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ABSTRACT

High leakage currents and short channel effects become significant enough to be the major concerns for circuit
designers as semiconductor devices are miniaturized. Tunnel field effect transistor(TFET) show good scalability and have
very low leakage current .These transistors have very low leakage current, good sub-threshold swing, improved short
channel characteristics and lesser temperature sensitivity. In this paper a dual material gate (DMG) in a tunnel field effect
transistor is proposed in order to optimize ON current and nature of output characteristics. Significant improvement is
shown by a TFET if appropriate work functions are chosen for gate material on the source side and drain side. A dual
material gate in double gate TFET is applied to show an overall improvement in performance. In comparison with
conventional TFET, the proposed model provides a higher ON state current.

Keywords: Tunnel field effect transistor (TFET), Band to band Tunneling, ON state current.

1. INTRODUCTION

Tunnel field-effect transistors (TFETSs) exhibit an
excellent subthreshold swing and a very low leakage
current and hence they are actively investigated for future
low-power complementary metal-oxide—semiconductor
(CMOS) applications [1]-[15]. However, as TFETs suffer
from low ON current, there are various techniques to
improve the Ion in a TFET that has been suggested [4]-
[14]. The mechanism of current conduction and its
saturation in the output characteristics in a TFET are quite
different from a conventional MOSFET. As a result, we
often find a phenomena of delayed saturation in the output
characteristics. This can be detrimental for CMOS
applications; therefore, the of the output
characteristics must be carefully considered while
designing TFETSs. In addition, the dependence of the drain
current on the drain voltage in a TFET is different from
that of a conventional MOSFET. Strong drain-induced
barrier lowering (DIBL) effects are sometimes a major
concern in TFET, and this can severely limit the utility of
the device. Therefore, to employ TFET for low-power
CMOS applications, it is desirable that, the overall device
characteristics of the TFET has to be improved in addition
to improving the ON-current and the subthreshold swing.
In this paper, the application of a dual material gate
(DMGQG) in a double-gate TFET (DGTFET) is proposed and
demonstrated using 3-D device simulations using TCAD
and thereby engineering the work functions of the dual
gates, it is possible to simultaneously optimize the ON
state current (Ion), the nature of the output characteristics,
and the immunity against DIBL effects. It has already
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been demonstrated in the previous works that a
conventional DGTFET suffers from an unacceptably low
ON state current. Different aspects of DMGTFETSs have
been studied using TCAD simulations. Therefore, we
demonstrate the application of the DMG technique in a
DGTEFET to not only achieve an improved Ion but also
improve the overall performance of the device. It is shown
that, by using a DMG, the scalability of the TFET can be
extended below 20-nm channel lengths. Finally,
considering the potential application of a TFET in low
power applications, the suitability of DMG-DGTFET is
studied at Vpp=1 V. The rest of this paper is organized as
follows: Section II describes the structure of a DM-
DGTFET, DGTFET and the simulation model used in this
study. Section III presents simulation results for a DM-
DGTFET and DGTFET and demonstrates the advantages
of using a DMG. In this section, the channel length of the
device is taken as 20 nm. Finally, Section IV draws
important conclusions out of this study.

2. DEVICE STRUCTURE AND SIMULATION
MODEL

Figure-1 shows the cross-sectional view of a
DGTEFET and Figure-2 shows the cross sectional view of
the proposed DMG-DGTFET in which both the top and
bottom gates are composed of materials with two different
work functions. We refer to the gate closer to the source as
the tunnel gate and the one closer to the drain as the
auxiliary gate. All the simulations have been carried out
using TCAD. Since the tunneling process is a nonlocal, the
spatial profile of the energy bands and the band-gap
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narrowing effects are included. The parameters for the
conventional double-gate TFET used in our simulation
are: channel region doping Np =1x10'"/cm3P" source
doping N =1x10%%/cm3,N* drain doping Np =5 x10'%/cm’
and gate work function=4.5 eV . The silicon body
thickness (ts)=10 nm, gate oxide thickness(t,x)=2 nm and
channel length(L)=20 nm. The parameters for the
conventional DMG-DGTFET used in our simulation are:
channel region doping Np =1x10'"/cm3,P* source doping
Np =1x10%/cm3,N* drain doping Np =5 x10'%/cm® .The
gate work function=4.5 eV for auxillary gate and 4.0eV
for tunneling gate .The silicon body thickness (ti)=10 nm,
gate oxide thickness(tox)=2 nm and channel length(L)=20
nm where tunnel gate length (Lun,)=10 nm, and auxiliary
gate length (Lax)=10 nm. The simulation model used in
this paper is hydrodynamic mobility model.

The operation of tunnel field effect transistors is
entirely different from conventional MOS devices. The
analysis of DM-DGTFET operation has been done by
considering two separate cases of varying work functions
¢m1 and @my alternatively to get improved Iorr and Ion
current.

Case (i): In the OFF-state, there is no band overlap on the
source side, when the metal work function @ is reduced
to 4.0 eV, and hence, the leakage is expected to be quite
low. In the ON-state, with the reduction in @, the band
overlap increases, and the tunneling width decreases,
leading to a significant increase in the tunneling
probability on the source side. Hence the electrons tunnel
from the valence band of the p-doped source to the
conduction band in the intrinsic body and then move
towards the n-doped drain by drift diffusion.

Case (ii): In the OFF-state, as @m increases, the tunneling
width increases, and the band overlap reduces on the
source side, leading to a considerable reduction in the
OFF-state tunneling probability. In the ON-state, the
increase in @m2 does not show any significant change the
band diagram. In our model, we assume that the device is
operated in the subthreshold region. And there is no
assumption made in the
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Figure-1. Structure of a DGTFET.

S — o

INTRINSIC | DRAIN(Si)
REGION(Si) 100m

SOURCE(S)

- <3 GATE

Figure-2. Structure of aDM- DGTFET.

depletion of the source and drain region has been assumed.
The only limitation of TFET is the presence of an
ambipolar state which means conduction in two directions
(i.e. both for positive gate voltage and negative gate
voltage).It is caused due to the transfer of tunnel junction
from source side to the drain side when the gate voltage
Vgs<O0 for an n-type TFET operation. The basic
requirement for an ideal switch in digital circuits is to
work in only one direction, but if it also starts conducting
in other direction this can create a problem in
complementary logic circuit applications and thus limits
the utility of the device for digital circuit designs.

3. RESULTS AND DISCUSSIONS

TFET has different current-voltage characteristics
than that of MOSFET. In conventional MOSFET,
diffusion current is dominant in the subthreshold regime
where as drift current is dominant in the ON condition.
However tunneling current is dominant in TFETs. The
device is operated by applying gate bias so that electron
accumulation occurs in the intrinsic region. Band-to-band
tunneling occurs when the conduction band of the intrinsic
region aligns with the valence band of the P region when
sufficient gate voltage is applied. Electrons from the
valence band of the p-type region tunnel into the
conduction band of the intrinsic region and current can
flow across the device. As the gate bias is decreased, the
bands becomes misaligned and this
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Figure-3. Transfer characteristics of a DGTFET when Vgs
is 1.5V and Vpsis 1V.
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Figure-4. Transfer characteristics of a DM-DGTFET
when Vs is 1.5V and Vps is 1V.

increases the current flow. When Vgs is 1.5V and Vpg is
1V, the ON state current in the DGTFET is 1.08x10*
A/um and that for a DM- DGTFET is 1.26x10* A/um.
The transfer characteristics of the devices are shown in
Figure-3 and 4.

In the ON-state, with the reduction in @m
(4.0eV), the band overlap increases. As a result tunneling
width is decreased, leading to a significant increase in the
tunneling probability on the source side. Hence the
electrons tunnel from the valence band of the p-doped
source to the conduction band in the intrinsic body and
then move towards the n-doped drain by drift diffusion. In
the OFF-state, as ¢my is increased, the tunneling width
increases, and this decreases the band to band overlap on
the source side,
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Figure-5. Output characteristics of a DGTFET when Vs
is varied from .6-1V and Vpsis 1V.
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Figure-6. Output characteristics of a DM-DGTFET when
Vs is varied from .6-1V and Vps is 1V.

leading to a considerable reduction in the OFF-state
tunneling probability. The output characteristics of the
devices are shown in Figure 5and 6. As the gate voltage is
increased the conduction band of the intrinsic region
lowers and the band gap between the valence band of
source and conduction band of drain decreases, thus
increasing the drain current. The drain voltage Vps is 1V
and the gate voltage Vgs is varied from .6V to 1V.The
saturation region in the output characteristics is due to the
tunneling width becoming progressively less dependent on
Vs as the drain voltage is increased.

4. CONCLUSIONS

In this paper, we have studied the implications of
the application of a DM in a TFET to simultaneously
improve the overall performance of the device. The
proposed model of a DM-DGTFET gives a higher ON
state current as compared to a conventional DGTFET. The
ON state current in the DGTFET is 1.08x10* A/um and
that for a DM- DGTFET is 1.26x10* A/um. Using a DM
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in a DGTFET will bring further complexity to the device
fabrication. In addition to it, fabricating a DMG at a very
small device dimension (channel length less than 100 nm)
and extending it to below 10 nm may be challenging.
However, since there is an appreciable improvement in the
overall device characteristics, the complexity in the device
fabrication might be acceptable.

REFERENCES

[1] J. Knoch. and J. Appenzeller. A novel concept for
field-effect  transistors—The tunneling carbon
nanotube FET. in Proc. 63rd DRC,Jun. 2005, pp. 153—
156.

[2] S. O. Koswatta., D. E. Nikonov. and M. S. Lundstrom.
Computational study of carbon nanotube p-i-n tunnel
FETs. in[EDM Tech. Dig., 2005,pp. 518-521.394
IEEE Transactions On Device and Materials
Reliability, Vol. 10, No. 3, September 2010.

[3] J. Appenzeller., Y. M. Lin., J. Konch., Z. Chen. and P.
Avouris. Comparing carbon nanotube transistors—
The ideal choice: A novel tunneling device design.
IEEE Trans. Electron Devices, vol. 52, no. 12, pp.
2568-2576,Dec. 2005.

[4] S. Poli S. Reggiani, A. Gnudi, E. Gnani, and G.
Baccarani, “Compu-tational study of the ultimate
scaling limits of CNT tunneling devices,”IEEE Trans.
Electron Devices, vol. 55, no. 1, pp. 313-321, Jan.
2008.

[5] J. Konch S. Mantl. and J. Appenzeller. Impact of the
dimensionality on the performance of tunneling FETs:
Bulk versus one-dimensional devices. Solid State
Electron., vol. 51, no. 4, pp. 572-578, Apr. 2007.

[6] S. O. Koswatta., M. S. Lundstrom. and D. E. Nikonov.
Performance comparison between p-i-n tunneling
transistors and conventional MOSFETs. IEEE Trans.
Electron Devices, vol. 56, no. 3, pp. 456465, Mar.
2009.

[7] A. S. Verhulst., W. G. Vandenberghe., K. Maex., S. D.
Gendt., M. M. Heyns. and G. Groesenrken.
Complementary silicon-based het-erostructure tunnel-

FETs with high tunnel rates. IEEE Electron Device
Lett., vol. 29, no. 12, pp. 1398-1401, Dec. 2008.

[8] T. Nirschl., P. F. Wang., C. Weber., J. Sedlmeir., R.
Heinrich., R. Kakoschke., K. Schrufer., J. Holz., C.
Pacha., T. Schulz., M. Ostermayr., A. Olbrich., G.
Georgakos., E. Ruderer., W. Hansch. and D. Schmitt-
Landsiedel. The tunneling field effect transistor
(TFET) as an add-on for ultra-low-voltage analog and
digital processes. In IEDM Tech. Dig., Dec. 2004,pp.
195-198.

[9] A. S. Verhulst, B. Soree., D. Leonelli, W. G.
Vandenberghe. and G. Groesenecken. Modeling the
single-gate, double-gate, and gate-all-around tunnel
field-effect transistor. J. Appl. Phys., vol. 107, no.
2,pp- 024518-1-024518-8, Jan. 15, 2010.

[10] C. Aydin., A. Zaslavsky., S. Luryi., S. Cristoloveanu.,
D. Mariolle., D. Fraboulet. and S. Deleonibus. Lateral
interband tunneling transistor in silicon-on-insulator.
Appl. Phys. Lett., vol. 84, no. 10, pp. 1780-1782,Mar.
2004.

[11] R. Jhaveri., Y. L. Chao. and J. C. S. Woo. Novel
MOSFET devices for RF circuits applications. In
Proc. ICSICT, Oct. 2006, pp. 43-46.

[12] V. V. Nagavarapu., R. R. Jhaveri. and J. C. S. Woo.
The tunnel source (PNPN) n-MOSFET: A novel high
performance transistor. IEEE Trans. Electron Devices,
vol. 55, no. 4, pp. 1013—-1019, Apr. 2008.

[13] N. Venkatagirish., R. Jhaveri., A. Tura. and J. C. S.
Woo. Novel asym-metric MOSFET structures for low
power applications. In Proc. EDSSC,Dec. 2008, pp.
1-6.

[14]V. Dobrovolsky., V. Rossokhaty. and S.
Cristoloveanu. Contunt: Thin SOI control tunneling
transistor,”Solid State Electron., vol. 50, no. 5, pp.
754-757, May 2006.

[15] K. Boucart and A. M. Ionescu, “Double-gate tunnel

FET with high-kgate dielectric,”IEEE Trans. Electron
Devices, vol. 54, no. 7, pp. 1725-1733, Jul. 2007.

1954



