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As the feature sizes of the conventional metal-oxide-
semiconductor field effect transistor continue to shrink
into the nanometer regime, physical and technological
problems such as short-channel effects and dopant fluctu-
ations are emerging. As a solution to the problem, a non-
silicon-based metal/insulator tunnel transistor (MITT),
where an insulator used as the channel material is sand-
wiched between metal source and drain electrodes (Fig.
1), has been proposed.!? Since the transport mainly
occurs by tunneling through the tunnel barriers that
are formed at the metal/insulator interfaces, the short-
channel effects can be entirely eliminated. Also, the non-
semiconductor system offers several advantages in fabri-
cation processes.

Previous studies on MITT have been done with some
approximations to the full quantum solution. In this
work, ballistic and diffusive quantum transport in the
nano-scale tunnel transistor were calculated using the
nonequilibrium Green’s function (NEGF) method. The
drain current is obtained by using the Landauer-Biittiker
formula:
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where f;(E) and f,.(E) are the distribution functions in
the source and drain electrodes, respectively. Within the
NEGF formalism, the transmission coefficient T'(E, V') is
written as

T(E,V) = Tr[[,GT, G, (2)
where G = [E— H - %, — %, Ty = (3,7 — 5y, ),
and H is the Hamiltonian for the device region and %, ,
are self-energies for the source(l) and drain(r) electrodes.

The Laplace’s equation

Vi =0 3)
was numerically solved to obtain the potential profile in
the channel and oxide regions, while the Poisson’s equa-
tion with classical charge densities were solved in the sub-
strate region.

We have employed both the coupled-mode space ap-
proach and the uncoupled-mode space approach to solve
the Green’s function numerically and calculate the cur-
rent. The influence of diffusive scattering on ballistic
current has been considered by so called the ”Buttiker
probe model” where the overall degree of the scattering
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effects can be adjusted by a parameter which is physical-
ly linked to the channel mobility.? The overall simulation
procedure is shown in Fig. 2.

We have investigated the device characteristics of MIT-
T by varying the device parameters such as the channel
length, channel mobility, gate oxide dielectric constant
and tunnel barrier height. Firstly, we have found that
the channel length can be reduced to down to about 10
nm without loss in on-current, but below about 10 nm,
the increase in the tunneling component of the current
makes the off-current behavior quite poor, as shown in
Fig. 3. Secondly, the device characteristics are improved
if the ratio of the gate-insulator dielectric constant €, to
the channel-insulator dielectric constant €; is increased:
for €, /€, = 3, the on-off current ratio is improved by a fac-
tor of 10 compared with the case of ¢,/¢; = 1/3. See Fig.
4. Thirdly, as the tunnel barrier height becomes higher,
on-current becomes almost exponentially small but off-
current behavior improves, which leads us to conclude
that the optimal barrier height should to be 0.3 ~ 0.5
eV. Fourthly, we have considered the diffusive scattering
by using the simple Buttiker probe model and assessed
its effect on the ballistic results (Fig. 5). It can be seen in
the figure that for the channel mobility p = 100cm?/V - s
(which corresponds to the electrons’ mean free path of
~ 10 nm), the current is reduced by about 30%. Lastly,
negative differential resistance due to resonant tunneling
can be observed in the MITT if a double-barrier like po-
tential profile is formed within the channel. Fig. 6 show
that the peak location shifts as the gate voltage is varied,
opening up the possibility that MITT can be used as a
resonant tunneling transistor.

In summary, we have performed ballistic and diffu-
sive quantum simulation of the nanoscale metal/insulator
tunnel transistor, and analyzed its device characteristics.
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FIG. 1. Simulated Device.

Initial Guess on Charge
Density n (Use Classical n)

l

‘ Solve 2D Poisson Eq.

l

‘ Update Potential ® |

l

‘ Solve Q2D Schrbdinger Eq. |

l

Solve 1D/2D NEGF
- Get Transmission

}

‘ Determine Probe Fermi E |

l

‘ Update Charge Density n |

YES
‘ Calculate Current |

FIG. 2. Flowchart.
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FIG. 3. I; versus V, characteristics at Vg = 0.5 V for dif-
ferent channel lengths. The channel depth is 5nm, the barrier
height is 0.5 eV, and calculations were done at room temper-

ature (same for subsequent graphs).
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FIG. 4. I, versus Vj characteristics at 13 = 0.5 V and L =
10 nm for different values of the ratio of €4 /e;.
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FIG. 5. I versus V characteristics at V43 = 0.5 V and L
= 10 nm for different values of mobility g. The unit of u is

cm?/V s
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FIG. 6. The negative differential resistance behavior of

MITT at room temperature.
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