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Investigation of Carbon Nanotube FET with Coaxial Geometry
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This paper aims to study the behavior of a Carbon Nanotube Field Effect Transistor (CNTFET) which
is one of the nanoelectronic devices and a major replacement for Complementary Metal Oxide Semiconduc-
tor (CMOS) and MOSFETSs, which have a wide range of short channel effects that play a prominent role in
their disadvantages and, thus, have made us today to look for a better device. One such device is CNTFET
which is better in terms of execution with low power consumption, faster switching speed, high carrier mo-
bility, and very large scale integrated circuits. The channel of this transistor is surrounded by a carbon
nanotube, and this paper mainly revolves around the simulation of its current-voltage (I-V) characteristics.
The efficiency of this device on the whole depends on device parameters that are shown in the simulation
of CNTFET, and the geometry of this device has an excellent dominance on carrier transport and permits
for superior electrostatics while the gate contact wraps throughout the channel of a carbon nanotube. A
carbon nanotube used for coaxial geometry has a zigzag structure and is semiconducting in nature. To en-
sure the efficient execution of CNTFETSs as a vital part of nanoelectronic devices, chirality factor (n, m)
values play an important role whose effect is shown on drain current. Further, the source/drain doping lev-
el variations that affect drain current are inspected. Also, I-V characteristics at different temperature con-
ditions are examined which indirectly gives us an idea of the movement of electrons in this device with re-
spect to change in temperature. Additionally, the analysis is also made to see the effect of nanotube length,
coaxial gate voltage and gate thickness on I-V characteristics and also to reveal the impact of high-k mate-
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rials on I-V characteristics.
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1. INTRODUCTION

The miniaturization of the electronic devices over
the past decade has played a major role in the electron-
ic industry. Every stage of miniaturization results in a
device which has better speed, reduced power dissipa-
tion, reduced costs, and a large number of gates on a
chip [1, 2]. This has been in effect due to the famous
Moor’s law. It states that the number of transistors in
an integrated circuit is doubled in every two years [3-
7]. This integration of large numbers of metal oxide
semiconductor (MOS) transistors into a small chip
resulted in faster and less expensive circuits. Although
a MOS field effect transistor MOSFET) has the added
advantage of increased reliability, consumes less power
and is also capable of being packed in large numbers
within a single integrated circuit (IC) because of small
size, it brought forth many drawbacks like short chan-
nel effects, high leakage current and reliability issues
[56-8]. As the size becomes smaller, scaling the silicon
MOSFET becomes harder. The limiting factors are
short channel effects, ballistic transport, tunneling
effect [2]. Various leakage current operations such as
weak inversion current, reverse-bias p-n junction cur-
rent and drain induced barrier lowering (DIBL) current
have been observed in MOSFETSs [9, 10]. These draw-
backs have encouraged the use of high-performance
channel material and mobility enhancement technolo-
gy. Hence, to have unique semiconductors as the chan-
nel material which enhances both mobility and electro-
statics at every stage is the solution [11-14]. After eval-
uations of all possible emerging devices, researchers
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from the industry have suggested the use of carbon-
based nanoelectronics, especially carbon nanotubes
(CNTs) and graphene. Among the various qualities of
CNTs and graphene, few major reasons to use CNTs
and graphene are their excellent performance proper-
ties such as very little short channel effects, increased
mobility, and adjustable drive currents [15].

Carbon being the most prevalent element in our
universe forms various allotropes. Among the various
allotropes of carbon, CNTs have shown distinguishable
properties such as ballistic transport, mechanical sta-
bility and dynamic load. Carbon in CNTs has configu-
ration of sp? and is bonded with strong molecular forc-
es. The nanotube in CNTs is held together via Van der
Waals forces, thereby developing high energy, low-
weight materials that possess conductive electrical and
thermal qualities [16, 17]. Semiconducting CNTs have
attributes such as outstanding carrier mobility, higher
mean free path and better electrostatics because of
their non-planar structure. They also manifest ballistic
transport over several hundred nanometers in length.
Hence, CNTs are able to overpower the short channel
effects in conventional transistors. CNTs are very ap-
pealing for nanoelectronic applications and can be fur-
ther used to achieve higher speed ballistic carbon nano-
tube field effect transistors (CNTFETs). Hence, CNTs
can be one of the exemplary replacements of silicon in
conventional transistors.

CNTFETSs are FETs that use a carbon nanotube as
their channel instead of silicon which is one of the ma-
jor differences between a CNTFET and a MOSFET.
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This increases drive current density in CNTFET and
current carrier mobility as compared to MOSFETs. It
has been suggested that high-k materials are of utmost
significance for the upcoming transistors because they
help in reducing power dissipation and leakage cur-
rents. CNTFETs with high-k materials can be operated
in a ballistic range. This leads us to superfast devices
because high-k dielectrics and ballistic electron
transport help to improvise a current which is in direct
proportion to the transistor speed [18].

2. MATERIALS AND METHODS
2.1 Simulation Setup

This section explains the methodology and the steps
involved in simulation and the parameters varied
to examine the current-voltage characteristics of
CNTFET. The simulation of CNTFET was carried out
using NANOHUB CNTFET LAB tool and MATLAB
tool was used for plotting graphs. NANOHUB CNTFET
tool revolves around 3D CNTFET devices and simu-
lates ballistic transport properties. The NANOHUB
CNTFET tool involves six steps which are as follows:

e Device Settings. This is the very first step in sim-
ulation which allows to modify nanotube length,
chirality of the nanotube, geometry of the environ-
ment (planar/coaxial), source/drain doping, body
doping and whether to include doping similar to
MOSFET.

e Planar/Coaxial Exterior Settings. In this step,
according to the geometry of the environment, the
parameters can be varied with respect to their
structures such as gate length, oxide thickness, die-
lectric of the gate insulator, gate thickness.

e Boundary Settings. This step involves making
selection of boundary conditions for electrostatics.
Hence, we can choose either Dirichlet or Neumann
as our boundary conditions. When choosing the
Dirichlet condition, the contacts will be treated as a
Schottky barrier. When choosing the Neumann con-
dition, the contacts are treated MOS-like. For simu-
lation point of view, Neumann boundary condition
is always preferred.

e Environment Settings. This setting allows us to
choose the temperature and drain, source and gate
voltages.

e Simulator Settings. This setting allows us to
choose simulation method, simulation examples,
holes consideration, maximum iterations allowed,
etc.

¢ Simulation. This is the final step of the NANOHUB
CNTFET tool where plots for various electrical pa-
rameters of the device are displayed.

2.2 Device Structure

The C—-C bond length is 0.144 nm which is the de-
fault value. The green color atoms indicate the carbon
atoms in sp? hybridization. The chirality of the CNT is
determined by the value of (n, m). To make the nano-
tube semiconducting in nature, the value of (n, m)
should not be an integer multiple of 3. The values
n=13 and m =0 imply that the nanotube is semicon-
ducting and has a zigzag structure. For metallic CNTs,
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the value of n can be 12.

The nanotube length is the length of the central CNT.
The CNT active region is chosen to be doped which
implies that the source and drain region in the CNT-
FET resembles that of a MOSFET. Source/drain doping
region length gives an insight of the region inside the
nanotube where we want to impose high doping. This
region length is generally taken as 0.2 times of the
nanotube length. Here our emphasis is on coaxial ge-
ometry. Fig. 1 shows that the gate is symmetrically
placed with respect to the CNT. The value of the gate
length can vary from zero to the maximum value of the
device length. In case of overlap, the value of the gate
contact is less than the CNT length.

INSULATOR

SOURCE  CNT

Fig. 1 - Front view of the coaxial CNTFET
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Table 1 — Parameters of the coaxial CNTFET

S. No. |Parameter Symbol |Values
1. C—C bond length Qo 0.144 nm
2. Chirality (n,m) [(13,0)
3. Nanotube length Lc 5nm
4. S/D doping region length  |Lsip 2.5 nm
5. Source/drain doping Ns/p 1X108/m
6. Gate length L¢g 8 nm
7. Gate thickness tGATE 2 nm
8. Gate insulator thickness tox 4 nm
9. Source/drain contact radius |r. 1 nm
10. Dlele.ctrlc ‘constant of nano- i 1.0
tube interior
11 Dlelectrlc constant of gate for 16.0
insulator
Gate contact-CNT work
12. function difference g 041 eV
Source contact-CNT work
13. function difference gs 041 eV
Drain contact-CNT work
14. function difference ¢p 041eV
15. Temperature T 300 K
16. Coaxial gate voltage Ve 04V
17. Drain voltage Vb 0.4V

If it exceeds the CNT length, then it overlaps the
source/drain contacts. The nanotube interior is filled
with vacuum. Hence, the dielectric constant value cho-
sen is 1. The dielectric constant of gate insulator can
vary and CNTFET allows us to choose a wide range of
high-k materials as insulators. Source and drain boun-
dary conditions are chosen to be Neumann instead of
Dirichlet. In case of the Neumann boundary conditions,
the default value of the work function difference is half
of the band gap value of semiconducting CNTFET
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which is equal to 0.41 eV. The ambient temperature
considered is 300 K. The NANOHUB CNTFET LAB
and MATLAB are used for simulation and plotting
electrical parameters, respectively. The CNTFET LAB
simulates ballistic transport properties of the CNTFET
devices [19] and was used to get the simulation results
for our proposed device structure. Table 1 lists down
the various parameters and their default values.

3. RESULTS AND DISCUSSION

Fig. 2 shows the plot of I-V characteristics for dif-
ferent values of coaxial gate voltage (Vi) by plotting
drain current (Ip) in amperes along the Y-axis and
drain voltage (Vp) in volts along the X-axis. The voltage
is varied in steps of 0.05V. The nanotube length is kept
constant as 5 nm. From Fig. 2 we observe that drain
current increases as the gate voltage is increased from
0.2V to 1.0 V. For Vg equal to 0.2V, the value of Ip
starts saturating from 0.05V (drain voltage) till 0.4 V
and reaches a maximum value of 0.4 pA. As the coaxial
gate voltage is increased to 0.4V, the drain current
saturates from nearly 0.15V till 0.4 V and reaches a
maximum value of 3.86 pA. For Vi equal to 0.6 V, Ip
saturates from nearly 0.25V (Vp) and the saturation
current is 12.7 pA. For Vg equal to 0.8V, the drain
current saturates nearly at 0.3 V and reaches a value of
21.9 pA. Finally, at coaxial gate voltage equal to 1.0 V,
the drain current begins to saturate from 0.35 V and
reaches a value of 30.6 pA.
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Fig. 2 — Ip vs. Vp plot for variation over coaxial gate voltage

Fig. 3 shows the plot of I-V characteristics for dif-
ferent values of dielectric constant of gate insulator by
plotting drain current (Ip) in amperes along the Y-axis
and drain voltage (Vp) in volts along the X-axis. The
voltage is varied in steps of 0.05 V and current is in the
range of 10-6 A. The nanotube length is kept constant
as 5 nm. Hafnium dioxide (HfO2) has a dielectric con-
stant of 25 and silicon dioxide (SiO2) has a dielectric
constant of 3.9. From Fig. 3 we observe that drain cur-
rent increases as we move towards high-k materials.
For HfOg, the drain current reaches a value of 3.88 uA
for a drain voltage equal to 0.4 V. For SiOgz, the drain
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current reaches a value of 3.84 pA for a drain voltage
equal to 0.4 V. For a dielectric having a value equal to
16, the drain current reaches a saturation value of
3.86 pA. For Al203 having a dielectric constant equal to
10, the I-V characteristic curve was found similar to
that of SiO2. For titanium dioxide (TiO2) having a die-
lectric constant equal to 40, the I-V characteristic curve
was the same as that of HfOx.

CURRENT vs VOLTAGE FOR 5nm NANOTUBE LENGTH
x10°  FORVARIATION OVER DIELECTRIC CONSTANT OF GATE INSULATOR
4

I T T T Py 1
—e— 52 & " bl

—a— 5
351 | —A— Hi02

251

DRAIN CURRENT (A)
~
T

051

I I I I I L I

0.05 0.1 0.15 0.2 0.25 03 0.35
VIO TAGF (\A

Fig. 3 — Ip vs. Vp plot for variation over dielectric constant of
gate insulator
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Fig. 4 — Ip vs. Vp plot for variation over source/drain doping

Fig. 4 shows the plot of I-V characteristics for dif-
ferent values of source/drain doping by plotting drain
current (Ip) in amperes along the Y-axis and drain
voltage (Vp) in volts along the X-axis. The voltage is
varied in steps of 0.05 V and current is in the range of
10-6 A. The nanotube length is kept constant as 5 nm.
From Fig. 4 we observe that drain current increases as
the source or drain doping is increased exponentially.
When the source/drain doping is 1.0e7, the drain cur-
rent begins to saturate from 0.15 V and reaches a max-
imum value of 0.985 pA. For doping equal to 1.8e7, the
value of Ip starts saturating from 0.2 V and reaches a
maximum value of 1.21 pA. As the doping is increased
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to 4.0e7, the drain current saturates from nearly 0.2 V
and reaches a maximum value of 1.90 pA. For doping
equal to 1.0e8, Ip saturates from nearly 0.25 V and the
saturation current is 3.86 pA. When the doping is in-
creased to 1.6e8, drain current begins to saturate from
0.25 V and reaches a value of 5.55 pA.

Fig. 5 shows the plot of gate thickness from 3 nm to
7 nm with a difference of 2 nm by plotting drain cur-
rent (Ip) in amperes along the Y-axis and drain voltage
(Vp) in volts along the X-axis. When the gate thickness
is 3 nm we find a linear increment of drain current for
variation of voltage up to 0.1 V and reach a value of
3.38 pA. Thereafter, the drain current does not increase
linearly but increases slightly till the voltage reaches
0.2 V and begins to saturate from 0.25 V and attains
value of 3.5 pA. When the gate thickness is increased to
5 nm, there is a decrease in the value of drain current.
For a gate thickness equal to 5 nm, the drain current
saturates at nearly 0.15 V and reaches a value of 2.5 pA.
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Fig. 5 - Ip vs. Vp plot for variation over gate thickness
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JocainsxeHH MOJIBOBHUX TPAH3HUCTOPIB HA BYyIJIELEBUX HAHOTPYOKaX
3 KOaKCiaJIbHOIO reoMeTpiero

P. Vimala, Likith Krishna L., Krishna Maheshwari, S.S. Sharma

Department of Electronics & Communication Engineering, Dayananda Sagar College of Engineering,
Shavige Malleshwara Hills, Kumaraswamy Layout, Banashankari, Bengaluru 560078, Karnataka, India

PoGora copsimoBaHa Ha BUBYEHHS MOBEIIHKH II0JIFOBOTO TPAH3WUCTOPA HA BYIVIEIIEBUX HAHOTPYOKAX
(CNTFET), sixuit € omHUM 3 HAHOEJEKTPOHHUX IIPHUCTPOIB TA OCHOBHOIO 3aMiHOK KomiuiemMeHTapuunx MOH
crpykryp (CMOS) ra MOSFET, ski MaoTh IMMPOKUIA CIEKTP KOPOTKOKAHAJILHUX e(EeKTiB, IO BimirpamoTb
IIOMITHY POJIb ¥ IXHIX HEIOJIKAX 1, TAKMM YMHOM, 3MYCHJIM HAC IIYKATH Kpamwii mpuctpiii. OOHuM 3 TaKux
mpuctpoiB € CNTFET, axuit kpaire 3 TOYKM 30py BUKOHAHHSA 3 HU3BKUM €HEProCIIOMKUBAHHAM, OLJIBII BHCO-
KOO IIIBUJKICTIO IIEPEMUKAHHS, BUCOKOI MOOILJIBHICTIO HOCIIB Ta JIy:Ke BEJUKUMU IHTerPAIbHUMU CXeMaMU.
Kanan Takoro TpaHsucropa CKIAAETHCS 3 BYIJIEIIEBOI HAHOTPYOKH, 1 IisI CTATTS B OCHOBHOMY CTOCY€ETHCS
MopeJIIoBaHHs i1 BosbT-amnepHux (I-V) xapakrepuctuk. EQekTUBHICTD IIHOr0 IIPUCTPOIO B IIIJIOMY 3aJI€KUTD
BiJ] mapaMeTpiB mpucTpow, ki mokasani npu mogesoBandi CNTFET, a reomerpis mpucrpoio Mae rapHwmit
BIUIMB HA TPAHCIIOPTYBAHHS HOCIIB Ta J03BOJIsAE IOKPAIIUTH eJIEKTPOCTATUKY, B TOM YaC K KOHTAKT 3aTBOPA
OXOILIIOE BeCh KaHAJI ByIVIeIleBol HAHOTPYOKHU. ByrierieBa HaHOTPYOKa, III0 BHKOPHUCTOBYETHCS AJIs KOaKcia-
JIBHOI reoMeTpil, Mae 3Ur3aromoai0Hy CTPYKTYPY 1 € HAMIBIIPOBITHUKOBOIO 3a CBOE Ipuposom. Jlis 3abes-
neuvenns egextuBHoro BuroHaHHsa CNTFETSs sk skurreBo BasKIMBOI YaCTUHN HAHOEJIEKTPOHHHUX IIPHUCTPOIB
BasKJIMBY POJIb BIIITPAIOTH 3HAYEHHSA KoedilieHTa XipaabHOCTl (1, m), BIUIMB SIKAX IIOKA3aHO HA CTPYM CTO-
Ky. Jlai mepeBipsAoTbCS 3MIHK PIBHS JIETYBAHHS JIKEPEJIa/CTOKY, AKl BIIMBAIOTH HA CTPYM CTOKY. Taxoik
xapakTepucTuKu I-V TOCTiIKYyIOTbCA [P PISHUX TeMIIepaTypPHUX yMOBAaX, IO IOOIYHO Jae HaM ySBJICHHS
PO PyX eJIEKTPOHIB B IIOMY IIPHCTPOI IpH 3MiHI TemiepaTypu. KpiM Toro, aHasi3 IpOBOAUBCS IJISA TOTO,
1100 1100AYNTH BIUIMB JOBXKUHU HAHOTPYOKHM, HAIIPYTH KOAKCIAJIBLHOIO 3aTBOPA Ta TOBIIMHU 3aTBOPA HA Xa-
paxrepucturu I-V, a Takosx 1100 BusBuTH BB high-k MaTepiaiis Ha 11l XapaKTEePUCTUKH.

Kmiouosi ciosa: Byriernesa manorpyoka, CNTFETs, Koakcianmpumuit, BosbT-aMmepHi XapaKTepHCTHKH,
HanisnposigaukoBuii.
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