Simulations of Schottky Barrier Diodes and Tunnel Transistors
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We present the implementation and simulated results of a practical model to
cover Schottky and Ohmic contacts. The model considers thermionic emission
and the spatially distributed tunneling. Simulations using the present model
reproduce characteristics of Schottky barrier diodes and show the transition
from Schottky to ohmic as the doping level is increased. As an application ex-
ample, the immunity of Schottky barrier tunnel transistor to the short channel

effect is demonstrated.

1. Introduction

The Schottky barrier has been utilized for the SBD
(Schottky barrier diode), the HSBD (hybrid SBD) and
the SBTT (Schottky barrier tunnel transistor). In or-
der to examine the performance of these structures by
simulations, an appropriate Schottky contact model with
the tunneling is indispensable. The numerical techniques
have been proposed for SBD [1]-[7], the HSBD (8] and the
SBTT [9]-[11]. However, the tunneling is not considered
[2])-5], or the tunneling current is concentrated at the met-
al/semiconductor interface [6][10][11], or the boundary to
distinguish the tunneling region and the drift-diffusion re-
gion is necessary in the semiconductor region [7]{8]. In
this work, we have implemented the Schottky contac-
t model of the spatially dependent tunneling in the de-
vice simulator DIAMOND without any special boundary
in the semiconductor region, verified the validity of the
model by comparisons with SBD measurements, showed
the transition from Schottky to Ohmic contacts in reverse
bias characteristics of SBDs, and examined the immunity
to the SCE (short channel effect) of SBTTs.

2. Schottky Contact Model
We have calculated the thermionic emission current
Jrg and the tunneling current Jpp:

Ire= AT (9292,
JTL=AT2T’I’L(£)(fS°fM)'kA_ETv (2)
B

where A [Acm~2K~?] is the Richardson constant (112 for
electrons, 32 for holes [4]), T the carrier temperature,
n the carrier concentration, ny the carrier concentration
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at equilibrium, N¢ the effective density of state, Ty (€)
the tunneling probability, £ the carrier energy, A{ the
energy difference in the control volume, kp Boltzmann’s
constant, fs and far the energy distribution functions in
the semiconductor and in the metal, and A¢p the barrier
lowering by the image force. Trp(€) is calculated under
the approximations of the WKB and the triangular po-
tential [5]. Jrg is calculated at the interface between the
semiconductor and the metal, and Jrp is calculated at
each grid in the semiconductor. The calculation of the
spatially distributed tunneling current allows us to unify
the field emission and the thermionic-field emission in the
Jrr. Namely, the field emission occurs around the Fermi-
energy in the metal and the thermionic-field emission oc-
curs in the energy region higher than the Fermi energy.
Jr can be calculated at the position where the poten-
tial corresponds to the each energy level in the metal. It
should be noted that the validity of the WKB approxi-
mation for simulations of actual devices has to be checked
by the comparison with the solution of the Schrodinger
equation [9], however has not been evaluated in this work.

3. SBD Simulation

In order to examine the validity of the present Schot-
tky contact model, we have compared simulated results of
SBDs characteristics with measurements. Figures 1 and
2 show SBD characteristics of ZrSi, //Si [4] and Ti/
Si [7]. The simulated results show good agreement with
measurements. The difference between simulations and
measurements are considered to result from uncertainty
of the effective density of state and the thermal velocity
assumed implicitly in the Richardson constant, as studied
by J. Adams et al. [2]. Figure 3 shows the influences of
the impurity concentration Np on the SBD characteris-
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Figure 1: ZrSi, /’Si diode characteristics.
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Figure 2: Ti/ Si diode characteristics.

tics under the reverse bias. As Np increases, the SBD
characteristics become close to those of the ideal Ohmic
contacts. Under such conditions, the tunneling probabili-
ty becomes extremely high and fs gets pinned to far. In
this work, fas is assumed to be in equilibrium. There-
fore, the carrier concentration calculated by n = N¢fs
is almost fixed on the equilibrium value, that is, n~ Np,
which corresponds to the fixed boundary condition of the
Ohmic contact. Consequently, the present Schottky con-
tact model permits the unified simulation of the Schottky
and Ohmic contacts.

4. SBTT Simulation
The SBTT has been studied as a candidate to realize
ultra-short channel devices due to the immunity to the
SCE [9}-[11]. We have examined the SCE for SBTTs and
compared with results of conventional nMOSFETs. Fig-
ure 4 is the schematic structure of the SBTT simulated in
this work. Figure 5 shows the gate bias dependence of the
drain currents for the two gate lengths. The SBTTs show
the high immunity to the SCE compared with the con-
 ventional MOSFETs. It should be noted that the ”ON”
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Figure 3: SBD characteristics with the impurity concen-
tration as a parameter. :

state drain currents of SBTTs are lower than those of
the conventional nMOSFETs. This is because the tun-
neling probability of electrons from the source electrode
to the channel limits the drain currents. One could in-
crease the drain currents by reducing the barrier height
of the source electrode, but would cause the problem of
the electron leak current from the source electrode to the
drain electrode in the subthreshold region.

The leak currents by the majority carriers between
the drain and the substrate could be a serious problem in
the SBTT. Figure 6 shows the gate bias dependence of the
leak currents by holes. The reason why the leak current
decreases as the gate bias increases is that the tunneling .
probability decreases as the potential difference between
the drain and the channel decreases. In the subthresh-
old region, the leak currents for the both gate lengths
are relatively high. These substrate leak currents could
be suppressed by using higher barrier for holes, which
would, however, make the drain leak current higher in
the subthreshold region.

There must be the trade-off between the drive ca-
pability and the subthreshold leak currents to apply the
SBTT.

5. Conclusions

The Schottky contact model has been implemented in
the device simulator DIAMOND, which reproduces mea-
surements of SBD characteristics well and makes the uni-
fied simulation of Schottky and Ohmic contacts possible.
By using this model, the immunity of SBTTs to the short
channel effect has been demonstrated.
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Figure 5: Gate bias dependence of drain currents of
conventional nMOSFET and SBTT.
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Figure 6: Leak currents between drain and substrate.
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