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Abstract Based on the non-equilibrium Green’s function
formalism we numerically studied gate-controlled tunneling
carbon nanotube field-effect transistors. The effect of doping
concentration on the performance of the device has been
investigated. We show that an asymmetric doping profile can
improve the I,/ I ratio of the device improves.
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1 Introduction

Exceptional electronic and mechanical properties together
with a nanoscale diameter make carbon nanotubes (CNTs)
candidates for nanoscale field effect transistors (FETS).
High performance CNTFETs were achieved recently [1, 2].
Metallic contacts can be directly connected to the gate-
controlled CNT channel [1]. To reduce the parasitic capaci-
tance the spacing between the gate-source and the gate-drain
contacts can be increased. The extension region can be of n or
p-type leading to n/i/n or p/i/p devices. Unlike conventional
semiconductors in which doping is introduced by implanta-
tion, doping of CNTs requires controlling the electrostatics of
the CNT environment by additional gates [2], molecules [3],
or metal ions [4]. The gate controls the thermionic emission
current, therefore a sub-threshold slope of about 64 mV /dec
can be achieved [2]. Aggressively scaled devices of this type
suffer from charge pile-up in the channel [35, 6], which de-
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teriorates the off-current substantially and ultimately limits
the achievable I,/ I ratio [5]. To overcome this obstacle a
gate-controlled tunneling device (T-CNTFET) is proposed.
In this type of device either a p/i/n or n/i/p doping profile can
be used (Fig. 1). The gate voltage modulates the band to band
tunneling current. T-CNTFETS benefit from a steep inverse
sub-threshold slope and a better controlled off-current. In
T-CNTFETs, if the potential difference between the gate and
drain contact increases, there will be a strong band-bending
near the drain contact. As a result the band to band tunnel-
ing current increases, leading to a decrease of I,/ I¢. We
numerically studied the effect of doping profile on the per-
formance of T-CNTFETs. Simulation results indicate that by
using an asymmetric doping profile the parasitic current is
suppressed.

2 Approach

Due to quantum confinement along the tube circumference,
the wave functions of carriers are bound around the CNT
and can propagate along the tube axis. Assuming that the
potential profile does not vary around the circumference of
the CNT, sub-bands can be decoupled [7]. We assume bias
conditions in which the first sub-band contributes mostly to
the total current. In the mode-space approach [7] the retarded
Green'’s function, G, for each sub-band can be written as [8]:

GR=[EI-H-xF - x5! (1)

where Efd is the self-energy due to the coupling of the
device to the source and drain contacts. X f 4 18 zero except
at the boundaries. A recursive Green’s function method is
used for solving (1). In (1) an effective mass Hamiltonian is
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Fig. 1 T-CNTFET device with n/i/p doping profile
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Fig.2 The complex dispersion relation connecting the conduction and
the valence bands [6]

assumed which is discretized using finite differences.
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Here U; is the potential energy at the point j, t =
1% /(2m*a?), and a is the grid spacing. In [9, 10] the validity of
the effective mass has been discussed in detail. To consider
strong band to band tunneling in T-CNTFETs it is essen-
tial to use an appropriate band structure [6, 11]. One has to
assume an energy dependent effective mass inside the band-

Fig. 3 The distribution of
electrons along the device with
(a) symmetric and (b)
asymmetric doping profile
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gap, t(e) = 1% /2m*(1 + e/Eg)az), see Fig. 2. All our cal-
culations assume a CNT with a diameter of deyt = 1.6 nm
corresponding to a band-gap of E, = 0.6 eV.

The carrier concentration can be calculated as:

n= /GRFS[GR]TfsdE—i—/GRFd[GR]dedE 3)

where I 4 is the broadening due to contacts and is given by
[so=i(%5q— Ejy 2)- Carriers are treated as a sheet charge
distributed over the surface of the CNT [12]. The coupled sys-
tem of transport and Poisson equations is solved iteratively.
Details are presented in [13]. Finally the current density is
given by (4).

4q
I'=-- TC(E)(fs — fp)dE “)
where the transmission coefficient of carriers through the
device is given by TC(E) = Tr{I';GRT';[G®]'}.

3 Simulation results

The operation of the device can be well understood by con-
sidering the spectrum of electron density along the device
(Fig. 3). At high negative gate voltages, due to strong band
bending near the source contact, band to band tunneling con-
tributes significantly to the total current. By increasing the
gate voltage to positive values the band bending near the
source contact decreases, and as a result band to band tun-
neling decreases. On the other hand, the increase of the gate
voltage results in a strong band to band tunneling near the
drain contact. As a result the total current increases in the
off-regime which has a detrimental effect on the device per-
formance (Fig. 4(a)). For the considered device the doping
concentrations at the source and drain sides are assumed to
be equal. Decreasing the doping of the drain side, the band
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bending decreases for the same gate voltage (Fig. 3(b)) and
the band to band tunneling current near the drain contact
decreases considerably (Fig. 4(b)).

The parasitic current exists also in the on regime.
Fig. 5(a) shows that if the drain voltage becomes much
higher than the gate voltage the parasitic current in-
creases. By using an asymmetric doping profile, the par-
asitic current in the on-regime is suppressed (Fig. 5(b)).
For the device with symmetric doping we assumed that
the donor and acceptor concentrations at the source and
drain contacts are Npy = Ny g =2 X 10° and for the de-
vice with asymmetric doping profile Np, =2 x 10° and
Nag=5x 108

4 Conclusion

We performed a numerical investigation of a Tunneling CNT-
FET. Due to strong quantum effects including band to band
tunneling, the NEGF formalism along with an elaborate band
structure gives a suitable model for the analysis of these de-
vices. Simulation results suggest that an asymmetric doping
profile reduces the parasitic carrier injection and increases
the I,/ Lo ratio by several orders of magnitude.

Gate Voltage [V]

Acknowledgment This work has been partly supported by the Austrian
Science Fund, contract [79-N16, and the national program for tera-level
nano-devices of the Korean ministry of science and technology.

References

1. Javey, A., et al.: Self-aligned ballistic molecular transistors
and electrically parallel nanotube arrays. Nano Lett. 4(7), 1319
(2004)

2. Lin, Y.-M., et al.: High-performance carbon nanotube field-effect
transistor with tunable polarities. IEEE Trans. Nanotechnol. 4(5),
481 (2005)

3. Chen, J., et al.: Self-aligned carbon nanotube transistors with novel
chemical doping. IEDM Tech. Dig. 695-698 (2004)

4. Javey, A., et al.: High performance n-type carbon nanotube field-
effect transistors with chemically doped contacts. Nano Lett. 5(2),
345 (2005)

5. Appenzeller, J., et al.: Comparing carbon nanotube transistors—the
ideal choice: a novel tunneling device design. IEEE Trans. Elect.
Dev. 52(12), 2568 (2005)

6. Knoch, J., et al.: Comparison of transport properties in carbon
nanotube field-effect transistors with schottky contacts and doped
source/drain contacts. Solid-State Elect. 49(1), 73 (2005)

7. Venugopal, R., et al.: Simulating quantum transport in nanoscale
transistors: real versus mode-space approaches. J. Appl. Phys.
92(7), 3730 (2002)

8. Datta, S.: Electronic Transport in Mesoscopic Systems. Cambridge
University Press (1995)

@ Springer




246

J Comput Electron (2007) 6:243-246

9. Guo, J.: Novel Nanoscale Transistors: Device Physics and Potential.
Dissertation, Purdue University (2004)
10. John, D.: Simulation Studies of Carbon Nanotube Field-Effect
Transistors. Dissertation, University of British Columbia (2006)
11. Flietner, H.: The E(k) relation for a two band scheme of semicon-
ductors and the application to the metal semiconductor contact.
Phys. Stat. Sol. (b) 54(1), 201 (1972)

@ Springer

12.

13.

Pourfath, M., et al.: Optimization of schottky barrier carbon nan-
otube field effect transistors. Microelectro. Eng. 81(2-4), 428
(2005)

Pourfath, M., Kosina, H.: Fast convergent schrodinger-poisson
solver for the static and dynamic analysis of carbon nanotube
field effect transistors. Lecture Notes Comp. Sci. 3743, 578
(2006)



