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Monte Carlo simulation of 50nm devices with Schottky contact model

K. Matsuzawa, K. Uchida, and A. Nishiyama

Advanced LSI Technology Laboratory, Toshiba Corporation
8, Shinsugita-cho, Isogo-ku, Yokohama 235-8522, Japan
Phone: +81-45-770-3693, Fax: +81-45-770-3578,

E-mail: kazuya.matsuzawa@toshiba.co.jp

Abstract A Schottky contact model was implemented

as a boundary condition for a Monte Carlo device simula-

tion. Unlike the ideal ohmic contact, thermal equilibrium
is unnecessary around the Schottky contact. Therefore,
the wide region of high impurity concentration around
contacts is not required to maintain the thermal equilib-
rium, which means that it is possible to avoid assigning
a lot of particles to the low-field region. The validity
of the present boundary condition for contacts was veri-
fied by simulating a rectifying characteristic of a Schottky
barrier diode. As an application example of the present
boundary condition, we simulated the transport in ntnn*
structures with sub-0.1 um channel length. We found
direction ‘dependence of the electron velocity dispersion,
which indicates that the direction dependence of the diffu-
sion constant or the carrier temperature should be taken
into account in the hydrodynamic simulation for sub-0.1
- pm devices. ' ’

1. Introduction

The Monte Carlo method has been utilized to reveal
the transport characteristics in sub-0.1 pm devices [1][2].
One of the important issues in Monte Carlo device simu-
lations is the treatment of the boundary condition at con-
tacts [3). In many cases, the number of particles around
contacts is fixed to assure the charge neutrality under
the assumption of the ideal ohmic contact in equilibrium.
Hence, a wide region with high impurity concentration is
required to keep the equilibrium condition around con-
tacts. Therefore, a lot of p}irticles must be assigned to
the low-field region, resulting in lack of particles in the
high-field region, where the Monte Carlo method is vital.
Moreover, the neutral charge condition cannot be applied
to contacts attached to a high resistive region. .

In this work, a Schottky contact model was imple-
mented in our Monte Carlo device simulator.
were eliminated and supplied by thermionic emission just
at the metal/semiconductor interface and the tunneling
_around-the interface. The ohmic contact is a special case
of the Schottky contact, in which the tunneling proba-
bility is quite high. Using the Schottky contact model
makes it possible to carry out Monte Carlo device simu-
lations without the wide region of high impurity concen-
tration, since the thermal equilibrium and neutral charge
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Figure 1: Schematic band diagram around the interface
between metal and semiconductor to show behavior of
particles.

conditions are unnecessary around the Schottky contac-
t. Moreover, the influence of the contact resistance can
naturally be included in Monte Carlo device simulation-
s. The nature of the Schottky contact has been studied
by using the Monte Carlo method [4][5][6]. However, the
Schottky contact has not been utilized as the boundary
condition in simulations of usual devices. The validity of
the present boundary condition was checked by compar-
ing a rectifying characteristic of an SBD (Schottky bar-
rier diode) with that obtairnied by the drift diffusion with
a similar Schottky contact model [7]. Using the present
boundary condition for simulations-of ntnn* structures,
fundamental characteristics of transport in sub-0.1 pm
lengths were investigated.

2. Schottky contact model

The tunneling probability Tr; was calculated based
on the WKB approximation and a triangle potential
around contacts:
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Figure 2: Schematic of Schottky barrier diode and the
impurity concentration profile.
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where A [Acm~2K~2] is the Richardson constant (112 for
electrons in silicon [9]), T the electron temperature, fas
the energy distribution function in the metal, A€ the ener-
gy difference in the control volume specified by discretiza-
tion grids, kg Boltzmann’s constant, S the cross-sectional
area of the control volume perpendicular to the tunneling
path, £; the Fermi level used in fas, and ¢p the barrier
height. Trp = 1 just at the metal/semiconductor inter-
face. Time interval of injection and the injection point
are determined according to Pisj, in a similar manner to
that for the scattering process [10]. Namely, particles are
injected with the time interval of ét calculated by

Py ln(r)’

r= E Pinji.
!

The injection point z; is selected when the following con-
dition is satisfied:
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In the present simulations, the Poisson equation was
solved every 1.[fs] and the potential distribution and the
tunneling probability were calculated self-consistently.
Simulation was carried out until 100 [ps], and results av-
eraged over a period from 30 to 100 [ps]. The spherical
band model was used for clear extraction of the direction
dependence of the velocity dispersion discussed in the fol-

lowing section.
POSS

Figure 3: Rectifying characteristics of Schottky barrier
diode.

p=-¥=% (4)
. X
where £ is the electron energy, m*.the effective mass
(0.26mgp for electrons in silicon, mg the electron rest
mass), & the electron energy at the interface, h the re-
_ duced Planck constant, ¢ the elementary charge, E the -
. average electric field, ¢ the potential at each grid, o the
potential at the interface, and z; the distance from the
interface. A random number r, uniformly distributed be-
tween 0 and 1, is generated for a particle reaching the
turning point, namely, whose energy parallel to its tun-
neling path becomes zero. Then, the particle is absorbed
if r < Trp, or reflected if 7 > Tryr, as shown schémat-
ically in Fig. 1 [8]. Particles reaching the interface of
semiconductor and metal are perfectly absorbed, which
corresponds to the thermionic emission. o
On the other hand, particles are injected from the
metal contact according to the probability Pj,;; at each
control volume [:
Ag

—8S,

A ! .
Pinji= ;T?TfL'(f)fM Q] 5T (5)

- &y=& — 998, (6)

An SBD shown in Fig. -2 was simulated using the
present contact model. The cathode and anode were
Schottky contacts with ¢g = 0.2 [eV]. Figure 3 showsa
rectifying characteristic of the SBD. Under reverse biases,
currents are suppressed by low tunneling probability at
the anode contact, whereas currents under forward biases
show the ohmic nature due to the high probability of tun-
neling at the cathode contact. At the zero bias, the total
current is sufficiently low, which means that the balance
between inflow and outflow at the interface of metal and
semiconductor is maintained and the Richardson constant
for electrons is adequate. Good agreement with results of

. a drift-diffusion model was obtained as shown in Fig. 3.

It has been shown that the drift-diffusion simulation with
the Schottky contact model reproduced measurements of
SBDs [7]. Therefore, the present model provides the ap-
propriate boundary condition for the Monte Carlo device
simulation.

3. Simulations of n*nn* structures

A simple n*tnnt structure shown in Fig. 4 was
analyzed to interpret the fundamental characteristics of
transport in the sub-0.1 pm length. The barrier height of
the cathode and anode contacts was ¢ = 0.2 [eV]. Figure
5 shows the potential and electron energy distributions.
The shape of the potential distribution around contacts
reflects the Schottky barrier, which is unlike that around
the conventional ohmic contact boundary.
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Figure 4: Schematic of n*¥nnt structure and the impurity
concentration profile. .
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Figure 5: Potential and energy distributions in n*nn*
with L = 50 nm. o o ‘
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Figure 6: Generation and elimination distribution in
ntnnt with L = 50 nm.
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Figure 6 shows the distribution of generation and e-
limination rates. Positive values indicate the generation
rate of electrons supplied by the thermionic emission and
the tunneling from contacts, whereas negative values in-
dicate the elimination rate of electrons absorbed by con-
tacts. Tunneling peaks from contacts appear at positions
corresponding to energy higher than the Fermi level in
metal, because the temperature was 300 [K].

Figure 7 shows the velocity dispersion of each direc-
tion, 02, 02,, and the average dispersion of all directions,

v vz

o for L = 50 nm, calculated by the following equations:

kT,
02, =< vl > — < vy >2= ﬂfﬁ*—x” (10
(
kgT,
of =<l > - < >l= I (11)
. ~2 _ —~ 2 kaT
12::<v >—-—<v> _FrB , (12)
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where v, and v, are the velocities of the x- and z-
directions, and ¢ is the velocity vector. For the vertical
directions, o2, is the same as o2,, therefore only o7, is
shown. The direction dependence of the velocity disper-
sion can be observed in spite of the assumption of the
spherical energy band. The direction dependence near
the cathode is caused by the cooling of electrons, whose
x-direction energy is decreased by the retarding field at
the cathode junction, whereas the general energy tends
to relax from cooled energy to the value corresponding to
the lattice temperature by phonon scattering. Therefore,
o2, increases through energy emitted by the phonon.

On the other hand, the direction dependence near
the anode is caused by the quasi-ballistic transport. Al-
though o2, increases by acceleration and scattering, the
time and space are insufficient for propagation of the dis-
persion from the x-direction to the z-direction. Indeed,
the direction dependence of velocity dispersion for L =
0.1 um decreases as shown in Fig. 8, compared with that
for L = 50 nm. This is because the randomization of the
velocity progresses by scattering. On the contrary, Fig. 9
shows that the direction dependence increases for L = 25
nm. . .

Figure 10 shows the distribution of the velocity dis-
persion normalized by the average dispersion. It was
found that the direction dependence. caused by cooling
around the cathode junction does not depend on the chan-
nel length, whereas the direction dependence caused by

m#

- the quasi-ballistic transport near the anode decreases as

the channel length becomes longer. Consequently, the
direction dependence should be included in the diffusion
constant or the carrier temperature in the hydrodynamic
simulation for sub-0.1 pm devices.

4. Conclusions _

The Schottky contact model was implemented in the
Monte Carlo device simulation, which allowed the simu-
lation to be performed without the restriction of the e-
quilibrium condition around contacts. As the application
example, the simple ntnnt structures were simulated.
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Figure 7: The distribution of the velocity dispersion in
ntnn?t structure with a channel length of 50 nm.
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Figure 8: The distribution of the velocity dispersion in
. n*nnt structure with a channel length of 0.1 pm.
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Figure 10: The distribution of the vélocity dispersion nor-
malized by the averaged dispersion in n*nn* structures
with channel lengths of 25nm, 50nm, and 0.1 pm.

The significant direction dependence of the velocity dis-
persion was observed for the sub-0.1 pum channel length,
which indicates that the direction dependence of the d-
iffusion constant or carrier temperature should be taken
into account in the hydrodynamic model for sub-0.1 pm
devices. -
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