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ABSTRACT the carbon nanotubes asHh system. It is interesting to note
that carbon nanotubes can be classified as a metallic or
Carbon nanotubes enable us to replace conventios@miconductor; their characteristics can be changed by
metal to achieve high-value inductors with high qualitpdjusting the chirality and diameter of CNT. Pressing or
factors. The values of inductance and quality factors astretching CNTs can change their electrical properties by
critical to high-quality RF product design. Current spirathanging the gquantum states of the electrons in the carbon
inductors are widely used in many RF circuits such as céibnds. It is envisaged that one-third of rolled CNTs will be
phones and wireless routers. It is desirable to achieve Ioaetallic and two-thirds will be semiconductor [9, 10]. Both
power, low phase noise, and wide bandwidth wireless systemiggle-wall and multiwall carbon nanotubes have a low
with high Q inductors. This paper describes the design arekistivity of approximately 150acm. MWCNTSs can carry
simulation of Multiwall Carbon Nanotube (MWCNT) basedelectrical current densities up to'#/cm? and remain stable
stacked inductors. for an extended period of time at high temperatures. Although
CNTs can carry very high current densities, CNTs on a metal
Index Terms—Inductors, Multi-Wall Carbon Nanotube, qualitgontact may measure high contact resistance in the order of
factor, substrate, stacked inductors. kQ. The resistivity of CNTs is approximately 1@m. This
1. INTRODUCTION makes an ideal material for RF inductors.

Today's high volume RF products require high  Schrbdinger Equation
inductance and high Q factor RF inductors. There is a great
deal of open literature on the design of radio frequency (RF) Quantum mechanical effects begin to dominate in
inductors on multilayer structures [1-4]. The spiral inductonsano-scaled carbon nanotubes as their size shrinks. To model
are designed to be stacked on different layers to increase ¢aebon nanotubes, we consider kinetic and magnetic
mutual coupling between the inductors that are stacked. Timgluctance. These inductance values are derived from solving
type of design usually increases the overall inductandeoth Schrodinger and Boltzmann transport equations. The
Conventional RF inductors use spiral-shaped metal on a sintitee-independent Schrédinger equation (Egqnl) in one
layer of the substrate, and they usually have a large footpragitnension and the Boltzmann transportation equation (Eqn2)
with limited inductance and Q (quality) values. Using suchre used to calculate the values of quantum capacitance,
large-footprint inductors on a silicon substrate, as an exampigiantum (intrinsic) resistance, and kinetic inductance for the
inhibits adding more transistors on the given silicon areapiral inductor made from MWCNT. In steady state, an equal
Carbon nanotubes enable us to replace conventional metahtmmber of electrons is moving in positive and negakve
achieve high-value inductors and quality factors. The valudgection. CNT is ariD system with limited density of states.
of inductance and quality factors are critical to high-qualityith potential applied, the carriers have to move to higher
RF product design. Current spiral inductors are widely used@mergy states resulting in increase in kinetic energy. Extra
many RF circuits such as in transceivers for cell phones asidred energy results in kinetic inductance. CNTs have two

wireless routers [5-8]. type of capacitance: quantum capacitance and electrostatic
capacitance. The quantum is due to the potential energy
2. CARBON NANOTUBES variation from state to state.

The Boltzmann transport equation is used to analyze transport
Nanotechnology-based package products hayhenomena within systems that involve density and
recently emerged in the semiconductor industry. Among theémperature gradients. The equation is applied to the analysis
nanotechnology-based products on the market, carbgfthe broad-spectrum of currents within a system [12-15].
nanotubes are one of the most promising materials f8plving both the Schrodinger and the Boltzmann transport
realizing nanoscale inductors. Carbon nanotubes consist oé(ﬁjations will yield equations (4, 7, and 9) for kinetic

honeycomb lattice of a graphene sheet rolled into a cylind@g{ductances, quantum capacitance, and quantum resistance.
Multiwall CNT (MWCNT) and Single-Wall (SWCNT) are

two types of CNT available on the market. They are several A2 (%)
micrometers in length and a few nanometers in diameter, ?’rﬂE]l//(X) =8A(R Eaqn(
resulting in a large aspect ratio that allows approximation of
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the quantum capacitancedCis due to quantum effect, and
the coupling capacitanc€g) is formed between two walls of
the carbon nanotubes.

Assume that there is a time-dependent electric field only in

f(xv) = H(xv-leosp)fe+ 2921 Eqn(2)

the x-direction and confinement in the y and z directions. The A number of lumped element models have been
kinetic inductance is derived in Equation (3). previously published [1,2,4,8,12,16]. Some researchers have
modeled inductors and analyzed them on a turn-by-turn basis.
h Others have analyzed inductors on a segment-by-segment

L " 2dy, Ean(3) basis of the metal. In this paper, our analysis of the CNT

inductor will be performed segment by segment on a

The quantum Resistance can be extracted from part'iHPlt'Wa” carbon nanotube.

differential equation in Equation (4).

al | _e oV
_t = E 4
ot 7 L ox an®)

Solving Equation (4) gives us the quantum resistance and
capacitance:

h
R=L/r=— Egn(5
L/T=75 an(s)
2€?
= Eqgn(6
o an(e)

whereh is thePlanck constang is the electron chargeg is
theFermi velocity,z is the Relaxation timd,,. is the kinetic
inductance, an@q is the quantum capacitance.

3. APPROACH When inductors are stacked as shown in Figure 1, the
. . . . total inductance is increased by wheren is the number of
. A conventlo_nal mtegrat_e_d inductor IS mad_e fron]ayers. However, stacking of inductors suffers from lower
aluminum metal with a specific tums ratio, thicknessgei resonant frequency due to interlayer capacitances. The
diameter, and spacing. Our proposed CNT based indUclt gpiral stacked inductor discussed in this paper has a 2.5
consists of a subs,trate and a multiwall CNT. We propose {q,q ratio. We used a substrate thickness of 200 microns for
use multiwall CNT's on a silicon substrate as shown in Figuigiicon ang 5 mils for ceramic substrates. The two parallel
4. The figure shows a spiral inductor where each segmeni\Sncpes represent parasitics on port-1 and port-2. Figure 2
made of carbon nanotube. The unique feature about tig, e mogdified to accommodate a ceramic substrate by
design is that the CNT-based inductors are designed on t"?’8'moving the oxide capacitandg,. A series inductance and
layer where an insulator separates the two. resistance represent the segment of each CNT stacked
Circuit Models for MWCNT Stacked Inductors inductor. As the different segments are close to each other,
there is a mutual inductance between the segments. The
The inductor is an indispensable part of many Rmutual inductance and the coupling coefficients between the
circuit designs. The stacked two-layer carbon nanotutséfferent self-inductances are calculated by finding the
inductor shown in Figure 1 is modeled as an electricgtagnetic field inside the spiral CNT segment. These mutual
equivalent circuit as shown in Figures 2. In the first layefductances are represented in the modehgs L
each Segment of the carbon nanotube forms a para"—é]e circuit model in Figure 2is Unique due to quantum effects
capacitor and inductor with the silicon substrate, labeled &4ch as quantum capacitances and kinetic inductances. Other
Csub and Rsub- The CapacitO'Cox represents the Capacitanceﬂ]OdE'S that have been proposed in the literature for CNT
formed with silicon dioxide layer shown in Figure 1. InProvided the inductor model as a transmission line [16]. Our
MWCNT each wall has resistdR, (Quantum or Contact Models take into consideration kinetic and quantum effects
resistor). Each MWCNT contains kinetic inductance, selpat arise from the decrease in size and the high aspect ratio
inductance and mutual inductance which are labelég,as, Properties of MWCNT.
andLyy, respectively. MWCNT inductor forms three types of
capacitances. The electrostatic capacitang i€Cformed by
each segment of the carbon nanotube to the reference plane,

Fig. 1. Stacked Two-Layer Multiwall Carbon Nanotube
Inductor on Silicon Substrate.
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Fig. 5. Equivalent Circuit Model of Two-Port MWCNT Stacked Inductor on a Silicon Substrate.

A simple definition of inductance (L) is the property of 8As an initial demonstration, we have begun tofabricate a
conductor that describes the proportionality between curresingle-wall carbon nanotube (SWCNT) that is approximately
change and induced voltage. An inductor is any conductb®Onmlong using the E-beam lithography technique. Figure 3
across which there is a voltage drop when a time-varyirspows the ultra high-resolution E-beam pattern used to grow
current is present. Kinetic inductances in MWCNT are morearbon nanotubes. These patterns are approximately 18nm in
than four orders of magnitude larger than in metal spiralze. The carbon nanotubes are grown in our special CVD
inductors [12]. Our MWCNT stacked inductor is divided intdChemical Vapor Deposition) chamber. Using the same
eleven segments each layer. Each MWCNT segment is 125tenhniques for SWCNT, we have demonstrated the growth of
long and 25nm in diameter. The magnetic inductance of eazlsingle MWCNT with 125 nm length and 25nm diameter.
segment can be calculated by considering the MWCNT as a
cylinder 25nm in diameter and 125 nm in length. These
dimensions have been used in Equation (7) to calculate
inductances.

_ M, (d, .
=0 |n| == Egn(7
2T [dlj an(z.

Electrostatic Capacitance

Capacitance (C) is determined by the length and cross-
sectional dimension of MWCNT. The electrostatic
capacitance of the MWCNT can be computed using the
cylindrical formula for capacitance in Equation (8). =

Fig. 3. Sample Electron Beam Lithography Patterns Showing

Ultra-High Resolution of Nickel Islands.
C e = ZL E gn (8) 9
In (3’) Figure 4 illustrates approximately 100nm long

SWCNT interconnect between two 30nm electron beam
) . i . hickel islands. These nickel islands were formed by ultra-high
While MWCNTs have desirable material propertiesyesolution electron beam lithography as shown in Figure 3.

individual CNT suffers from a large intrinsic resistance that ig/e have grown the carbon nanotubes in our special CVD
not dependent on the length of the CNTs. To alleviate thg;mper.

intrinsic resistance problem, bundles of CNTs have been used.

4. FABRICATION
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The quality factor of the measured inductors was
calculated by traditional method shown in Equation (10).

= _Im(yy) Eqn(10
%™ "Retw,) e

Table 1 shows quality factors for the MWCNT-based
stacked inductor on silicon and ceramic substrates. The
) i _ quality factor is impressive especially at 5 GHz, where IEEE

Fig. 4. Approximately 100nm long Single-Wall Carbon  gianqard 802.11a is used. The table shows that a Q factor of
Nanotube Interconnect that Shows Good Alignment Betweeg 1 was achieved with the silicon substrate, and over 66,000

Two 30 nm Electron Beam Nickel Islands. were possible for ceramic at 5GHz. We found that our self-
resonant frequency of the inductor on a ceramic substrate was
Using the process steps described previously, Wgproximately 100Tera Hertz. This indicates that the

have grown multiwall carbon nanotubes that can be used NRVCNT-based stacked inductors have extremely high
develop MWCNT-based inductors. These MWCNT ha@andwidth.

physical size of 125nm in length and 25nm in diameter. We
were able to grow multiwall carbon nanotubes that had 3 t0 5 Taple 1. Carbon Nanotube-Based Inductor Quality Factors

walls, which made our inductor design more attractive. for Silicon and Ceramic Substrates.

Multiwall carbon nanotubes have attractive features to reduce

the quantum resistance (contact resistance). Freq Q) Q)
(GH2) Silicon Ceramic

5. MEASUREMENTS 1 664 14232

1098 27659
1623 40125

We have performed simulations on MWCNT-based 2
stacked inductors for silicon and ceramic substrates using 3
ADS software tool. To perform the comparison for different
packaging, we have computed the substrate resistance ang 4 2251 53042
cap_acitance. The ce_r_amic substrate resistance iXA2T h‘;e 5 3012 66278
resistance of the silicon substrate was much lower, in the
range of 100kQ The values of electrostatic capacitor & 10 3325 80125
each MWCNT were 15pF. We found coupling capacitances 20 3945 03658
C.1 and G, to be 11pF. However, the coupling capacitance
C.s was approximately 6pF. These values were computed
from Equation (8). We considered the distance between the o
walls to be 8nm. The substrate capacitances for silicon and The table indicates that MWCNT-based stacked
ceramic substrates are 8pF, and 3pF, respectively. TiRductors have very high Q fagtors. We have simulated self-
quantum capacitanceOwvas computed as 0.2aF for eaclesonant frequencies o_f these_ mductors_and they were on the
MWCNT. order of terahertz. This provided us with carbon nanotube
Using Equation (3), the kinetic inductance was computed inductors that can be used in a wide frequency spectrum.

as 2nH. The self-inductance for an MWCNT was computdg@m our simulation results, we observed that ceramic
with Equation (7). Their values are 0.028pH. Using thaubstrates provided higher Q factors and inductance values.

. _ ) Figure 6 illustrates inductance values for silicon and ceramic
equation,,, =k,/L,L,, we computed mutual inductancesgpsirates. From the figure, we can observe that the ceramic

Their values ranged from 0.008pH to 0.015pH. substrate provided approximately 195nH of inductance at

In general, the metal-based spiral inductors on g?gécmﬁied\elz:;ﬁs seem very useful for today's applications

substrate do not perform as well as the spiral inductors on
organic substrate. We have used commercially available
software tools [20] to obtain quality factor values. Using the
software tool, the scattering parameteisaiere converted to
admittance parameterq Bs shown in Equation (9).

[¥=[¥im < U +s) ™ Eqn(9)
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Fig. 6 Inductance Values for Carbon Nanotube Inductord10] V. Zhirmov, D. Herr, M. Meyyappan, “Electronic
on Silicon and Ceramic Substrates. applications of carbon nanotubes become closer to reality,”

Journal Nanoparticle Res. 1, 151, 1999.

[11] Harry Swan,“Carbon Nanotube Manufacturing on a
6. CONCLUSION Commercial Scale,” The European Coatings Journal,

We proposed an alternative technique to synthesiyeovember 2004..

an RF inductor by using carbon nanotubes. We have designeg] P.J. Burke, “Luttinger liquid theory as a model of the

a stacked multiwall carbon nanotubes based RF inductors@éiz electrical properties of carbon nanotubes”, IEEE

provide high inductance and Q factors. Our simulation resulf$ansactions on Nanotechnology, Vol. 1, No. 3, pp. 129- 144,

indicate that high quality factors and inductance values can @02.

achieved using carbon nanotubes. We believe that this work j u o .

highly promisﬁqg for today's high-performance RF circuitgii] F. Schwabl, "Advanced Quantum Mechanics”, Springer,

and high-density packaging applications. We are current'RP' 261-309, 2008.

fabricating CNT-based inductors to validate our model. [13] C. Kittel, “Introduction to Solid-State Physics”, Wiley,
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