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Abstract

We analyze a novel MOSFET design that has semiconducting single-walled zig-zag
Carbon Nanotubes (CNTS) in the channel. We also report on a modeling technique for
simulating CNT-MOSFET devices. Our investigationshave shown that CNT-MOSFETSs
employing small diameter CNTs (d:8f4) show low leakage and negative differential
conductance. Midrange CNT-MOSFETs (d:13}1) show improved current drive. How-
ever larger diameter CNTs (d:17f4) result in degraded MOSFET performance due to
effective punch-through and bandoff sets.

1 DeviceMode for CNT-MOSFETSs

Recent experiments [1] and theoretical studies [2] indicate that semiconducting CNTs
havethe highest known mobility among semiconductors. Therefore CNTs have prompted
large interest in research [1]-[5]. We here discuss models for numerical simulation of
CNT embedded MOSFETSs for feasibility analysis.

Figure 1. Proposed CNT-MOSFET.

We solve the Poisson equation along with modified electron-hole current continuity
equations to obtain current-voltage characteristics of CNT-MOSFETs shown in Fig. 1.
Our modified semiconductor equations account for quantum effects and band disconti-
nuities. The complete set of equationsis shown below:
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The electron current density J,, and hole current density .J,, are defined as follows:
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Here in addition to ¢, we have effective potentials ¢ g, ¢. and ¢, to account for
gquantum and heterostructure effects.

1.1 Quantum Effective Potential

We use density gradient formalism to account for quantum confinement effects at the
channel of MOSFET and at the band discontinuities between the CNT and silicon (Si).
In this formalism quantum correction is defined as follows [6]:
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Here x and y are parallel and perpendicular directionsto the MOSFET channel. We set
the effective mass to that of Si or CNT depending on the location.

1.2 CNT-S Effective Potential

We also calculate the effects of conduction and valence band offsets on electrons and
holes through ¢. and ¢y, respectively [7]. They account for the variations in bandgaps
and electron affinities between Si and the CNT, and are expressed as:
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Here x, n,, Eq symbolize electron affinity, intrinsic carrier concentration and bandgap
of Si and CNT, respectively. AEs and AEy are conduction and valence band dis-
continuities between Si and CNT. These effective potentials account for the contact
resistance between Si and CNT which arises due to mismatch in the bandstructure.

1.3 Band Parametersof CNTs

To determine the electron affinity and bandgap of CNTs, we use the band diagram and
electron affinity of graphite[2].

Our analysesindicate that bandgaps of semiconducting single-walled zig-zag CNTs are
inversely proportional to their diameter. We here employ three different CNTsthat have
diameters (d) of 84, 134 and 17A. These CNTs have the respective cal cul ated bandgap
values of 1.05eV, 0.67eV and 0.48eV. We later use these bandgap values to calculate
CNT electron affinities. Corresponding CNT affinities are then the electron affinity of
graphite (4.4eV [8]) minus haf the bandgap value.



We next calculate the last term in the effective potential due to bandgap variations.
Using hondegenerate statistics and the zero energy point at the midgap we obtained the
following expression for the intrinsic carrier concentration of CNTS:
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Herem*! and E! are CNT effective mass and energy in subband |, respectively.

1.4 Mobility Model for CNTs

We last need a mobility model to be used in the semiconductor equations. We em-
ployed a Monte Carlo (MC) simulator to obtain electron drift velocity versus electric
field curves [2]. The simulations show high scattering rates for narrow CNTSs, which
allowsfor the extraction of mobility models. Our calculated velocity versusfield curves
show that CNTs attain very large drift velocities and show negative differential mobil-
ity (NDM). They are similar to GaAs in that respect, where conduction velocity of the
first subband is larger than that of the second. We then developed an analytical model
considering the lowest two subbands that give rise to the NDM effect. We next express
the final mobility as a function of electric field and tube diameter using Mathiessen’s
rule:
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Here 11,(d) is the low field CNT mobility and F.(d) is the electric field where CNT
reaches peak drift velocity V,,,(d). Mobility of the second subband additionally includes
an empirical parameter \.

2 Simulation Results

We used the doping profile of awell-tempered MOSFET with channel length of 150nm.
We then embed a planar sheet of CNTs at the topmost part of the channel of thisMOS-
FET. We simulated three different CNTs with diameters of 84, 134 and 17 A.

Figure 2 shows the current-voltage characteristics for Vgs= 1.0V. The CNT-MOSFET
with the medium diameter tube has improved drive current capabilities largely due to
the very high mobility in CNTs. However the biggest tubed CNT-MOSFET has de-
graded operation, with behavior that is more like aresistor. This can be attributed to
the inability of MOSFETs with larger CNTsto form a pinchoff region. Thismay be re-
lated to the high intrinsic carrier concentration (roughly 1016 cm=3) that isfound in the
largest tube. In addition, lowest diameter tubed device also operates like a MOSFET
with drive currents dightly less than the conventional MOSFET under the specified
conditions. The narrowest tubed device also shows inflection point towards high drain
bias that can be related to the Schottky barrier between Si and CNT.
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Figure 2. CNT-MOSFET current- Figure 3: CNT-MOSFET drain currents

Vo|tage characteristics for Vas=1.0V for Vps=1.2V. Inset is the linear scale
and different diameter CNTSs. plot around Vz5=1.36V.

We find that al CNT-MOSFETs show good subthreshold characteristics under low
drain bias. However CNT-MOSFETs with larger diameter tubes start exhibiting leakier
performance under high drain bias. Figure 3 shows the current-voltage characteristics
for Vpg= 1.2V. For high drain bias the largest diameter CNT-MOSFET is very leaky.
The MOSFET with the medium size tube also suffers drain induced barrier lowering
which we associate it with the effects of the junction barrier between Si and CNT. The
lowest diameter CNT-MOSFET performs best among al. In addition, the small diam-
eter tube shows negative differential conductance that might be attributed to the barrier
lowering at the Si-CNT junction and the effects of NDM.

In conclusion, simulations indicate that the CNT-MOSFET with small and medium di-
ameter tubes show potentially improved performance over the conventional MOSFET.
However performance degradation quickly sets in as the CNT diameter increases. In
addition, CNT devices that use the NDM attribute of CNT mobility have the potential
to be engineered for use in oscillators or related devices.

References

[1] T.Durkop, S. A. Getty, E. Cobas, M. S. Fuhrer, Nano Letters, vol. 4, pp. 35-39, 2004.

[2] G. Pennington, N. Goldsman, Phys. Rev. B., vol. 86, pp. 45426-45437, 2003.

[3] A.Akturk, G. Pennington, N. Goldsman, IEEE Conf. on Nanotech., pp. 24-27, 2003.

[4] R. Martel, V. Derycke, J. Appenzeller, S. Wind, Ph. Avouris, |[EEE Design Auto. Conf., pp.
94-98, 2002.

[5] S.Heinze, J. Tersoff, R. Martel, V. Derycke, J. Appenzeller, Ph. Avouris, Phys. Rev. Letters,
vol. 89, no. 10, pp. 106801-106804, 2002.

[6] J R. Watling, A. R. Brown, A. Asenov, A. Svizhenko, M. P. Anantram, Sispad 2002, pp.
267-270, 2002.

[7] Y. Leblebici, S. Unlu, S-M. Kang, B. M. Onat, Jour. of Lightwave Tech., vol. 13, no. 3, pp.
396-405, 1995.

[8] A.Charlier, R. Setton, M-F. Charlier, Phys. Rev. B., vol. 55, no. 23, pp. 15537-15543, 1997.



