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Carbon Nano Tube (CNT) Multiplexersfor
Multiple-Valued Computing

AnasN. Al-Rabadi

Abstract: Novel two types of Carbon Nano Tube (CNT)-based multiplsxae in-
troduced. The first device is a solid-state transmissior ¢afjate) multiplexer that
uses CNT as a channel in the Field Effect Transistors (FEBpdf n-FET and p-FET
types that are used. Because of its very small size, it hasdiemvn that a CNT-based
FET switches reliably using much less power than a silicagelol device, and thus the
new device will consume less power than traditional t-gatdtiplexer. The second
new CNT device uses the fundamental Lorentz magnetic foa the basic laws
of Electromagnetics as a switching mechanism between twdwting CNTs. The
implementation of multiple-valued Galois logic using trewnCNT devices is shown.
Since a multiplexer is a fundamental logic block, the newidey can have a wide
range of applications in a wide variety of nano circuits.

Keywords: Electronic Circuits, Nanotechnology, Carbon Nano Tube TGNn-
Valued Computing.

1 Introduction

Nanotechnology is a new field of research that cuts acrosy rields of elec-
tronics, chemistry, physics, and biology, that analyzes @ymthesizes objects and
structures in the nano scale (f0m) such as nanoparticles, nanowires, and Carbon
Nano Tubes (CNTs) [1-7]. CNT is one of several cutting-edgerging technolo-
gies within nanotechnology that is showing high efficienog &ery wide range of
applications in many different streams of science and teldgy [1-8]. Examples

of such applications are: (1) TVs based on field-emission MTE€that consume
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much less power, thinner, and much higher resolution tharb#st plasma-based
TV available [1], and (2) nano-circuits based on CNTs suck 3 Field Effect
Transistors (CNTFETS) that show big promise of consumisg [gower and to be
much faster than the available silicon-based FETs [2, 4].

This paper reports novel two CNT devices that implement ddnmental build-
ing block in logic synthesis - multiplexer [8]. The use of thew devices in
multiple-valued computations is shown in the case of tgri@ailois logic GF(3).
Although the demonstration of the use of the new CNT-basdtptaxers is shown
here for GF(3), implementations over higher radices of 3dlmgic and other al-
gebras is similar.

Basic background on CNT is presented in Section 2. The new-kd$&d
multiplexers are introduced in Section 3. Multiple-valusamputation using the
new devices is introduced in Section 4. Conclusions arespted in Section 5.

2 Carbon Nano Tubes (CNTYs)

Carbon Nano Tube (CNT) has attracted attention in recenisyeat only for its
relatively small dimensions and unique morphologies, & &or its potential of
implementations in many current and emerging technolodie8]. CNT is made
up from graphite [2]. It has been observed that graphite egotmed in nano-scale
in three forms: (1) Carbon Nano Ball (CNB) (or buckyball) maclle consisting
of 60 carbon atoms (§g) that are arranged in the form of a soccer ball [1], (2) Car-
bon Nano Tube (CNT) - narrow strip of tiny sheet of graphitattbomes mainly
in two types [2]: (a) multi-wall CNT (MWCNT): each CNT conte several hol-
low cylinders of carbon atoms nested inside each other, Bndifigle-wall CNT
(SWCNT) that is made of just a single layer of carbon atomd,(@hCarbon Nano
Coail (CNC) [6].

CNT, which is a cylindrical sheet of graphite, is formed getncally in two
distinct forms which affect CNT properties [2]: (1) stratgBNT: CNT formed as
a straight cut from graphite sheet and rolled into a tube,(@htvisted CNT: CNT
formed as a cut at an angle from graphite sheet and rollechituibe.

Figure 1 shows a typical carbon nano-ball (buckyball), &ngall CNT
(SWCNT), and Scanning Electron Microscopy (SEM) image dafroltal vapor
deposition (CVD) grown array of multi-walled CNT (MWCNT ))wers [9-11].

CNT technology has been implemented in many new excitindicgns.
This includes (1) TVs based on field-emission of CNTs thatsoome much less
power, thinner, and much higher resolution than the besinpdabased TV avail-
able [1], (2) nano-circuits based on CNTs such as CNT FiefddEfTransistors
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@) (b) (c)
Fig. 1. (a) carbon nano ball (buckyball), (b) single-wall CEWCNT), and (c) image from Scanning
Electron Microscopy (SEM) of chemical vapor deposition @\rown array of multi-walled CNT
(MWCNT) towers.

(CNTFETS) that consume less power and much faster than titalale silicon-
based FETs [2,4], (3) Carbon Nano Coils [6] that can be us@tastors in nano-
filters and as nano-springs in nano dynamic systems, and N4) ihgs. CNT
has also promising potential uses in several applicationk as: (1) CNT probes,
(2) new composite materials, (3) CNT data storage devicealda of storing 1&
bytes/cmd, (4) drug delivery systems, (5) nano lithography, and (6)T@éars [12]
in which large gears drive small gears or vice versa. Figusa@vs some of CNT
applications in electrical systems as a channel in a FET 12]4and in mechanical
systems as a potential nano gear made of two different siZEsCD\2].

(@) (b)
Fig. 2. () CNT as a channel in FET, and (b) potential nano geiag two CNTSs of different sizes.

CNT growth, as observed using (1) Transmission Electrorrddicopy (TEM),
(2) Atomic Force Microscopy (AFM), and (3) Scanning ElectrMicroscopy
(SEM), requires processes with correct conditions and madde Several meth-
ods for growing CNTSs exist [2]: (1) a big spark between twopdpige rods, few
millimeters apart, that are wired to a power supply: & Abnpere spark between
the two rods vaporizes carbon into hot plasma which paytieicondenses into the
form of CNT, (2) chemical vapor deposition (CVD) of a hot gaslsas methane: a
substrate is placed in an oven, then the oven is heated toxapately 600 degrees
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Celsius and slowly methane is added. As methane decompode=es carbon
atoms that partially re-compose into the form of 0.6-1.2 nrdiameter SWCNTS,
and (3) a laser blast of a graphite target: laser pulsessbéagraphite rod which
generates hot carbon gas from which CNT forms.

Although CNT has been grown into several forms, CNT use islistited as
compared to other wide spread technologies. This is maing/td: (1) it is still
difficult to exactly control CNT growth into desired formsnc (2) CNT growth
is still very expensive due to the low yield of CNTs that meesiced geometrical
specifications (cf. Property #9 in Table 1).

Table 1. Carbon Nano Tube (CNT) properties.

[[ #] Property | Single-Walled CNT | By Comparison [l

17 Size 0.6 - 1.8 nmin diameter | Electron beam lithography
can create lines 50 nm
wide, and a few nm thick

2 | Density 1.33-1.40 g/cr Aluminum has a density o
2.7 glen?

3| Tensile Strength ~ 45x 10° Pascals High-strength steel alloys

break at~ 2 x 10° Pascals

4 Resilience Can be bent at large anglésVietals and carbon fibers
and re-straightened fracture at grain boundarigs
without damage

5| Current Carrying Capacity ~ 1x 10°Alcm? Copper wires burn out at

~ 1x 10° Alcm?

6 | Field Emission Can activate phosphors af Molybdenum tips require
1-3Vifelectrodes are | ~50 - 100 V/micrometer
spaced 1 micron apart with very limited lifetimes

7 | Heat Transmission ~ 6,000 W/mK at room Nearly pure diamond
temperature transmits~3,320 W/mK

8| Temperature/Thermal Stability Stable up to 2,800 Cin Metal wires in microchips
vacuum, and 750 C in air | melt at~ 600 - 1,000 C

9| Cost ~1,500 $/g Gold sells for~10 $/g
10| Preservation of the Quantum | Optimal; Very High Low in regular conductors
Property of Electron Spin
11| Power Consumption Very Tow Higher in metal wires
12 | Speed Very high;> 1x 1012 Hz | >1,000 times as fast as
nanoscale switch processors available today
13| Electron Scattering; Resistantc&lmost none Comparatively high
141 Energy Band Gaps Easily tunable; Depends dnNo other known material

CNT diameter, and thus | can be so easily tuned
wide range of band gaps
can be obtaineds0 (like a
metal), as high as band gap
of Silicon, and almost
anywhere in between

The wide usability of CNTs in so many applications is due ®uhique struc-
tural properties they possess. Table 1 summarizes mosesé froperties as com-
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pared to traditional counterparts [2]. For example, propéb is used in the re-
cently developed highly-efficient CNT-based TV [1] and isdigh newly developed
prototype vacuum-tube lamps in six colors that are twicergghbas conventional
light bulbs, longer-lived and at least ten times more en&ffgient [2]. Proper-
ties #5, #8, #11, and #13 are qualifying the CNT for very ping future use in
highly-efficient power transmission. Property #10 will ksed in using the CNT for
reliable quantum-based computations. Property #1 is vegfulifor using CNTs as
nanowires that would result in decreasing the total sizeeds(and volumes) oc-
cupied by wires and interconnects in ICs. Property #4 isulsefbuilding circuits
and structures that has to maintain stress without straictimmages. Property #14
qualifies CNTs to be used in a very wide of applications thatiire wide range of
energy band gaps from conductor state to the semicondueter. s

3 New CNT Multiplexers (CNTMUXY5)

This Section introduces newly invented Carbon Nano Tubetiplakers (CNT-
MUXs) [8]. Sub-Section 3.1 introduces solid-state CNTMUWd Sub-Section
3.2 introduces magnetic field CNTMUX.

3.1 Solid-State CNTMUX

Figure 3 shows the new solid-state CNTMUX [8]. CNT is used akannel in a
Field Effect Transistor (FET) [2, 4] as was illustrated igF2(a).

Figure 3(a) shows the solid-state structure of CNTMUX. The af CNT as a
channel in a FET has been shown [2,4] and a simple inverganabrks exactly the
same way as an ordinary CMOS inverter, has been built usidlg alscheme [4].
Here, we use the same principle of using a CNT as a channehhatdifferent
device that uses two CNT n-FETs and two CNT p-FETs with déffétopologies
of interconnects that are used for inputs A and B, controls€@&, and output F.

In Fig. 3(a), silicon (Si) is used as back-gate in the devgikgon dioxide
(SiOy) is used as an insulator, and gold is used as electrodesuyctans). Four
metallic catalyst islands with each pair located at thenig@nds of each pair of
gold electrodes can be also used to grow CNTs between eaatf gaid electrodes
[2,4], rather than just placing CNTs in contact with the geldctrodes. PMMA is
a cover that protects anything beneath it from being exptsegygen (Q), where
oxygen is used to convert n-CNTFET to p-CNTFET [4].

The fabrication of each sub-device in Fig. 3(a) is done devid [4]: Initially
the two CNTFETSs are p-type. After vacuum annealing both CET$ are con-
verted to n-type. The two CNTFETS are exposed to oxygen{Torr of oxygen
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(b) ()

Fig. 3. Solid-state intermolecular CNTMUX: (a) the devidrusture, (b) a simplified schematic of
the interconnected two transmission gates (t-gates) eawwipased of a single n-FET and a single
p-FET, and (c) total device symbol.

for three minutes), and the unprotected n-CNTFET convextk ibo the original p-
type, while the protected CNTFET remains n-type. (Anothethrod to form p-type
and n-type CNTFETSs has been reported as follows [4]: CNT chlatiopped with
potassium (K) produces an n-type CNTFET, while a CNT withdepping pro-
duces p-type CNTFET. Dopping Produces n-type CNTFET bytisgithe Fermi
energy level to the conduction band that results in an irsered electron concen-
tration in the conduction band which increases the condgetaf the FET for a
given positive gate voltage.)

The function of the device in Fig. 3(a) can be analyzed as shiowFigs.
3(b) and 3(c) as follows [13]: if C = 1 then the upper transivisgate (t-gate)
is activated and A is passed to F while the lower t-gate istileded and B is not
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passed to F, and if C = 0 then the lower t-gate is activated asg8ssed to F while
the upper t-gate is deactivated and A is not passed to F. Theisiew solid-state
CNTMUX functions exactly as a 2-to-1 multiplexer (MUX).

Intra-molecular CNTFET technology [4] can be used insteheaxrh sub-
device in Fig. 3(a) (i.e., inter-molecular CNTFET [4]), inhieh a single CNT
bundle is placed on top of three gold electrodes to produaetgpe and a p-type
CNTFETSs on the same substrate using the exact procedutis tissd for the inter-
molecular CNTFET in Fig. 3(a) [4].

3.2 Magnetic CNTMUX

Figure 4 shows the new magnetic CNTMUX [8]. The numbers orptngs of the

device in Figure 4 indicate the following: (1, 2, 3, 4,5, @ &NTs, (7, 8,9, 10, 11)
are electrical current directions, (12) is the body of theicewhich is an electrical
insulator such as glass, SiO2, plastics, or any other tygdeatrical insulator, and
(13) is a hollow space with structural walls in two opposities (sides of CNTs #1
and #2) made of an electrical insulator.

e il 3 W) !6’
g 3 . G S R Pl

Fig. 4. The device structure of the magnetic CNTMUX.

The device in Fig. 4 operates as follows (numbers of the patise device in
Fig. 4 are used): electrical current (7) is input B and carehswo levels x and y
that indicate logics 0 and 1, respectively. Electrical entr(8) is input A and can
have two levels x and y that indicate logics 0 and 1, respelgtil he two electrical
currents (7, 8) are flowing in the directions indicated in.Fgn CNTs (1) and (2),
respectively.

The flowing of these currents will produce magnetic fieldsuatbCNTs (1,
2) according to Amperes law in Maxwells equations [14] (in Blikheasurement
system):

=3

OxB=pJ+ €oo—- 1)
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wherel x B is the curl of the magnetic fieldy, is permeability,e; is permittivity,
Jis current density, andl?/dt is the time derivative of the electric field. The
direction of such magnetic fields follow the conventionghti-hand thumb rule
[14].

CNT (3) initially is in contact with either CNT (1) or CNT (2jnd thus a
current would be running in CNT (3) in the same direction asens (7, 8). An
electrical current is pumped through CNTSs (4, 5, 6), andabisent can be pumped
either in clock wise (CW) direction (10) or counter clock @i§CCW) direction
(11). The electrical current (10) flowing in CNTs (4, 5, 6) Mgtoduce a magnetic
field according to Maxwells equations in a direction accagdio the right-hand
thumb rule, and if current (11) flows in CNTs (4, 5, 6) a magnéeld will be
produced in an opposite direction of that which is produceduirrent (10). The
direction of the current flowing in CNTs (4, 5, 6) and thus theection of the
magnetic fields plays the role of the control signal in a regMUX as follows: if
current (11) is flowing in CNTs (4, 5, 6) then an attractive ¢tz force occurs [14]:

F=IxB 2)
wherel x Biis the cross product between currérin a conductor that lays in mag-
netic field B, andF is the Lorentz force between two current-carrying condrscto
that occurs between CNT (5) and CNT (3) that causes CNT (3)deenin the
space (13) towards CNT (5) and thus makes a contact with CINWiiich means
that current (8) or input A is selected to flow to the output. tBe other hand if
current (10) is flowing in CNTs (4, 5, 6) then a repulsive Ldeeforce occurs be-
tween CNT (5) and CNT (3) that causes CNT (3) to move in thees|fa8) away
from CNT (5) and thus makes a contact with CNT (1) which mehasdurrent (7)
or input B is selected to flow to the output. Thus, the nano raeidal device in
Fig. 4 implements a 2-1 logic MUX (or selector).

It has to be noted that one has to wait a period of time equdisri@rder to ob-
tain the result at the output. This time indicates the tiagelor displacement) time
needed for CNT (3) to make a contact with either CNT (1) or CR)Ydepending
on the direction of the electrical current flowing in CNTs $46).

4 Multiple-Valued Computations Using the New CNT Devices

Multiple-valued computing [15, 16] will be illustrated ugj the CNTMUXs from
Section 3 for the case of ternary radix Galois field GF(3)haligh the demonstra-
tion of the use of the new CNT-based multiplexers is for theeaaf GF(3), imple-
mentations over higher radices of Galois logic follow thenegproposed method.
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GF(3) addition and multiplication tables are shown in Fegbr
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(@) (b)
Fig. 5. (a) GF(3) addition, and (b) GF(3) multiplication.

As was demonstrated in Sects. 3.1 and 3.2, CNTMUX can bercmtst using
methods in Figs. 3 and 4. These CNTMUXs perform as a selezingle input is
transmitted to the output from several inputs by setting rrob line to a specific
state. A multiplexer-based circuit that implements Fig&) &and 5(b) is shown in
Fig. 6, where Fig. 6(a) can be any of the 2-input single ou@NTMUXs from
Figs. 3 and 4. The internal nano interconnects in Fig. 6(b)&implemented
using CNTs as well (cf. Fig. 8), where means a metallic CNT used as a nhanowire

[2].

NaOo P

(b)

Fig. 6. (a) Multiplexer (MUX) symbol that can be implementesing Fig. 3 or Fig. 4 CNTMUXs

where{a, b} are any input values, and (b) circuit that uses MUX from Fi@)@o implement GF(3)
addition and multiplication tables from Fig. 5.

In Fig. 6(b), A and B are two ternary input variables that caket any
value from the sef0,1,2}, inputs {0,1,2} are constant inputs, and inpuB
(k=0,1,2,3) are two-valued control variables that take values from #1¢@ 1}.
Note that Fig. 6(b) implements Figs. 5(a) and 5(b) by usimgappropriate values
of control variablesCy that select the variable inpufd\,B} and constant inputs
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{0,1,2}. Table 2 shows an example for the implementation of Figs) &td 5(b)
using Fig. 6(b).

Table 2. An example for the implementation of Figs. 5(a) aiy Gsing Fig. 6(b), where
+ means GF(3) addition from Fig. 5(a)means GF(3) multiplication from Fig. 5(b);Cy
means control variable o implement+ operation, ancCy means control variable,C
to implement« operation.
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Since many multiple-valued circuits over GF(3) will be dyesized using the
addition and multiplication operations from Figs. 5(a) &tH), the circuit in Fig.
6(b) can be used in multiple-valued implementations when®F(3) addition and
multiplication are applied, and the internal nano intereets can be implemented
using metallic CNTs [2]. A simple example is presented inrfBgke 1.

Example 1. Let us implement the ternary functibn= XgxoXq + X3Xo + X1X3
using the addition and multiplication operations that &a&lired using Fig. 6(b),
where= means a metallic CNT used as a nanowire [2].

Fig. 7. GF(3) circuit to implement the ternary functibn= Xy XoXgq 4+ X3X2 4+ X1X3
using 2-input single output operators from Fig. 5.

For instance, the corresponding GF(3) addition and midagibn operations
that are used in Fig. 7 could be implemented using Table 2 §ihecifies input
values to Fig. 6(b)) for specifying values to the variousuitsp

As stated previously, the internal nano interconnects gsFi6(b) and 7 can
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be implemented using metallic CNTs [2], especially as CNSsgsses the impor-
tant properties of small size, high resilience, and very &®ctron scattering (cf.
Properties #1, #4, and #13 in Table 1). Several efficient oustlior implementing

such interconnects have been reported by growing a SWCN«veeet two metal

catalyst islands (such as iron Fe, cobalt Co, nickel NijwttrY, or molybdenum

Mo). Controlling the growth of CNTs using catalysts is iliieged in Fig. 8 [17].

Fig. 8. (a) TEM image of a bundle of SWCNTSs catalyzed by Ni/Ytie, and (b) growing CNT
wires on catalysts: CNT meshes on which the metal catalystated.

5 Conclusionsand Future Work

In this paper, two novel types of Carbon Nano Tube (CNT)-daseiltiplexers
(MUXs) are introduced: The first CNTMUX is a solid-state tsamssion gate (t-
gate) multiplexer that uses CNT as the channel in the FidletETransistors (FET)
of both n-FET and p-FET types that are used, and the secondMCNXTuses the
fundamental Lorentz magnetic force as a switching mechabistween two con-
ducting CNTs. The implementation of multiple-valued Gallgic using the new
CNT devices is also demonstrated.

A 2 - to - 1 multiplexer (MUX) is a basic building block of “svah logic”. The
concept of theswitch logicis that logic circuits are implemented as combination of
switches, rather than a combination of logic gates as ig#te logic which proves
to be less-costly in synthesizing wide variety of logic gits suchasa2-to-1
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MUX. Since a multiplexer is of fundamental importance initodesign, the new
devices can have a wide spectrum of implementations in a wadety of nano
circuits.

Future work will include items such as: (1) the modeling aimdugation of the
new nano devices using nano-oriented computer simulg®rthe fabrication and
test of the new MUX nano devices, (3) the integrated apptinabf the new nano
devices in system-level computer and electro-mechanigalémentations, and (4)
the investigation of performing CNT-based computationsoim-power emerging
technologies such as usingvalued reversible and quantum computing.
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