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Abstract

We present a theoretical study of vertically-grown Silicon
ultra-short FET's. For a gate length of 50nm a transconduc-
tance of at least 1000 mS/mm and a maximum transit time
frequency of 200 GHz are predicted. A sensitive influence of
the doping profile on short channel effects is demonstrated.
Our simulations are based on a new implementation of the
Cellular Automata method, which provides a significant sup-
pression of statistical errors. To take advantage of the high
speed of the Cellular Automaton a fast multigrid-solver for
the Poisson equation has been developed.

Introduction

The physical effects involved in scaled down sub-pgm de-
vices require accurate simulation tools (1-3). The Monte
Carlo (MC) technique (4,5) is at present the most valuable
approach to account for hot carrier effects and non-local trans-
port phenomena typical for such devices. Recently, a cellular
automaton (CA) approach (6) has been developed as an effi-
cient and discrete variant of the MC. In its first implementa-
tion, the CA was proven to give comparable results to the MC
for a variety of devices (6-8). In this paper we introduce new
developments in the CA method that allow more precise con-
trol and efficient suppression of statistical errors. The central
point is to replace the probabilistic treatment of the electric
field used in (6) by a deterministic hopping of the particles
in a three dimensional and periodic k-space. Furthermore, in
order to take advantage of the high intrinsic speed of the CA,
we have developed a fast and efficient Poisson solver for gen-
cral device geometries based on the multigrid method. The
new CA device simulator has been applied to study planar
doped barrier field effect transistors (PDBFET) with a gate
tength down to 50 nm. The results show the high speed capa-
bilities of this vertical device and indicate possible strategies
of further optimizations.

New developments in the Cellular Automaton method

A cellular automaton is a discrete dynamical system
which evolves in discrete time steps (9). It is defined at
the nodes of a lattice, each site of which is characterized by
a finite number of Boolean states. In the context of transport
theory, these Boolean states are considered as representing
fictitious “particles” carrying discrete values of momentum,

energy, and other quantum numbers. In each time step, a
set of transition rules updates these states synchronously on
all lattice sites. Such rules are local in the sense that the
change of a Boolean state in one time step only depends on
the states on the same and the neighboring lattice nodes. This
locality of the dynamical rules allows an efficient and flexible
handling of complex geometries and lattice topologies.

Recently (6), the full Boltzmann equation (BE) has been
transformed into a CA, where the kinetic terms of the BE are
replaced by hopping probabilities in such a way that the equa-
tions of motion are fulfilled on the average for an ensemble
of quasi particles. In an explicit procedure, the drift term of
the BE has been transformed into probabilistic field scattering
rates. This corresponds to a substitution of the free flight by
a random walk. For very high electric fields, this procedure
leads to artificial diffusion in k-space. Associated with this
diffusion is an enhancement of the kinetic energy, the entropy
and the diffusivity. For a periodic momentum discretization,
this statistical error can be estimated analytically as follows.
The CA-scattering probability to nearest neighbor sites due
to the electric field E(R) at lattice site R is given by (6)
Pg = eAtE(R)/(hAk), where Ak is the lattice constant of
the periodic k-space lattice, At the timestep, e the elementary
charge and & the Plank constant. After a timestep, a particle
moves to one of the nearest neighbor cells with probability
Pg while it remains in the same cell with probability 1-Pg.
The k-space diffusion associated with this random walk is
given by Doy = Ak? P (1 — Pg)/(2At). In principle, this
artificial diffusion can be reduced by a sufficiently small lat-
tice constant Ak, however this becomes impractical in a three
dimensional momentum space.

We now show that it is possible to transform the drift
term of the BE into a new deterministic hopping rule of the
CA that completely suppresses this statistical error. The main
point is to replace the probabilistic scattering rate by a dis-
crete free flight. We derive this scattering rule by calculating
the number of time steps N a particle needs to change its
momentum by an amount equal to the lattice constant Ak
in k-space. To illustrate the procedure, we restrict ourselves
to one dimension; the generalization to more dimensions is
straightforward. Integration of the semiclassical equation of
motion k = e&(r(t))/h gives
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Let us denote the initial time by 7 = #,, and assume that
T = NAt =ty — to and set the real space position at time
ti equal to lattice vector R(t;). The discrete version of Eq.
(1) reads
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which is a condition for N and yields a deterministic scat-
tering rule for the electric field: A particle remains in its
k-cell for N time steps and hops subsequently into its near-
est neighbor cell. Consequently, this procedure confines the
statistical error to one k-cell. With this procedure, only of
the order of 10% 3-D k-cells are required for a nonparabolic
band structure up to 2 eV. The lattice we have chosen is a
hexagonal close-packed structure where each cell has twelve
nearest neighbors. The restriction to nearest neighbors trans-
forms the drift-term of the BE into a local interaction on
momentum cells, in complete analogy to the treatment of the
real-space diffusion-term of the BE (6).

Importantly, we found that the new implementation of
the CA does not require more computer time per iteration
than our earlier two—dimensional implementation (6) even
though it is significantly more accurate.

Multigrid-solver for the Poisson equation

Due to the intrinsic high speed of the CA algorithm,
an efficient self consistent simulation requires a comparably
fast Poisson solver. This is not achievable by applying
standard Successive Overrelaxation (SOR) (10) techniques.
In fact, an SOR-based solver takes about 90 percent of the
overall simulation time. We have therefore developed a novel
approach based on an iterative multigrid (MG) method.

The basic idea of the SOR, and of any other station-
ary iterative method, is to approach the “correct” solution by
successive iterations, starting from an initial approximation.
At each iteration, the algebraic error, that is the difference
between the current approximation and the exact solution,
is reduced with respect to the previous iteration. The ma-
jor drawback of the SOR is to reduce the error efficiently
only on a typical length scale determined by the discretiza-
tion. A Fourier analysis of the error reduction shows (11,12)
that only the high frequency Fourier components of the er-
ror are strongly reduced, since they match the range of the
discretized operator, whereas the amplitude of the low fre-
quency components decays very slowly. This problem is
solved in the MG approach by the application of an iterative
method on a succession of coarser and coarser grids, through

which the error is “restricted” via weighted averages. Since
on each grid the resolution of the operator is different due
to the different grid spacing, all the Fourier components of
the error are reduced with the same efficiency, giving a dra-
matic speedup with respect to single-grid iterative methods.
From the above description it is clear that a crucial compo-
nent of the MG Poisson solver is the iterative method used
to relax (or smooth) the error. In the realistic case of an in-
homogeneous grid with rectangular cells, we found that the
linewise relaxation scheme (10), which reduces the error si-
multaneously on all the points of one grid line, exhibits better
performance than the pointwise relaxation.

The speed improvement obtained by using the MG Pois-
son solver is more than one order of magnitude with respect
to the SOR, even with unfavorable boundary conditions (13).
This speed up makes the solution of PE in the simulation as
fast as a CA step, thus removing the bottleneck due to the un-
balanced ratio between CA and SOR. Tests made with typical
device structures (MOSFET, HEMT, MESFET) and various
boundary conditions (13) have demonstrated the robustness
of our MG Poisson solver.

Transport simulations of PDBFETs

The new CA described above has been applied to a Si-
PDBFET (14). This transistor is a vertically grown variant
of a Si-MOSFET that contains a p* é-layer in the intrinsic
region between the contacts instead of a homogeneous p-
buffer (Fig. 1 (a)). Typical gate lengths that can be achieved
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FIG 1. (a) Geometry of a vertically grown 50 nm planar-doped barrier FET.
The n** doping concentration is 10'°cm3, the §-buffer has a width of 5 nm
and a maximum doping concentration of 5 x 10'8cm>. (b) Typical calculated
drain-current characteristics for two gate voltages Ug=0.7 V and 14 V.
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are 50 nm or smaller. In the present simulations, we used
a gate length of 50 nm and a thickness of the p*-layer of
5 nm. We found that a doping concentration of the -layer
up to 5x10'8cm™ guarantees that no free holes are present
to deteriorate the device performance. Fig. 1 (b) depicts
the computed drain characteristics of a PDBFET. The results
show typical short-channel effects. In particular, the drain
current does not saturate at high drain voltages. This is
due to the fact that the drain current cannot be efficiently
controlled by the gate. In addition, velocity overshoot already
appears at low drain voltages, as shown for a bias point
at Up=0.2 V and Ug=14 V in Fig. 2 (b). At this bias
point, transport occurs only at the Si/SiO, interface. The
corresponding longitudinal electric field is shown by the
full line in Fig 2 (a). In the bulk diode the electric field
(dashed line in Fig 2 (a)) constrains the electrons to the n**
regions. Contrary to the continuously increasing field in the
inversion channel of an ultra-short MOSFET, the channel
field in the two intrinsic regions is nearly homogeneous and
has a magnitude of approximately 20 kV/cm. In the narrow
p-buffer, on the other hand, there is a strongly inhomogeneous
field that causes velocity overshoot of the carriers. For higher
drain voltages, the channel field maintains its high value from
the p-layer through the complete i-zone up to the n** region
of the drain contact. This leads to velocity overshoot nearly
over the total channel length (Fig. 2 (b)). At the same time,
the buik field on the source side of the p-layer decreases,
thus leading to parasitic conduction through the bulk diode.
In contrast to short channel MOSFETs, the gate contacts are
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FIG 2. (a) Longitudinal electric field for a bias point at Ug=1.4 V and Up=
0.2 V (other parameters as in Fig. 1). The field in the inversion channel (full
line) is approximately constant in the intrinsic regions and exhibits a sharp
maximum in the p-layer. The field in the bulk diode (dashed line) confines
the electrons to the n** regions. (b) Vertically averaged drift velocity of the
electrons at two bias points: Up= 0.2 (dashed line) and Up= 0.6 (full line).
v denotes the saturation velocity.

extended over the highly doped regions. This leads to a
considerable reduction of impact ionization due to the lower
Junction field. The transient time frequency predicted by our
simulations is not penalized by the enhanced gate capacitance,
reaching values as high as 200 GHz, mainly thanks to the very
high transconductance of at least 1000 mS/mm.

We found, that the high speed capability of the PDBFET
can be optimized by shifting the é-layer towards the source
contact. In this case a strong electric field is found already
on the source side of the channel, thus sustaining the velocity
overshoot over the whole channel. This leads to an enhanced
current for low drain voltages compared to PDBFET’s with
a centered p-buffer (Fig. 3). On the other hand, the built-
in potential due to the shifted é-layer is less influenced by
the drain voltage. This improves the saturation of the drain
current significantly and enhances the punch-through voltage
of the barrier diode shown in Fig. 3. Our simulations predict
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FIG 3. (a) Drain characteristics calculated for two PDBFETS using a left
shifted (full line) and a centered p-layer (dashed line). (b) Vertically averaged
drift velocity of the electrons in the channel of the PDBFET with left shifted
p-layer. At low voltages (dashed line) higher velocities of the carrier are
detected at the source side of the channel leading to higher drain currents
than in the centered case.

a minimum output conductance when the p-layer is located
8 nm apart from the highly doped source region (Fig. 4).
For smaller distances an increase in the channel conductance
has been detected due to a decrease of the built-in potential
of the p-layer.
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FIG 4. Optimization of the PDBEFT: The channel conductance is plotted
as a function of the p*-layer position apart from the highly doped source
region. Our calculation predict a minimum channel conductance for a p-layer
located at 8 nm.

Gofiner et al. (14) meast 'ed a drain current about two
orders of magnitude lower than the one obtained by the
simulation. We believe that this difference is due to the
poor quality of the Si/SiO, interface (14), which causes a
large numbers of surface traps to be present and to reduce
the current capabilities of the transistor. With respect to more
standard MOSFET structures, the gate insulator was formed
by thermal oxidation of vertically-etched lateral Si surfaces,
a process which is at the moment not very well controlled.
Taking into account a surface charge of 5x10'* em™ we are
indeed able to reduce the calculated current to the low level
measured in the fabricated device.

Conclusion

We have presented new improvements in the cellular automa-
ton approach for high field transport in semiconductors. A
deterministic rule for the electric field in the CA leads to a
significant reduction of the statistical errors in a fully three
dimensional k-space discretization. We coupled the CA to
a fast Multigrid Poisson Solver, which is at least one order
of magnitude faster than traditional relexation methods as
SOR. We also demonstrated the high speed capability of Si-
PDBFET’s resulting in a transconductance of 1000 mS/mm, a
transit-time frequency of 200 GHz and no relevant influence
of impact ionization compared to short channel MOSFETs.

The PDBFET can be optimized by a shifted é-layer towards
the source contact.

*Permanent address: Dipartimento di Ingegneria Elettronica,
Universitd di Roma “Tor Vergata”, 1-00133 Rome, Italy
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