), ensuring that only
asymptotic value
for sufficiently hot carriers the distribution becomes anisotropic,
whereas the equilibrium distribution stays isotropic (Fig. 6).
With respect to numerical stability the transition should not be
K appeared to be appropriate. The ditoo steep.
agonal temperature for a generic direction
is obtained from the average
after neglecting the
off-diagonal terms as
(27)

E. Closure Relation Modeling
Another effect observed in MC simulations is that in most
parts of the device the high energy tail is less populated than
that of a Maxwellian distribution. Such underpopulation of the
. Aiming at a model
energy tail is reflected by a value of
(see Fig. 7), a simple expresonly for the region where
has been assumed
sion for
(28)
is identical to the one of the
The functional form of
[cf. (26)]. Again, this expression enanisotropy function
the distribution deviates
sures that only for sufficiently large
from the Maxwellian shape.
characterizes an overpopulation of the
The condition
energy tail as compared to a Maxwellian distribution. This situation occurs where channel hot carriers arrive at the drain region
and a mixture of hot and cold carriers exists. We assume that the
hot subpopulation existing in this transition region has only little
influence on the hot-carrier diffusion into the floating body.
IV. RESULTS
The modified flux equations have been implemented in MINIMOS-NT using a straight forward extension of the ScharfetterGummel discretization scheme (Appendix A). Numerical stability does not degrade as compared to standard HD simulations.

Fig. 7. MC simulation of a 90-nm and a 180-nm MOSFET showing the
normalized moment of fourth order
at the surface compared to the
analytical
with
= 0:75.

Parameter values were estimated from MC results obtained by
simulating MOS transistors using the MC code described in [6].
As a first example simulations were performed on a device
with an assumed effective gate-length of 130 nm, a gate-oxide
thickness of 3 nm, and a silicon-film thickness of 200 nm. With
cm the device is partially
a p-doping of
depleted. The Gaussian-shaped n-doping under the electrodes
cm .
has a maximum of
is a realistic value for
Fig. 6 indicates that
the anisotropy parameter. Fig. 8 shows the influence of
on the output characteristics. By accounting for a reduced
vertical temperature it is possible to reduce the spurious current
decrease, but only to a certain degree and by assuming a
fairly large anisotropy. MC simulations yield values close to
for the non-Maxwellian parameter in the channel
region (Fig. 7). This parameter shows only a weak dependence
on doping and applied voltage.
By combining the modifications for an anisotropic temperature and a non-Maxwellian closure relation the artificial current
decrease gets eliminated (Fig. 9). Parameter values roughly esand
timated from MC simulations can be used, e.g.,
. In the parameter range where the current drop is
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Fig. 8. Output characteristics of the SOI obtained by anisotropic HD
1).
simulations without closure modification (

=

Fig. 9. Output characteristics of an SOI-MOSFET with analytical doping
= 0:75) and a modified
profile assuming an anisotropic temperature (
closure relation at V
= 1 V.

eliminated the output characteristics are found to be rather insensitive to the parameter values.
When the modified model is applied to a body-contacted
MOSFET, the difference in the output characteristic is only
marginal compared to the standard hydrodynamic transport
and
model. For example, using the values
leads to a maximum deviation of about 0.3% in the drain
current within the bias range.
To verify the modified hydrodynamic transport model, a
second device has been investigated. Basically this SOI has
been modeled after the 90-nm “well-tempered” MOSFET [7]
using the doping profiles available online, including the super
steep retrograde (SSR) channel doping and source/drain halo.
To achieve a partially depleted device a substrate doping of
cm has been assumed and the substrate
thickness has been limited to 200 nm.
By using the standard HD transport model the drop in the
,
drain current is also present in this device (
in Fig. 10). Applying the modified model using the same parameters as before the output characteristics obtain their normal
shape. The different order of magnitude of the drain currents
seen with Device 1 and Device 2 mainly stems from the rather
high threshold voltage of Device 1.
The difference in the electron concentration is shown in
Fig. 11. In the case of the standard HD model, the spreading

Fig. 10.

Output characteristics of the “well-tempered” SOI at V

= 1 V.

Fig. 11. Electron concentration in the “well-tempered” SOI obtained by a
standard HD and a modified HD simulation.

Fig. 12. Vertical potential distribution in the “well-tempered” SOI obtained by
DD, HD, and modified HD simulations.

of the hot electrons is much more pronounced than with the
modified one.
By looking at the potential in the device at a vertical cut located in the middle between source and drain (Fig. 12), the difference between the standard HD model and the modified one
is also clearly visible.
It appeared that in contrast to MOS devices the grid in the
floating body region plays a crucial role to the stability of the
simulation and the quality of the result. This is due to the fact
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APPENDIX
FLUX DISCRETIZATION
For the discretization of the flux equations (22) and (23), we
and
can
make use of the observation that both fluxes
be written in a general form as
(29)
with

Fig. 13. Comparison of the electron concentration in a MOSFET at a vertical
cut located in the middle between source and drain obtained by simulations
using DD-, HD-, MC-, and the modified HD model.

(30)

(31)
Assuming that the projected flux between two grid points
is constant and that the temperature associated to each flux
varies linearly on the edge gives the following Scharfetter-Gummel-type discretization form of the flux
(32)

(33)
where

is the Bernoulli function.
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