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Abstract 

 

Moore‟s law has driven the scaling of digital electronic devices‟ dimensions 

and performances over the last 40 years. As a result, logic components in a 

microprocessor have shown dramatic performance improvement. On the other hand, 

an on-chip interconnect which was considered only as a parasitic load before 1990s 

became the real performance bottleneck due to its extremely reduced cross section 

dimension. Now, on-chip global interconnect with conventional Cu/low-k and delay 

optimized repeater scheme faces great challenges in the nanometer regime, imposing 

problems of slower delay, higher power dissipation and limited bandwidth. Carbon 

based materials such as carbon nanotubes and graphene nanoribbons, and optical 

interconnect have been proposed for the alternate solution for the future nodes due to 

their special physical characteristics.  

This dissertation investigates the basic physical properties of novel materials 

for future interconnect, and describes the analytical and numerical models of local and 

global wire system based on new materials and novel signaling paradigms. This work 

also compares their basic performance metrics and circuit architectures to cope with 
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the interconnect performance bottlenecks. We quantify the performance of these novel 

interconnects and compare them with Cu/low-k wires for future high-performance ICs. 

We find that for a local wire, a CNT bundle exhibits a smaller latency than Cu for a 

given geometry. In addition, by leveraging the superior electromigration properties of 

CNT and optimizing its geometry, the latency advantage can be further amplified. For 

semiglobal and global wires we compare both optical and CNT options with Cu in 

terms of commonly used elementary metrics: latency and power dissipation. The 

above trends are studied with technology node. In addition, for a future technology 

node, we compare the relationship between system‟s metrics such as bandwidth 

density, power density and latency, thus alluding to the latency and power penalty to 

achieve a given bandwidth density for each type of wire. Optical wires have the lowest 

latency and the highest possible bandwidth density using wavelength division 

multiplexing. While, CNT has a lower latency than Cu. The power density comparison 

is highly switching activity dependent, with high switching activity being optics 

favorable. At low switching activity, optics is only found to power density favorably 

beyond a critical bandwidth density. We have also quantified the impact of 

improvement in optical and CNT device, material, and system parameters on the 

above comparisons. A small detector and modulator capacitances for optical 

interconnects (~10fF) yields superior, at least comparable, performance with CNTs 

(practical, electron mean free path of 0.9μm) and Cu for greater than 35% and 20% 

switching activity, respectively. However, improving mean free path of CNTs 

(~2.8μm) increases this crossover switching activity to 80%The above trends are 

studied with technology node and bandwidth density in terms of latency and power 
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dissipation. Optical wires have the lowest latency and power consumption, while a 

carbon nanotube (CNT) bundle has lower latency than Cu. The new circuit scheme, 

„capacitively driven low-swing interconnect (CDLSI)‟, has the potential to effect a 

significant energy saving and latency reduction. We present an accurate analytical, 

optimization model for the CDLSI wire scheme. In addition, we quantify and compare 

the delay and energy expenditure for not only different interconnect circuit schemes, 

but also various future technologies such as Cu, carbon nanotube and optics. We find 

that the CDLSI circuit scheme outperforms the conventional interconnects in latency 

and energy per bit for lower bandwidth requirement, while these advantages degrade 

for higher bandwidth requirements. Lastly, we explore the impact of CNT bundle and 

CDLSI on a via blockage factor. CNT shows a significant reduction in via blockage 

while CDLSI does not help to alleviate it, though CDLSI results in a reduced number 

of repeaters, due to differential signaling scheme. There exists the uncertainty in 

previously published literatures regarding experimental work of m-SWCNTs both in 

DC and AC characterization. Therefore, we focused our attention to experimental AC 

characterization of m-SWCNTs. We also conducted DC measurement to verify no 

discrepancy of DC measurement with RF characterization. We find that the existence 

of a high kinetic inductance (~60nH/ μm) is clear. Subsequent DC (f=0Hz) resistance 

extraction from s-parameter measurements proves that the resistance of the m-

SWCNT varies as applied input power varies.  
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Chapter 1 

Introduction 

 

1.1 Motivation 

The ever decreasing interconnect cross section dimensions give rise to increase 

in resistance. In addition, surface and grain-boundary scattering of electrons in Cu 

becomes a serious problem as the wire size becomes almost comparable to the grain 

size of Cu. eventually leading to higher resistivity than bulk Cu [1][2]. Putting all 

these together, degradation of the RC time constant of on-chip metal wires becomes 

more serious. As a result, the continuous performance degradation of on-chip Cu/low-

k interconnects is one of the greatest challenges to keep Moore's law alive while the 

scaling of transistors‟ dimension has provided relentless delay improvement as shown 

in Fig. 1.1 [3]  
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Fig.  1.1 Delay as a function of technology node both for global interconnect and 

typical CMOS gate 

 

The scaling of wire dimension deteriorates not only delay time but also all related 

interconnect performance metrics, such as power dissipation, reliability, and 

bandwidth, for local, semi-global and global tiers. The on-chip power dissipation 

problem is coupled with an increasing number of repeaters to alleviate long RC time 

constant of Cu wire, switching activity factor, and increase of operating frequency. 

The reliability issue also becomes very important since future systems will require 

higher current density within the reduced wire cross section to maintain or boost the 

operating frequency. This is directly coupled with electromigration induced hillocks 

and voids in Cu as shown in fig 1.2. Both hillocks and voids are detrimental to on-chip 

signaling because they are responsible for shorts between adjacent interconnect lines 

and opens to single signal path which are main causes of functional failure of the 

system [4].  
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Fig.  1.2 Hillocks and voids induced by electromigration with high current density in 

Cu interconnect. 

In addition, the increasing number of cores per processor, while the number of 

connections between cores is not, places a premium on high bandwidth density 

(bandwidth per unit cross sectional distance) (ΦBW), and low latency links between 

cores as shown in Fig. 1.3. Furthermore, the budget of core peripheries will be more 

limited because the die size tends to remain unchanged. This will make ΦBW even 

more critical [5]. 

 

Fig.  1.3 Comparison between 4 cores and 16 cores and interconnect layout, 

illustrating that future many cores will be more bandwidth density hungry. 
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Therefore it is imperative to investigate novel interconnect technologies which 

can alleviate the aforementioned problems of Cu/low-k interconnects. Metallic 

carbon-based (carbon nanotube (CNT), graphene nanoribbons (GNR)) and optical 

interconnects are considered as two promising alternatives to cope with the problems 

[6][7]. CNTs exhibit performance advantages over Cu because the ballistic transport 

of electrons over distances of micrometer scale results in a much lower resistivity, and 

strong bonds between carbon atoms create a much higher electromigration tolerance 

[8]. For instance, a 1Ghz CNT-integrated oscillator has been demonstrated with multi-

wall (MW)CNT interconnects, expediting the advent of high performance CNT-based 

interconnect fabric [9]. On the other hand, optical interconnects differ fundamentally 

from the electrical schemes (CNT and Cu). First, a large part of the latency and the 

entire power dissipation is in the end-devices instead of the waveguide. Second, the 

nature of power dissipation is mostly static rather than dynamic [7][10]. These 

differences, when coupled with favorable wire architectures, present new opportunities 

for optical interconnects. Although promising for most interconnect metrics, optics 

does suffer from the drawback of a relatively large transmission medium (waveguide) 

pitch (~0.6m). The resulting ΦBW limitation can be surmounted using the unique 

wavelength division multiplexing (WDM) option available for optical interconnects 

[11]. 

While these new interconnect technologies show promise for meeting future 

system interconnect requirements, they are currently impractical due to 

manufacturability limitations, although physics grants a possibility. On the other hand, 

a new low swing interconnect circuit scheme – “capacitively driven low swing 
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interconnects” (CDLSI) – is highly practical, while being equally promising, and 

hence warrants a detailed analysis [12][13]. The advantages of CDLSI over the 

conventional schemes are two fold: first, it can enormously reduce the energy per bit 

from a reduced voltage swing. Second, it can achieve a smaller delay from the pre-

emphasis effect (explained in chapter 3). Thus it is also important to investigate this 

novel circuit scheme.  

 

1.2 SPICE Model and Performance Metrics 

Most important performance figures of merit of interconnect are speed, power, signal 

integrity, and bandwidth. In this section, we introduce a SPICE model for 

interconnects and define useful interconnect figures of merit. 

 

1.2.1 SPICE Model 

Basic physical properties of metal (Cu or Al) based interconnects consist of resistance 

(R), capacitance (C), and inductance (L). In an on-chip interconnect inductance value 

is mostly not taken into account because wire rise (fall) time is more dominant over 

the time of flight. Therefore on-chip interconnects can be approximated as a lossy RC 

network as shown in fig 1.4 
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Fig.  1.4 One segment of distributed wire model in SPICE model a). is a π model and b) 

is T model. 

 

In a SPICE simulation, interconnects are modeled as a distributed RC line with n 

number of segments. Ideally infinite n and infinitesimal segment length are needed for 

the most accurate delay estimation. This is because a simple RC network model for a 

long on-chip wire results in significant errors due to large resistance and capacitance. 

There are two types of lumped electrical wire models. One is the π model and the 

other is the T model as shown in Fig. 1.4. The accuracy of the models is determined 

by the number of segments. For example,a chain of more than three consecutive π 

stages gives an error of less than 3% [14].  
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1.2.2 Delay Model 

 

Delay is one of the most important performance metrics. In most cases, building the 

equation of waveform in a time domain of the distributed RC network is very complex 

while setting up the s-domain equation can be simply done with differential equations. 

The Elmore delay equation, of which the mathematical meaning is the first moment of 

the impulse response, can help simplify the delay calculation of complex RC network. 

[15]. The Elmore delay is given by 





N

k
ikkielmore RC

1
,    (1.1) 

 jik RR        (1.2) 

The Elmore delay is simply the sum of RC time constant of each node with common 

path resistance (Rik) between node k and i where k is the index of each node and i is 

the node where delay need to be measured. Using this simple relationship, the wire 

delay of equivalent circuit in fig 1.5 can be simply given by  

 

Lwdrwdrwwpdrwire CRRCRCRCR )(    (1.3) 

 

where α and β are determined by the type of network and points of interest of input 

step response (summarized in table 1.1). Rdr is driver resistance. Cp and CL are driver 

parasitic and transmitter load capacitance, respectively.  
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Fig.  1.5 Equivalent circuit of a distributed RC interconnect with step input function. 

 

Voltage α (Lumped RC) β (distributed RC) 

0  50% 0.69 0.38 

0  60% 1 0.5 

10%  90% 2.2 0.9 

0  90% 2.3 1 

Table 1.1 α and β for lumped and distributed network for different points of interest 

 

 

1.2.3 Power Dissipation Model 

 

The power consumption of interconnects can be partitioned into three components, 

dynamic, static, and dynamic short circuit power. Dynamic power dissipation is due to 

charging and discharging of load capacitance (CL). CL includes wire capacitance, 

parasitic and input capacitance of repeaters. Each time the gate is switching, either 

charge is supplied from the power supply to CL while PMOS transistors burn the 

V Cp Cw/n CL

Rdr

Vin

Rw/n Rw/n

V Cp Cw/n CL

Rdr

Vin

Rw/n Rw/n
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power or they are drawn to ground with CMOS burning the power. Dynamic power is 

given by  

10 fVVCaP DDswingLdyn    (1.4) 

where a is switching activity factor and f0


1 is the frequency of energy-consuming 

transitions. Static power consumption means the power dissipation without any 

switching activity. This includes gate leakage, source-drain leakage, and junction 

leakage in repeaters. Putting these all together, static power can be described as  

DDstatdyn VIP    (1.5) 

where Istat is the current from VDD to GND and there is no switching activity. Dynamic 

short circuit power represents the power dissipation due to the current flow when both 

NMOS and PMOS are in their saturation regions. 

 

1.2.4 Bandwidth/Bandwidth Density 

The bandwidth of interconnects represents their ability to send how many bits per 

second via wire. If the delay of the interconnect is τ, then ideally the inverse of τ is the 

number of bits that interconnect can handle within one second. If the interconnect is 

pipelined or repeated, then the throughput of the interconnect further increases. For 

example, if the delay of the pipeline segment is τseg, then the bandwidth of this system 

is 1/ τseg instead of inverse of total wire delay (τ). Currently, the bandwidth density (Φ

BW) becomes an even more important performance figure of merit rather than just the 

wire bandwidth. This is because a core in the on-chip die tends to have more limited 
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periphery with an advent of multi-core paradigm whereas interconnects should be laid 

out within its limit. This makes the chip more bandwidth hungry. ΦBW is given by 

pitch

clk
BW

W

f
   (1.6) 

fclk is the system clock defined by timing constraints of the system. Wpitch is the wire 

pitch.  

 

1.2.5 Signal Integrity  

Noise is one of major concerns in order to maintain correct functionality in a digital 

system. Noise in digital signaling can be categorized into the noise proportional to 

signal swing and that which is independent of signal.  

NISNN VVKV    (1.7)  

where VN and VS are noise and signal voltages. KN is a noise coefficient proportional to 

signal swing. VNI is a noise source independent of signal swing. It is critical to 

minimize VN to cope with errors in digital signaling.  

Capacitive coupling cross talk is the main source of KN. Fig 1 illustrates the example 

of the capacitive coupling between two wires.  
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Fig.  1.6 Capacitive coupling cross talk caused by wire A in wire B. 

 

A coupling capacitance between aggressor and victim lines forms a capacitive voltage 

divider creating unwanted voltage overshoot on the victim node. VNI in (1.7) is mainly 

determined by transmitter or receiver offset voltages. Power supply noise is random 

noise due to non-ideal impedance of the power supply rail [16].  

 

1.3 Dissertation Organization 

 

The dissertation is organized as follows.  
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Chapter 2 : Performance Comparison Study between Cu/low-k, m-SWCNT Bundle, 

and Optical Interconnects 

 

Chapter 3: Capacitively Driven Low Swing Interconnect (CDLSI) and Its Analytical 

Modeling 

 

Chapter 4: DC and AC Characterization of Metallic Single Wall Carbon Nanotube 
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Chapter 2  

Performance Comparison Study between 

Cu/low-k, m-SWCNT Bundle, and Optical 

Interconnects 

2.1 Circuit Parameters Modeling 

2.1.1 Implication of Scaling for Modeling of Copper 

Interconnect 

As wire cross-sectional dimension and grain size become comparable to the bulk mean 

free path of electrons in Cu, two major physical phenomena occur to the current-  

 

Fig.  2.1 : (a) Schematic illustration of the surface and grain boundary scatterings, and 

the barrier effect. (b) Impact of scaling on barrier effect. Cu can be scaled while 

barrier cannot. 
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carrying electrons in Cu in addition to bulk phonon as illustrated in fig. 2.1(a). 

One is interface scattering (Eq. (2.1) [1]) and the other is grain boundary scattering 

(Eq. (2.2) [2]). These increase Cu resistivity more than the ideal bulk resistivity 

(ρo= ·cm) [3]. The Fuchas-Sondheimer model and the theory of Mayadas and 

Shatzkes quantify these two effects. Eq. (2.1) and (2.2) describe Fuchas-Sondheimer 

(ρFS) model and Mayadas-Shatzkes (ρMS) effect, respectively.  
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Here, o is the bulk Cu resistivity and p is the electron fraction scattered specularly at 

the interface (assumed to be 0.6 [1]). p ranges from 0 to 1 and approaches 1 as 

electrons have more interface scattering. w is the wire width (from ITRS [4]), and lo is 

the bulk mean free path of electrons. For Eq. (2.2), R is the reflectivity coefficient 

representing the electron fraction not scattered at grain boundaries (assumed to be 0.5 

[1]). This coefficient also ranges from 0 to 1, approaching 0 as electrons have more 

grain boundary scatterings. d is the average grain size (d~w). Based on above models, 

at the 22nm node, Cu resistivity for minimum width wire increases to ·cm (~3X 

that of bulk). On the other hand, Cu interconnects typically need a diffusion barrier, 

which could come in the form of Ta, Ru, and Mg based materials. Because the 

resistivity of these materials is much higher than that of Cu, in effect, the barrier 

reduces the useful interconnect cross-section. One way to capture this effect is to 
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define the problem in terms of an increased effective resistivity, which would be 

applicable to the original cross-sectional area. Fig. 2.1(b) shows that scaling 

exacerbates the barrier problem as barrier thickness does not scale proportionately to 

the aggressive interconnect cross-sectional scaling. This, in turn, results in an increase 

in the effective resistivity with the technology node. Three dashed curves in Fig. 2.2 

quantify this effect. The effective resistivity here also captures both the surface and 

grain boundary scatterings. It is clear that with technology scaling, effective resistivity 

increases dramatically. Further, lowering the barrier thickness (ALD: 3nm vs. 1nm) 

has a big impact on effective resistivity [3]. 

 

Fig.  2.2 : Cu resistivity in terms of wire width taking into account the surface and 

grain boundary scattering and barrier effect. The barrier layer is assumed to be 

uniformly deposited, e.g., using atomic layer deposition (ALD). 
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Fig. 2.3 shows the scaling trend of the electrical wire dimensions and its impact on 

the bandwidth and power budget of the wire.  

 

 

Fig.  2.3 : The impact of interconnect scaling. Scaled wire with lower A and longer l 

has higher resistance resulting in higher delay, increased power, and reduced 

bandwidth 

 

The increase in wire length (l) in addition to the reduction in cross-section area (A) 

further exacerbates wire resistance, subsequently limiting the signal rise time and the 

bandwidth. This can be well understood from the simple relationship between the ideal 

bit rate (B), and the cross-sectional area and the wire length in Fig. 2.3. Typically, the 

wire buffering with multiple repeaters mitigates the bandwidth shortfall. However, it 

swallows a significant portion of the power budget (this will be explained more in 

detail in part B). Thus, for the electrical interconnect, it becomes more difficult to meet 

the bandwidth requirement and power budget simultaneously [5]. 

 

2.1.2 Conventional Interconnect Circuit and Its 

Performance Limit 

Ideal bit rate (wire bandwidth) B∝A/l2
l

A
Old New (scaled)
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In general, the interconnect performance has been optimized in terms of delay 

such that repeater distance (l) and size (w) are leveraged for equal delay from the 

repeater and wire [6][7].  

 

Fig.  2.4 (a) Number of global wire repeaters vs. wire dimensions, (b) total energy per 

bit (pJ) in global wire vs. wire dimension. 

 

However, this approach suffers from undesirable problems. While this 

methodology can significantly reduce delay, it results in inordinate power 

consumption. This excessive power expenditure has a close relationship with 

increasing number of repeaters, which is the consequence of meeting the small delay 

requirement [8]. Fig. 2.4 shows this phenomenon, assuming a minimum power 
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dissipation budget defined by ITRS [4]. Furthermore, a massive number of repeaters 

leads to the via blockage problem, which severely reduces the wiring efficiency 

[9][10]. On the other hand, if the global wires do not scale at all, staying at a constant 

pitch to avoid these problems, it will cause a rapid increase in the number of metal 

layers [10]. 

 

2.1.3 Modeling Parameter for CNT bundles 

CNTs have attracted great attention because of their interesting physical and 

electrical properties [11]. Their near one-dimensional shape supports ballistic transport, 

making them potentially useful in many applications, such as transistors, sensors, and 

interconnects. In addition, CNTs offer great mechanical strength due to their strong 

sigma (σ) bonds between neighboring carbon atoms. These excellent physical 

properties have been proven theoretically and experimentally by intensive research for 

more than a decade. CNTs can be categorized as semiconducting or metallic 

depending on their chiral configurations. Fig. 2.5 shows the band structures of 

armchair and zigzag CNTs corresponding to metallic and semiconducting nanotubes, 

respectively. For the interconnect application, we only consider metallic carbon 

nanotubes. Depending on the shape, CNTs can be categorized as SWCNT or multi-

walled carbon nanotube (MWCNT). An SWCNT is constructed by wrapping a 

graphene layer into a cylindrical shape. Its diameter ranges from 0.4nm to 4nm. Its 

typical diameter is around 1nm. An MWCNT is formed of multiple layers of SWCNTs 
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with different diameters. Its diameter ranges from 10nm to 100nm. Fig. 2.6 shows the 

difference between SWCNT and MWCNT.  

 

Fig.  2.5: E-k band diagram of SWCNT with chirality of (a) Armchair (6,6) SWCNT, 

(b) Zigzag (7, 0) SWCNT. 
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Fig.  2.6 : three dimensional illustration of (a) SWCNT, (b) MWCNT. 

 

2.1.3.1 Resistance (Conductance) of m-SWCNT and 

Bundle 

The resistance of a CNT bundle depends on the total wire cross section area and the 

fractional packing density (PD) of metallic CNTs within it [12]. Henceforth, PD is 

assumed to be 33% unless specified otherwise. This is because given an equal 

probability of the wrapping vectors, about 1/3
rd

 and 2/3
rd

 SWCNTs turn out to be 

metallic and semiconducting, respectively [13]. 

For an SWCNT, in the absence of any type of scattering, the maximum quantum 

conductance is limited as shown in Eq. (2.3)  

GSWCNT = 4q
2
/h 



22q
GSWCNT    (2.3) 

where ћ is the Planck constant and q is a charge of one electron. The multiple four 

accounts for the two channels due to electron spin and another two channels due to 

sub-lattice degeneracy. Thus, the quantum resistance of an SWCNT is 6.45 kΩ. This 
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resistance is fairly large to allow use in interconnect applications. One way to get 

around this problem is to use a bundle of SWCNTs, as illustrated in Fig 2.7.  

 The number of SWCNTs in a bundle is given by  
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where nw is the number of “columns,” nh the number of “rows,” and nCNT the number 

of SWCNTs in a bundle. 

 

The quantum resistance of an SWCNT (RQ) is 6.45K, as explained earlier. 

However, in practice, electrons do get scattered by either defects or phonons, hence, 

possess a finite mean free path (lo). Therefore, a linear dependence of resistance on 

length, based on recent results on high quality (long mean free path) CNTs, can be 

defined as [14]:  
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Fig.  2.7: Schematic of the interconnect geometry with CNT bundles, taking packing 

density (PD) into account. x is the distance between the closest metallic SWCNTs, dt is 

the diameter of an SWCNT. (inset) CNT and Cu interconnect cross-section geometry 

for Fastcap simulation. 

 

where RSWCNT and Rw are the resistances of one SWCNT and a bundle respectively. l is 

the wire length and lo is the electron mean free path. lo is proportional to the SWCNT 

diameter with theoretically and experimentally derived proportionality constants of 

2.8μm/nm (henceforth, ideal model) [15] and 0.9μm/nm (henceforth, practical model) 

[14], respectively. Thus, for a 1nm-diameter SWCNT, ideal and practical models yield 

an lo of 2.8μm and 0.9μm, respectively. These values are valid at a small voltage drop 

across the CNT interconnect (< 0.16V) [16]. Operation at higher voltage drop can 

degrade performance. An additional resistance component in the form of contact 

resistance has recently been shown to be reduced down to a few k per tube [16][17]. 

The total resistance of a CNT bundle is simply all the resistance components of a 
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single tube divided by the number of metallic tubes in the bundle (dictated by PD), as 

shown in Eq. (2.5). 

 

 

Fig.  2.8 transmission line LC components of SWCNT. 

 

It is very important to investigate the transmission line components of SWCNT 

to understand its applicability for an interconnect. Figure 2.8 shows a transmission line 

LC equivalent circuit of SWCNT.  

 

2.1.3.2 Capacitance of m-SWCNT 

An SWCNT has two capacitance components. One is electrostatic capacitance (CE) 

purely determined by SWCNT’s geometric distance to the ground plane. The other 

component is quantum capacitance (CQ) [18] due to a reduced 2-D density of states for 

electrons. To add an electron in an SWCNT, one must add it at an available quantum 

state above the Fermi energy (EF) due to Pauli‟s exclusion principle. CE and CQ can be 

described by Eqs. (2.6) and (2.7), respectively. 
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where ε is the permittivity of the dielectric between a wire and a ground plane, 

t is the distance between the ground and nanotube, dt is the diameter of a single 

nanotube, ћ is the Planck constant, and vf is the Fermi velocity of an SWCNT. For dt = 

1nm, t = 4h = 340nm, and εr (relative permittivity for the 22nm technology node) = 

2.0, the electrostatic capacitance is about 190fF/mm. CQ is around 100fF/mm under 

the same conditions as above, which is of the same order of magnitude as its 

electrostatic counterpart. 

 

  For a single tube, CQ is comparable to CE. However, in a bundle, the quantum 

components are added in series, making the bundle‟s total CQ negligible compared to 

its CE [19]. We simulated two geometries for capacitance, corresponding to CNT and 

Cu using FastCap (3D field solver) [20]. Fig. 2.7 (inset) shows the simulated 

geometries, with CNT exhibiting more roughness due to its bundled nature. The 

capacitance of the two geometries was within 4% agreement with the one presented in 

[12]. Thus, the total CNT bundle capacitance is approximately the same as the 

electrostatic capacitance of the Cu wire. 
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2.1.3.1 Inductance of m-SWCNT 

 

The importance of inductance (RC vs. RLC model) depends on the relative 

magnitude of the inductive reactance and the wire resistance. SWCNT has magnetic 

inductance (Lmag) of 1pH/um as calculated in Eq. (2.8) 
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Fig.  2.9 E-k diagram of m-SWCNT 

 

In addition to this, SWCNT has an extra kinetic inductance (Lkin,). Lkin, results from a 

higher electron kinetic energy because of a lower density of states in CNTs as 

illustrated in Fig 2.9 [18].  
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 Per tube it is about four orders of magnitude higher than Lmag as shown in Eq (2.9). 

To summarize, all frequency dependent reactive components of SWCNT are listed and 

compared in table 2.1. The additional main advantage of using a bundle as in Fig 2.7 is 

that unnecessarily high reactive elements can be reduced. For instance, in a bundle, the 

total bundle Lkin reduces dramatically because CNTs are in parallel [19]. Total 

magnetic inductance (Lmag), which is the sum of self (Lself) and the mutual inductance 

(Lmut) between the tubes, is relatively constant with wire width. This is because at 

interconnect dimensions of interest, the Lself component of Lmag becomes negligible 

(Lself adds in parallel and is proportionately reduced). While, Lmut is relatively constant 

beyond a certain width, as the impact of mutual inductance from SWCNT further than 

a certain distance gets weaker. This value converges to Lself, when solved using a 

matrix approach described in ref [21]. Thus, the total inductance of a CNT bundle is 

given by  
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Here, Lmag obtained using model in [21] is ~ 1.5nH/mm.  

 

 



Chapter 2 - Performance Comparison Study 

- 32 - 

 

Fig.  2.10.(a) Inductance and resistance of Cu and CNT vs. wire width. Wire width is 

in global interconnect regime. PD is assumed to be 33%. l0 is 1.6μm. Total inductance 

consists of combination of kinetic inductance and magnetic inductance (b) Inductance 

to resistance ratio as a function of the wire width. (b. inset) step response of Cu and 

CNT wire with optimized spacing (h). Wider interconnect implies more ripples in time 

domain response due to higher transmission line effect. 

 

Fig. 2.10 a plots Ltot of a CNT bundle along with its components. Smaller widths 

render a larger Ltot because of an increase in Lkin. Cu Ltot is lower than CNT Ltot for all 

widths. In addition, Fig 2.10 a shows that the CNT bundle resistance is also lower than 

that of Cu due to a longer mean free path. The above results exhibit approximately a 

6X larger inductance to resistance ratio for CNT-bundle compared to Cu wires, 

insinuating a more pronounced impact of inductance in the case of CNT bundle. A 

simulated step response of a repeated CNT wire indeed shows a significantly under 

damped high-frequency response (Fig. 2.10 (b) inset) than Cu, corroborating the 
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importance of inductance in CNTs. Fig. 2.10 b also shows that the L/R ratio is higher 

for larger widths. Thus, a full RLC model is imperative for CNT bundles especially for 

larger width, global wires. Inductance can be ignored for smaller width, local wires. 

 

All reactive component values of a single m-SWCNT are summarized in table 2.1 

 

 Electrostatic / Magnetic 

Components 

Quantum Mechanical 

Components 

Inductance LM  = 1pH/um LK  =16 nH/um 

Capacitance CE  = 190aF/um CQ  = 100aF/um 

Table 2.1 This table summarizes two different reactive components of SWCNT. 

SWCNT is assumed to have 1nm diameter  

 

2.1.4 Secondary Effects in SWCNT 

 

2.1.4.1 Contact Resistance 

Contact resistance arises mainly due to scattering at the contacts when 

interfaces are poorly connected. Some reports indicate that it can be of the order of 

hundreds of kilohms.[22] This effect becomes more prominent when the diameter of 

nanotubes is smaller than 1nm because it may form a poor bonding between CNTs and 

metal. In addition, metallic CNTs tend to have non-negligible bandgap opening as the 

diameter is smaller than 1nm. This may give rise to hundreds of kilohms of contact 

resistance. However, prior works hasve reported that contact resistances of nanotubes 
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with a diameter larger than 1nm are on the order of only few kilohms or even hundred 

ohms .[23]. This indicates that the contact resistance can be lowered to such a level 

that it can be neglected compared to the basic quantum resistance (~6.45kΩ).  

 

2.1.4.2 Impact of High Bias Voltage 

CNTs are one-dimensional quantum wires and, in general, are considered to 

provide ballistic transport. However, electrons in these quantum wires tend to get 

backscattered as the length becomes longer. At small bias voltages, defects and 

acoustic phonons are the only scatterers. In this case, the electron mean free path 

(MFP) can be as large as 1.6um in high-quality nanotubes. However, at higher bias 

voltages, optical and zone boundary phonons, which have energies around ћΩ ≈ 0.16 

eV, contribute to electron backscattering [16]. Once an electron with energy E finds an 

available state with energy E- ћΩ, it emits a phonon with the energy of ћΩ. An 

electron should be accelerated by electric field E to the length of lΩ= ћΩ/qE in order to 

gain this energy. Once it achieves this energy, it travels on average lo = 30nm before it 

scatters and emits an optical or zone-boundary phonon. The effective MFP, leff, can be 

described by 

oeeff llll 




111
  (2.11) 

where le is the low-bias MFP. The resistance of an SWCNT is given by 



R  Rc RQ 1
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  (2.12) 
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where Rc is the contact resistance, RQ is the fundamental quantum resistance 

and L is the tube length. The electric field across a tube will vary depending on the 

applied bias and should be written in an integral form as [24]: 
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where E(x) is the position-dependent electric field, and I0 =25uA.  

 

2.1.5 Graphene Nanotibbons (GNRs) Interconnect 

 

Fig.  2.11 Graphical illustration of 2-D Graphene nanoribbon (GNR). 

A graphene sheet is an ideal two-dimensional carbon honeycomb structure. 

Graphene nanoribbons, abbreviated as GNRs, are edge-terminated graphene sheets . 

They are just equivalent to unrolled SWCNTs. GNRs share most of the physical and 

electrical characteristics with CNTs such that they become semiconducting or metallic 
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depending on the chirality of GNRs’ edge [25]. GNRs can be fabricated in a more 

controllable process, such as optical lithography, while CNTs‟ growth results in a 

random chiral distribution. Thus, it is necessary to look at GNRs’ performance as an 

interconnect application. To briefly look at the conductance model of a GNR 

interconnect, the MFP of a GNR should be analyzed. ln is the distance that electrons in 

the n
th

 mode move forward until they hit one of the GNR‟s side edges. This can be 

described as  

 

1
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where W is the width of GNR, and k|| and k⊥ are the wave vectors in transport 

and non-transport direction, respectively. EF is the Fermi level. ΔE is the energy gap 

between subbands in GNR. β is zero in a metallic GNR. Then the conductance of 

GNRs can be described by the total number of transmission modes and Mattiessen‟s 

rule, as shown in Eq. (2.11). The number of transmission modes can be determined by 

counting all subbands below the Fermi energy level: 
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  (2.15) 

 

where lD is the MFP caused by the acoustic phonon and defects, as in CNTs. If 

we use more mathematical approximations, (2.15) can be simplified further as (2.16): 
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Fig.  2.12 Resistance comparison between GNR, mono-layer SWCNT, and Cu. The 

Fermi-level is assumed to be 0.21eV, as reported in an experimental result [25]. 

In the graph in Fig. 2.12, a metallic GNR cannot outperform a Cu interconnect 

until the width is lower than 7nm. These results explain that diffusive edge scattering 

significantly limits the performance of the GNR interconnect. In addition, the 

resistance of GNR is higher than that of the mono-layer SWCNT for all ranges of wire 

width. This is an obvious result because physical properties of a GNR are similar to 

those of a CNT and only one GNR layer should be able to compete with a mono-layer 
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bundle of CNTs. However, if we can use a multilayered GNR interconnect, it would 

improve the performance.  

 

2.2 Performance Comparison Study 

 

2.2.1 Local Interconnects: CNT Bundle vs. Cu 

Previous work on local wire performance comparisons have reported conflicting 

claims. Srivastava et. al. show much worse CNT bundle performance [26], whereas, 

Naeemi et. al. show a mono/bi-layer of CNT outperforming Cu wires [12][19]. Our 

simulations do not agree with [26], with the primary source of discrepancy being that 

our CNT bundle capacitance comes out to be much smaller. Moreover, in contrast with 

Error! Reference source not found., we have compared a CNT bundle and Cu not only for 

TRS dictated dimensions, but also optimized the CNT-bundle geometry to leverage its 

superior electromigration (EM) properties, and as a result extract additional 

performance from this attribute. 
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Fig.  2.13 Illustration of aspect ratio tuning in local interconnect cross-section. Black 

circles are SWCNTs 

In this work, we investigated the impact of leveraging the aspect ratio (AR) on the 

latency in local signaling with SWCNT. Fig 2.13 illustrates the cross section of 

SWCNT local interconnect with different AR. The basic motivation of reducing AR is 

two fold. First, the driver resistance and the wire capacitance overpower the wire 

resistance in the Elmore delay in a local interconnect. Secondly, SWCNT has higher 

mechanical strength than Cu, potentially providing much better EM immunity. Fig. 

2.14 a shows that for minimum width and both short and long wires, CNT bundle 

exhibits a lower latency than Cu at all aspect ratios (AR). In addition, the difference in 

latency between the two technologies is smaller for shorter wires and higher ARs 

because these conditions render the wire resistance (Rw) lower than the driver 

resistance (Rdr). A dominant Rdr obviates the CNT Rw advantage. Fig. 2.14 (a) also 

shows that both Cu and CNT wires exhibit a minimum in latency with AR. The initial 

reduction in AR lowers delay because at large ARs, a low Rw results in the delay being 

dominated by the wire capacitance (Cw) and Rdr product; further, Cw reduces with AR. 

However, below a certain AR, Rw becomes dominant over the Rdr, and the delay is 
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now dictated by Rw and Cw product. Rw rises with smaller AR and Cw cannot reduce as 

fast as the increase in Rw because its reduction is limited by a constant inter-level 

dielectric (ILD) and the fringe component. Fig. 2.14 (b) plots wire resistance (R) and 

capacitance (C) ratio between CNT and Cu as a function of AR. 

 

Fig.  2.14 Local interconnect delay vs. aspect ratio (higher to width ratio) for 10μm 

wire lengths (left y-axis). Current density vs. aspect ratio (right y-axis). Wire width 

corresponded to minimum at 22nm from ITRS [4]. The simulations assume a driver 

resistance of 3kΩ, the CNT mean free path of 0.9μm (conservative), and a contact 

resistance and packing density of 10kΩ and 33%, respectively. (b) Wire resistance (R) 

and capacitance (C) ratio between CNT and Cu. 

 

Although, both technologies exhibit an optimum AR minimizing delay, in practice, 

only CNTs can be operated at the optimum because of EM considerations. Fig. 2.14 (a) 

(right y-axis) shows the increase in the wire current density with smaller AR. A 
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maximum allowed current density of 14.7x10
6
 A/cm

2
 in Cu, limits its minimum AR to 

about 1.5 for the ITRS dictated minimum widths. While, a single CNT tube can carry 

a current density up to 10
9
 A/cm

2
. Thus, CNTs can be operated at their optimum AR, 

pointing to a different geometry than for Cu.  

 

Fig.  2.15 (a) The plot of optimum Aspect Ratio (ARopt) for minimum latency as a 

function of length. Dotted line is EM limited AR for Cu. (b) The plot of latency as a 

function of length. Four different curves are shown: two for CNT (τ with ARopt and τ 

with monolayer) and two for Cu (τ with EM limited AR and τ with ARopt). Inset: 

zoomed-in view from 0μm to 6μm of local interconnect length  

 

 

Fig.2.15-(a) explicitly shows these geometry differences. The Cu optimum aspect 

ratio (ARopt) is lower than what is allowed by the Cu EM limit, and is higher than CNT 

ARopt. In addition, ARopt increases with wire length for both Cu and CNT. This is 
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because ARopt represents a point where Rdr and Rw are comparable, and longer wires 

(because of their larger resistance) reach comparable values to Rdr at larger cross 

section area (higher AR). Fig. 2.15-(b) explicitly plots the latency vs. length for four 

cases. This includes the lowest possible latency using ARopt for both CNT-bundle and 

Cu, as well as the latency of a monolayer SWCNT, and EM limited Cu. Optimized 

CNT-bundle shows better latency than optimized Cu for all local length scales. This 

advantage increases to about 2X when we compare optimized CNT (leveraging its EM 

robustness) with the EM limited Cu. Finally, we observe (inset of Fig. 2.15-(b)) that a 

monolayer CNT gives the smallest delay for very short local interconnects as it is 

dominated by the time of flight rather than RC time constants. This particular result 

corroborates with [19]. In addition to latency, a smaller ARopt for CNT bundle would 

also bring a dramatic power reduction compared to Cu because of a lower capacitance.  

 

 

2.2.2 Global and Semi-Global Interconnects 

 

2.2.2.1 Cu/CNT and Optical Global Wire Circuit Models 

Fig. 2.16 (a) illustrates the schematic representation of a buffered interconnect. 

If we consider an interconnect of total length L, it is buffered at length l. In this section, 

we present the methodology for optimally buffering the interconnect in order to 

minimize delay. Fig. 2.16(b) shows a distributed RC network, indicating one segment 

of the repeated interconnect with length l. Vtr is the voltage source at the input stage. 
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Rtr is the driver resistance which has dependence on the transistor size, Cp is the output 

parasitic capacitance of the driver, and CL is the load capacitance of the receiving end, 

and r and c are the interconnect resistance and capacitance per unit length, 

respectively. The segment delay of this interconnect, τ0, is given by [27][28]  

 

2
0 )()( arcllrCcRbCCbR LtrPLtr   (2.17) 

where a and b are the switching-dependent parameters. For instance, if the 

delay is measured at 50% of total voltage swing, a=0.4, and b=0.7. r0 is the resistance 

of a minimum-sized driver. Henceforth, Rtr can be defined as r0/s. c0 and cp are the 

input and parasitic output capacitances of a minimum-sized driver, respectively. Thus, 

Cp and CL are proportional to the size of a driver as Cp=scp, and CL=sc0. If the total 

interconnect length L is divided into n segments of length l=L/n, the delay with overall 

length of L, τd, is given by  
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Then, the optimum values lopt and sopt, and the delay of the optimally-buffered 

interconnect with total length L, τd , can be obtained as  

 

rc

ccr
l

p

opt

)(
32.1

00 
   



Chapter 2 - Performance Comparison Study 

- 44 - 

0

0
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1049.2 FOd rctL  (2.19) 

 

where tFO1=2r0c0 (generally c0 = cp), representing the delay of an inverter with 

a fanout load of one (FO1).  

 

 

 

Fig.  2.16 (a) Schematic of optimally buffered interconnect. The total length is L and l 

is the optimal distance between repeaters to minimize delay. S refers to the optimal 

size of the input transistor. Each repeater has a fanout of one (FO1). (b) The 

equivalent circuit of one segment with l and s. 

 

The wire capacitance is modeled as follows [27],  

l

L

s

Rtr r.l

c.lCp CL
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Where, ε is the dielectric permittivity, s is the inter-wire spacing (assumed 

s=w), h is wire height (h=waspect ratio), and t is inter-metal layer spacing (assumed 

t=4h). For global wires, we included inductance, given by Eq. (2.21) [29]. At 22nm 

technology node, this value is about 0.5nH/mm.  
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We use RLC models for global/semiglobal Cu and CNT wires and include repeater 

insertion for delay reduction (Fig. 2.16). The values of R, C, and L were as discussed 

in section 2.1, Eq. (2.20), and Eq. (2.21). Unlike the RC wire model, an RLC model 

does not have a closed form solution optimizing repeater size (k) and its spacing (h) 

for minimum delay. Thus, we optimize these parameters using fourth-order Páde 

expansion and Newton-Raphson numerical method [30]. 
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Fig.  2.17 Equivalent circuit model of a repeater segment for CNTs. k is optimized 

repeater area. h is optimized wire length per repeater. Rs is inverter output resistance. 

Rc and RQ are the contact resistance and quantum resistance of SWCNT, respectively. 

Lw and Cw are the inductance and the capacitance of CNT bundle, respectively. Cp and 

C0 are the input capacitance and the output parasitic capacitance of inverter, 

respectively. 

 

 

2.2.2.2 Impact of Inductance on Delay and Power 

Performance 

Fig.2.18 depicts the latency of the CNT bundle and the Cu wire as a function of 

wire width. The RC and RLC curves for Cu overlap indicating that inductance effect is 

not significant. The CNT bundle has curves corresponding to two different electron 

mean free path (MFP), with each having both the RC and RLC models. The delay 

significantly increases with the decrease in cross sectional area for all curves even 

with repeaters. Also, there is a non-negligible difference between the RC and RLC 

model for the CNT bundle. The RC delay clearly overestimates the CNT performance, 

with the discrepancy becoming especially serious for widths higher than 60nm 

(MFP=3.8μm). This width is well within the design window for global wires since it is 
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approximately twice the minimum wire width for 22nm technology node. Fig.2.18 

(right y-axis) also explicitly quantifies the percentage latency error between RC and 

RLC and shows errors up to 18% for MFP of 3.8μm. A higher MFP would yield a 

bigger discrepancy because a lower resistance renders a higher importance to 

inductance.  

Having detailed latency comparison above, we now compare another important 

metric-energy per bit. Fig.2.19 shows energy expended to drive a bit over 10mm 

length as a function of wire width. For all curves, the energy per bit exhibits an 

optimum width value. This is because the energy per bit depends only on the wire and 

the repeater capacitance. As the wire width increases, the inter-metal dielectric 

capacitance drops (due to increased space between wires), but the inter-layer dielectric 

capacitance increases. If we use just the RC models, both Cu and CNT bundle yields 

similar energy per bit. In the RC model, to the first order, the capacitance values of Cu 

and the CNT are similar because both the total wire and the repeater capacitances are 

similar (Even though the optimum repeater size is larger with CNT, the spacing 

between them is also larger, reducing their number). 

However, if the inductance in the CNT bundle case is considered, the energy per 

bit (Ebit) reduces compared to the RC model (Fig.3). At 200nm wire width, Ebit drops 

more than 10% compared to the RC model with the normally accepted MFP of 1.6μm. 

For a larger MFP, the drop in Ebit is more substantial. Neglecting inductance, where it 

is important, results in a much larger repeater area than with the RLC model, 

contributing to the unnecessary power dissipation [31]. The RLC domain analysis 

results in longer optimum repeat spacing and a smaller optimum repeater size to obtain 
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impedance matching, and Ebit is proportional to the ratio of optimal driver size and the 

optimal repeat spacing. Thus, a proper consideration of inductance in CNT bundles, 

results in them being more power efficient than previously thought. Another great 

advantage of repeaters with reduced area for CNT bundle relieved routing constraints 

and less via blockage [31]. 

 

 

Fig.  2.18 latency for 18mm wire length of Cu and CNT vs. wire width with various 

mean free path. Five curves corresponding to the left y-axis – one for Cu and four 

CNT bundle. Solid lines are for RC. Dotted lines are for RLC. Both RC and RLC lines 

are overlapped in Cu line. Light dotted line is latency error between RC and RCL 

models of CNT bundles with mfp of 3.6 μm 
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Fig.  2.19 Energy per bit for 10mm wire of Cu and CNT vs. wire width with various 

mean free path. Light dotted lines are RLC models. Solid lines are RC models. Cu 

(RC and RLC) line overlaps CNT (RC) lines 

 

 

2.2.2.3 Optical Interconnect Modeling 

The basic architecture of optical link consists of an off-chip laser, a quantum-well 

modulator at the transmitter (converts CMOS gate output to optical signal), a 

waveguide comprising a silicon core (refractive index~3.5), and SiO2 cladding as the 

transmission medium, and a transimpedance amplifier (TIA) followed by gain stages 

at the receiver (Figure 2.20). The total delay of an optical interconnect is the sum of 
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the transmitter, waveguide, and the receiver delays. The transmitter delay arises from 

the CMOS gate driving the capacitive modulator load. It is minimized using a buffer 

chain and is dependent on the fan-out-four (FO4) inverter delay of a particular 

technology node. The waveguide delay is dictated by the speed of light in a dielectric 

waveguide (~11.3ps/mm). Finally, the receiver delay is calculated based on circuit 

considerations. It assumes the input pole (the node at the input of TIA) to be dominant 

and is optimized to meet the bandwidth and the bit error rate (10
-15

) criteria. The total 

power dissipation for the optical interconnect is calculated by optimizing the sum of 

the receiver and the transmitter power dissipation as outlined in reference [32] in the 

context of off-chip interconnects.  

 

Fig.  2.20 The schematic of quantum-well modulator-based optical interconnect. The 

modulator parameters assumed for this optical interconnect were taken from ref. [33] 
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and were assumed to be insertion loss (IL)=0.475, contrast ratio (CR)=4.6, and bias 

voltage (Vbias)=4.7V. 

 

 

2.2.2.4 Latency and Energy per Bit as a Function of 

Scaling 

 

Fig. 2.21 compares the interconnect latency of CNT, Cu, and optics based links as a 

function of the technology node for semiglobal (~1mm) and global (~10mm) wires. 

For mean free paths (lo) of 0.9μm and 2.8μm, CNT wires show 1.6X and 3X latency 

improvement, respectively, over Cu at all technology nodes. Optical wires show an 

advantage over both CNT and Cu for longer lengths (~10mm) because a large fraction 

of the delay occurs in end-devices. For 1mm long wires, optics becomes advantageous 

over CNT only at smaller technology nodes. This is because with scaling, CNT and Cu 

latency increases, whereas, optical delay reduces due to an improvement in transistor 

performance (transmitter and receiver).  
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Fig.  2.21 Latency in terms of technology node for two different interconnect lengths. 

lo is the mean free path and PD is packing density of metallic SWCNTs in a bundle. 

SWCNT diameter (dt) is 1nm. For optics, the capacitance of monolithically integrated 

modulator/detector (Cdet) is 10fF [34][35]. 
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Fig.  2.22 Energy per bit vs. technology node for two different interconnect lengths 

corresponding to global and semiglobal wire length scales. For CNTs, PD is 33% and 

the wire diameter, dt is 1nm. For optics, the capacitance of monolithically integrated 

modulator/detector capacitance (Cdet) is 10fF [34][35]. 

 

Fig. 2.22 compares the energy per bit requirements of the three technologies. For 

Cu/CNT wires the dominant energy is the dynamic switching energy: CV
2 

(C is total 

capacitance that includes the wire and the repeater components, V is the voltage), 

while for optics it arises from the static power dissipation in the end-device amplifiers. 

For 10mm, global wires, optics is most energy efficient, while for 1mm, semiglobal 

wires both Cu and CNT present a better efficiency than optics. While, at all length 

scales and at 22nm node, CNTs with lo=2.8μm are 20% energy efficiency compared to 

Cu. This is because CNT operates in RLC region, where a smaller resistance results in 
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a smaller optimum repeater size, hence a smaller total repeater capacitance [36] This is 

in contrast with an RC wire, where the total optimum repeater capacitance is a 

constant fraction of the wire capacitance, irrespective of the resistance. The 0.9μm l0 

CNT exhibits similar energy per bit as Cu because even though l0 is larger than Cu, the 

sparse (33%) PD results in a resistance similar to that of Cu. 

 

 

Fig.  2.23 Latency and energy per bit in terms of wire length for the 22nm technology 

node. lo is the MFP. For optics, the detector capacitance (Cdet) is 50fF and 10fF. 
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Fig. 2.23(a), explores the dependence of latency on the wire length between 

Cu/CNTs and optics.. The delay in all three technologies linearly increases because 

Cu/CNTs are buffered with repeaters in a delay-optimized fashion and for optics, the 

latency of the medium is linearly dependent on the length. Optics clearly shows the 

lowest latency for the reasons stated above. CNTs with lo=0.9μm and lo=2.8μm give 

1.6X and 3X latency improvement over Cu, respectively, as shown in Fig. 2.23(a). 

 

Fig. 2.23 (b) gives comparisons of energy per bit as a function of the wire length 

between the three technologies, depicting that, while Cu/CNTs gives a linearly 

increasing energy per bit as length increases, optics shows almost constant values at 

all length scales. This is because the static power from the end devices in optics does 

not scale with length, whereas dynamic power in electrical wires do. Here, below 

4mm (semi-global interconnect), CNTs with lo=2.8μm can outperform the optics. In 

addition, below the length of 3.8mm, Cu and CNTs with lo=0.9μm can outperform the 

optics  

 

 

 

2.2.2.5 Latency, Power Density and Bandwidth Density 

 



Chapter 2 - Performance Comparison Study 

- 56 - 

 

Fig.  2.24 Power density and Latency vs. Bandwidth density (ΦBW ) comparison 

between Cu, CNTs and Optical interconnect for different switching activities at 

10Gb/s global clock frequency (fclk). Bandwidth density is implicitly changed by wire 

pitch for Cu and CNTs and number of channels of WDM for optical interconnect. For 

CNTs, l0 is 0.9um and PD is 33%. For optics, detector capacitance (Cdet) is 10fF 

[34][35]. (wire length = 10mm, 22nm transistor technology node) 

 

Modern multi-core processors can be limited by the inter-core communication 

bandwidth. This coupled with a limited processor perimeter, puts a premium on BW. 

An ideal wire technology should provide a large BW , at the lowest possible latency 

and power density. We now take a system‟s top-down view, and compare the power 

density and the latency penalty incurred to achieve an architecture dictated, global 
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wire, BW for all three technologies (Fig. 2.24). For Cu and CNT wires a larger BW is 

achieved by implicitly reducing wire pitch, while keeping bandwidth per wire constant 

(assumed to be dictated by the global clock: 10Gbps) using wave pipelining between 

repeater stages. Thus, the maximum achievable BW is limited by the minimum wire 

width (ITRS [4]) and is also shown in Fig.2.24. The minimum wire pitch (maximum 

BW) can be limited to a larger (smaller) value by practical considerations such as 

excessive area of the repeaters. For optical interconnects a larger BW is achieved using 

a different mechanism because the waveguide size cannot be reduced beyond a certain 

point. Instead, optical wires deploy denser wavelength division multiplexing (WDM) 

and the maximum BW is limited by the degree (no. of wavelengths) of WDM. 

  

In Fig. 2.24, optical links exhibit the lowest latency, followed by CNT bundle and Cu 

at allBW. Further, the optical latency is independent of BW, since a higher BW is 

achieved just by adding more wavelengths, which does not impact the latency of each 

wavelength. In contrast, both CNT and Cu latency increases with BW, as a smaller 

wire pitch increases resistance and the resulting number of repeater stages. Thus, 

optical link latency advantage becomes more pronounced to about 13X and 8X better 

than Cu and CNT, respectively, at very high inter-core BW   requirement.  

 

In contrast to latency, power density rises linearly with BW for an optical wire (Fig. 

2.24) as the additional bandwidth arises from equally power consuming wavelength 

channels. Whereas, the CNT and Cu power density increases non-linearly with BW, 
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following the dependence of total wire capacitance (repeater and wire capacitance) on 

wire pitch: At high BW (small wire pitch), IMD capacitance dominates, whereas at 

smaller BW (large pitch), ILD capacitance is larger. Fig. 2.24 also shows that CNT 

(lo=0.9um) and Cu have equal power density as a result of a similar wire and repeater 

capacitance. However, a higher CNT lo renders a lower power density than Cu (not 

shown) as a smaller resistance in RLC regime results in a smaller optimum repeater 

size. The coupling capacitance plays an important role in determining both power and 

delay. However, for power calculation, on average, the nominal capacitance is a good 

approximation. 

 

Finally, the power dissipation in the electrical schemes has a strong switching 

activity (SA) dependence. The optical link, to first order, is independent of SA as most 

of its power is static in nature. The optical links exhibit a lower power density than 

both Cu and CNTs for SA=100%. Whereas, at SA=20%, there is a critical BW beyond 

which the optical links are more power efficient. Thus, optical interconnects are more 

power efficient at larger required BW, larger SA, and larger lengths. Fig. 2.25 

explicitly plots the power density as a function of SA for each of the three technologies, 

showing the critical SA beyond which optical wire power density is superior. These 

trends in SA insinuate the importance of architectural differences to maximally exploit 

the potential of optical wires.  
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Fig.  2.25: Power density vs. SA (switching activity) with different bandwidth density 

(ΦBW ) at 10 Gb/s global clock frequency. For CNT, PD is 33% and l0 

optics, detector capacitance (Cdet) is 10fF [34][35]. ( wire length = 10mm, 22nm 

transistor technology node) 
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2.2.2.6 Impact of CNT and Optics Technology 

Improvement 

The performance of CNT is a strong function of l0 and PD, whereas, optical wire 

performance critically depends on capacitances associated with the detector and the 

modulator (Cdet, Cmod). In this section, we quantify the impact of these device and 

materials parameters on the comparisons. Such an analysis is useful for technologists 

to get an idea of the required parameters from a system‟s standpoint, to make their 

technology competitive. Fig. 2.26 (SA=20%) illustrates that an improvement in CNT l0 

from 0.9μm (practical) to 2.8μm (ideal) and in PD from 0.33 to 1 results in some 

reduction in power density for all BW. Moreover, the improvement in l0 shows a 

stronger impact than an improvement in PD. This is because PD increase results in a 

smaller increase in inductance to resistance ratio (L/R) as Lkin also decreases along 

with R. For this SA and for Cdet=25fF, CNT and Cu outperform optics. However, if the 

Cdet and Cmod can be brought down to 10fF using a monolithic detector (as opposed to 

hybrid bonded III-V detector), optical wires outperform other technologies even at 

smaller SA. 
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Fig.  2.26  The impact of CNT and optics technology improvements on Power density 

vs. bandwidth density curves (SA = 20%). Cdet reduction for optics results in a large 

improvement in power density. ( wire length = 10mm, 22nm transistor technology 

node, fclk=10Gb/s) 

 

 

 Similarly, Fig. 2.27 captures the impact of technology parameters on 

the latency. For CNTs, improvement in both l0 and PD results in a substantial decrease 

in latency compared to Cu. With ideal l0 and PD, and at lower BW, latency 

performance is comparable to optical wires. 
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Fig.  2.27: The impact of CNT and optics technology improvement on latency vs. 

bandwidth density. CNT parameter improvement results in a very large improvement 

in latency over Cu.   CNT with ideal parameters has comparable latency to optical 

wires at very low ΦBW. ( wire length = 10mm, 22nm transistor technology node, 

fclk=10Gb/s) 
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Chapter 3 
 

Capacitvely Driven Low-Swing 

Interconnect (CDLSI) and Its Analytical 

Modeling 

 

3.1 Introduction 

On-chip power consumption has become a serious problem in deep sub-micron 

technology nodes. Not surprisingly, it was found that interconnects contribute to a 

significant fraction of the energy consumption. This is even more serious for FPGA of 

which interconnect fabrics constitute most of the chip area. [1]  

 

Especially global interconnects are larely responsible for this problem because 

clock distribution and global signaling wires dissipate a large portion of dynamic 

power. To alleviate this problem, many circuit techniques have been suggested [2][3]. 

The most common power reduction technique is to reduce voltage swing and decrease 

dynamic power dissipation from capacitive wires. 
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Fig.  3.1 (a) Schematics of conventional low swing interconnect scheme. (b) 

Equivalent circuit of (a) 

 

Fig 3.1 shows the basic concept of low swing interconnect with driver and 

receiver. An incoming signal with full rail to rail swing is converted to reduced swing 

through a driver (usually level shifter with different supply voltage). Then the reduced 

swing propagates through diffusive RC wire. Finally, a receiver regenerates low the 

swing signal to full swing signal via another level shifter. Conventionally, driver and 

receiver in this system employ level shifters with additional voltage supplies. Fig 3.2 

illustrates more detailed view of such system. The driver uses low level supply voltage 

to drive a full swing to a low swing and the receiver uses a level converter [4] with full 

supply voltage.   
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Fig.  3.2 Conventional low swing scheme with additional power supply 

3.2 Repeated CDLSI 

Conventional low swing interconnects (where logic operations are done at 

normal voltages, however, signal transmission is done at a reduced voltage) are 

attractive as they tackle the wire energy problem head-on by reducing dynamic power. 

However, this advantage is typically accompanied by a latency penalty and a reduction 

in the noise margin. Moreover, they usually require a secondary low voltage power 

supply, which makes the system more expensive and complex [3]. Recently, CDLSI 

was shown to exhibit excellent energy saving without seriously impacting latency 

(Fig.3.3) [5][6]. The key element in this system is the coupling capacitance, which not 

only eliminates the necessity of a secondary power supply, but also introduces pre-

emphasis (the high frequency emphasis arising from the pole-zero pair of the high pass 

filter network), resulting in bandwidth improvement. Wires are differential and twisted 

in order to cancel the coupling noise. The coupling capacitor (Cc) is inserted between 

the transmitter and the wire. The receiver comprises of strong arm latch sense 

amplifier  
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Fig.  3.3 (a) Simple illustration of repeated capacitively driven low swing interconnect 

(CDLSI). l is a segment length. w is the size of Tx/Rx. (b) Zoomed schematic of one 

segment of CDLSI. (c) Equivalent circuit model of one segment. Dashed box indicates 

a distribution model ofz the wire. Fanout of between the sense amplifier and the RS 

latch is assumed to be 1 (wSA=wRS=w). 

 

 

followed by a RS latch (Fig. 3.3). The sense amplifier boosts a reduced swing 

to full rail to rail swing. The common mode of this amplifier is set at supply voltage 

through PMOS transistor at the receiver side. The RS latch is inserted in order to 

register the output value of the sense amplifier. 
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3.2.1  Analytical Model 

The delay of this system based on a modified Elmore model is given by 

 

   (3.1) 

 

Switching model dependent parameters a and b, in 10-90% rise/fall time case, 

are 2.2 and 1.1 respectively. Additional coefficient γ is introduced to describe the pre-

emphasis effect with Cc. γ reduces with Cc. since Cc and Cw constitutes the capacitive 

voltage divider. Thus level of the swing can be determined by the ratio between two 

values.  Here γ is assumed to be approximately 0.3, corresponding to the point where 

Cc is nearly 1/15 of Cw. Rtr is an effective resistance of a NAND gate when pull up and 

pull down resistances are equalized. Cp is output capacitance of transmitter. Rw and Cw 

are wire resistance and capacitance respectively. CL is load capacitance corresponding 

to the input of the sense amplifier. tSA is the delay of the sense amplifier given as [7] 
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Io is the current flowing through the enabling transistor (MEN) of the sense 

amplifier in Fig. 3.4 when it is enabled. Vthp is the threshold voltage of PMOS 

transistor (Mn1 and Mn2). β is a constant determined by the technology. gmeff is 

SALwwwcptr tCRCRbCCaR  )()( 
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effective transconductance considering all effects from Mn1,Mn2,Mn3 and Mn4 in 

Fig. 3.4. More detailed expressions regarding Io and gm,eff are given as [7] 
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VINDC is an input common mode voltage applied to IN1 and IN2. In our case, VINDC 

is same as VDD since the common mode is tied to supply voltage level. tSA in eq. (3,1) 

is the summation of two delay components. First term represents the delay to 

discharge the capacitive output load until PMOS in cross coupled inverters turns on. 

Second term is responsible for the time delay for the non-regenerative output voltage 

to drop to half VDD level.  

 

Analytical expression of energy per bit for CDLSI is given by  

 

 (3.5)  

 

Vdd and ΔV are supply voltage and reduced swing respectively. Eq (3.5) 

represents two components: 1. purely dynamic energy dissipation component from the 

wire and input load 2. static energy dissipation from the sense amplifier. The value of 

ddSAoddcLwddpbit VtIVVCVCCVCE })()({ 
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reduced swing is assumed to be 50mV, lowest reported value which can still be noise 

tolerant [5]. 

 

Fig.  3.4 Schematic view of strong arm latch sense amplifier in the receiver side of 

CDLSI. 

3.2.2 Delay Optimization 

 

The minimum delay of CDLSI with multiple repeater insertion can be calculated in 

a similar fashion to the conventional delay optimization method. The total delay of the 

repeated CDLSI can be expressed as  
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L and l are the total length and the segment length of CDLSI, respectively. wRS and 

wSA are the width of input in RS latch and sense amplifier, respectively. We assume 

that the fanout of the sense amplifier is one (wSA=wRS=w) for the convenience of 

calculations. With this assumption, we find that tSA can be simplified as a constant 

(tSA=A) owing to the linear dependence of Io, CL, gmeff and β on w. Then, we take a 

partial derivative on Eq. (3.6) in terms of l and w, equalize them to zero, and obtain the 

delay optimal segment distance (lt.opt) and the repeater width (wt.opt). 
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Minimum delay can be achieved by plugging Eq. (3.8) back into Eq. (3.6).  

 

3.2.3  Delay-Power Optimization 

 

Blindly sizing repeaters with just delay-optimization can result in excessive power 

consumption. This becomes more serious in future nodes. As fig 2.5 (b) in section 

2.1.2 shows, it can easily surmount the power budget below 32nm technology node. 

This exorbitant power consumption can be reduced at the cost of a small delay penalty 
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in an optimized fashion [8]. This methodology is acceptable as long as delay doesn‟t 

violate system required timing constraints in clock synchronized system. We applied a 

similar approach on delay-power optimization, however this time for the CDLSI 

interconnects. We typically decrease w and increase l for power reduction such that w 

= wτ.opt • xw and l=lτ.opt • xl. Here, xw and xl indicate the fractional reduction in sizing and 

expansion in spacing from the delay optimal point. The fractional change in energy 

per bit of CDLSI is expressed as  
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 Eτ.opt denotes energy per bit when delay is optimized. The delay penalty, μ, is given as 

a ratio of sub-optimal delay, where xl and xw are not equal to one, to the optimal delay. 

This is expressed as 
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 Now, power can be saved with setting a target η (<1) by trading the delay. However, 

the associated delay penalty can be minimized by searching for the optimal point 

within the given η value. This can be done with following steps. 

 1. Set a target fractional energy saving by setting η (<1). 

2. Rearrange Eq. (3.9) in terms of xl as a function of η and xw such as xl=g(η,xw) 

3. Plug xl achieved in step 2. into Eq. (3.11)  

4. Take a partial derivative on μ in terms of xw and equalize it to zero. 

 

Fig.  3.5 Factional delay penalty (μ) vs. fractional energy saving (η) for a 10mm 

global wire. Left figure is for the conventionally repeated wire and right figure is for 

the repeated CDLSI. topt and Eτ.opt are both delay optimized values. 
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 Outputs of this optimization methodology for both conventional wire and CDLSI are 

shown in Fig. 3.5. The gray lines indicate various local minima in delay penalty for a 

given energy saving. Various curves are for different sub-optimal repeater spacings. 

For conventional wires, the graph clearly shows that almost 40 % (η ~ 0.4) of the total 

power is consumed by the wire (excluding the transceivers) when the interconnect is 

delay optimized. For CDLSI, on the other hand, transceivers consume the bulk of the 

power for the same condition. As a result, for a given delay penalty, the impact of 

power saving (ΔEsav/Eτ.opt) in CDLSI is greater than that in the conventional wires. 

 

3.3 Performance Comparison between CDLSI and 

Conventional Signaling Scheme 

 

3.3.1 General Metrics: Latency and Energy per Bit 

Wire bandwidth of the conventional repeated global interconnect is dominated 

by the delay of a segment as several bits can travel at the same time in the pipelined 

interconnect system. Thus, inverse of a segment delay is a measure of the highest 

achievable wire bandwidth. In practice, bandwidth is a fraction of this because 

subsequent bits have to wait several segment delays (not just one) to ensure reflections 

have subsided from the previous bit. Each point of the delay-energy optimization 
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curves in Fig. 3.5 implicitly also bears information on its bandwidth since its segment 

delay is determined by segment length (l in Fig. 3.3) and transceiver size (w in Fig. 

3.3). Fig 3.6 compares the delay of conventional wire and CDLSI as a function of wire 

bandwidth in 22nm technology node (10mm global wires). Wire bandwidth is chosen 

to be the  

 

Fig.  3.6 Delay vs. wire bandwidth for both conventionally wire and CDLSI for 22nm 

technology node. Length is assumed to be 10mm. Wire width is fixed as 4 times the 

minimum wire half pitch 
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independent variable as it is likely to be dictated by the requirements of the 

multicore architecture. Given this requirement, the idea is to find the interconnect, 

which can do the job fastest and with least power. CDLSI shows a clear delay 

advantage below 10Gbps bandwidth range due to its pre-emphasis effect. However, 

the maximum allowed bandwidth for CDLSI is much less than the conventional wire 

due to the performance limits of transmitter/receiver. CNTs can further reduce delay 

for both  

 

Fig.  3.7 Energy per bit vs. wire bandwidth for both wire circuit schemes for 22nm 

technology node. Length is assumed to be 10mm. Wire width is fixed as 4 times the 

minimum wire width. 
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circuit schemes with their advantage over Cu by improving PD to 1 and lo to 

2.3μm. Optics still shows the lowest delay for all bandwidth ranges. Fig. 3.8 compares 

the energy per bit for 10mm global wire under the same conditions as in Fig. 3.7. For 

both electrical signaling schemes, higher wire bandwidth requires more energy 

dissipation owing to its high demands for many repeaters. CDLSI presents much lower 

energy per bit than conventional repeated wire because of reduced voltage swing 

(50mV) from the wire. Optical interconnect is also favorable in terms of energy. 

However, below 5Gbps, CDLSI exhibits lower energy per bit than optics. CNTs don‟t 

help in reducing energy per bit as low resistivity does not impact energy consumed by 

repeaters. 

 

3.3.2  Compound Metrics: Latency, Energy Density, 

and Bandwidth Density 

 

Two methods can be used to increase bisectional bandwidth density. First is to 

fix a wire bandwidth, while decreasing the wire pitch as done in chapter 2, section 

2.2.2.5. The second is to keep the wire pitch constant, while increasing the wire 

bandwidth. These approaches are shown in Fig. 3.8. The same approach can be taken 

for energy/bit vs. bisectional bandwidth density. In Fig. 3.9, we compare the lowest 

delay as a function of required ФBW, taken from the lower of the two approaches in Fig. 

3.8. CDLSI shows better delay  
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Fig.  3.8 Delay vs. bisectional bandwidth density (only for Cu). Wire pitch is 

decreased from 6x minimum wire width (ITRS defined) to 1x minimum wire width. 

Ln(n) is the delay- φBW line defined by method 1. 

 

 

performance over the conventional wire only in the low ФBW domain. We 

observe that ФBW window of CDLSI is limited by two factors: firstly, its low intrinsic 

wire bandwidth caused by high transceiver delay as shown in Fig. 3.6,3.7 and 

secondly, 2x wire pitch occupancy of CDLSI due to differential signaling. CDLSI‟s 

delay advantage over the conventional wire degrades as the system requires higher 
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ФBW. This is 

 

Fig.  3.9 Delay vs. bisectional bandwidth density (φBW). For optics, WDM technique is 

assumed. (Total 10 wavelengths width 10Gbps/ch bandwidth)  

 

because too small wire width, in turn, results in too high resistivity, demands 

excessive number of transceivers, cancelling the advantage of pre-emphasis effect 

from the wire. CNTs with a higher filling factor (PD=1) can reduce delay further. For 
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3.10 compares energy density (pJ/μm) as a function of system required ФBW. CDLSI 

also loses its energy advantage over conventional wires for high ФBW for the same 

reason as in Fig. 3.9. Optics, although difficult to inexpensively implement, shows the 

best performance. 

 

Fig.  3.10 Delay vs. bisectional bandwidth density (φBW). For optics, WDM technique 

is assumed. (Total 10 wavelengths width 10Gbps/ch bandwidth)  
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3.3.3  Impact of Via Blockage Factor 

As the dimensions of wire cross section scale down, wire demands more repeaters 

to surmount high resistivity. These repeaters embedded in a substrate level need to be 

connected to global metal levels (metal 6-9) through many vias. Thus, the area 

consumption by repeaters and concurrent via congestion (or via blockage) become a 

non-negligible problem [10][11]. Via blockage severely degrades the wire routing 

efficiency due to its ripple effect from the via [12]. This is particularly important due 

to the growing complexity of routing and layout in gigascale integration. There are 

two main factors that motivate us to examine the impact of the CNT bundle and 

CDLSI on via blockage: 1) Lower resistivity of CNTs has correspondence with the 

reduction in a number of repeaters per wire (NR); 2) For CDLSI, a relative slowness of 

sense amplifier causes increase in repeater spacing (l) because delay optimization 

process is about equalizing the latency between wire and repeater. For via blockage 

calculations, analytical formulation expressed in [12] is used. This is given as  











wc

ww
VB

P

s

A

PN
A


1

2

   (3.12) 

Nw is total number of vias per chip which can be found using a stochastic interconnect 

length distribution [11]. Pw is the metal wire pitch, Ac is the chip area, and s is a via 
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covering factor, typically assumed to be 3. The gate length is 2λ. For the calculation of  

 

Fig.  3.11 Number of repeaters per wire vs. bandwidth. Wire length is 10mm (global). 

Minimum wire width at 22nm technology node is assumed. 

 

Nw, Rent‟s exponent (p) is assumed to be 0.55 and 0.58. In Fig. 3.11, the number of 

repeaters per 10mm wire (NR) is computed as a function of wire bandwidth based on 

different technologies (Cu and CNTs) and circuit schemes (CDLSI). It is shown that, at 

the delay minimum point, CDLSI reduces NR approximately 4X compared to the 

conventional wire at the cost of bandwidth. CNTs can also reduce a large number of 

repeaters about 6 ~ 7X compared to Cu. Fig. 3.12 plots AVB under the same condition 

in Fig. 3.11. Here, CNTs alleviates AVB 2.7X compared to Cu mostly because of a 
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reduced resistance and number of repeaters. However, at the delay minimum point, 

CDLSI only improves AVB approximately 18% compared to conventional wire despite 

of a significant reduction in the number of repeaters. Moreover, at the same bandwidth 

point, AVB of CDLSI is even worse than the conventional wire although NR is almost 

similar between them. These phenomena simply originate from its differential 

signaling scheme because it doubles the number of vias. In addition, lowering the 

intrinsic wire bandwidth also helps reducing via blockage factor because trading the 

power with the bandwidth or the delay comes with a reduction in number of repeaters 

(vias).  



Chapter 3 – Capacitively Driven Low-Swing Interconnect 

- 89 - 

 

Fig.  3.12 Via blockage factor for global/semiglobal wire vs. bandwidth. Rent‟s rule 

coefficient is assumed to be 0.55 and 0.58. Minimum wire width is assumed. 
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Chapter 4 

 

DC and AC Characterization of Metallic 

Single Wall Carbon Nanotube 

 

4.1 Motivation 

Throughout chapter 2 and 3, m-SWCNTs have been studied for high performance 

on-chip interconnect application. Basic RLC values of m-SWCNT were assumed based 

upon mostly theoretical reports [1]. However, there exists experimental uncertainty 

about DC resistance (R) and AC reactance (LC) of m-SWCNT. For instance, existence 

of Lk is still obscure due to two conflicting reports [2][3]. Another example is the non-

linear Ohmic behavior of m-SWCNTs, which have a high potential for low swing 

operation in local interconnect [4]. Therefore, it is imperative to conduct an in-depth 

study of m-SWCNT transmission line components both theoretically and 

experimentally.  

Theoretically, the fundamental DC resistance of SWCNT has been predicted to be 

6.45kΩ assuming no scattering events. Lüttinger liquid theory by Burke describes the 
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AC model of SWCNT as a nano-transmission line with a distributed LC components 

and predicts the kinetic inductance of 16nH/μm and the quantum capacitance of 

100aF/μm [1].  

On the other hand, there have been several experimental attempts to measure DC 

and RF characteristics of m-SWCNT. Yao et al. discovered the non-linear Ohmic 

behavior of m-SWCNTs in a DC regime [4]. Plombon et al. first reported the existence 

of kinetic inductance (8~43nH/μm) of m-SWCNTs with typical RF measurement and 

pad de-embedding technique [2]. There are also other reports about high frequency 

characteristics of SWCNTs [3][5]. However, all the aforementioned works conducted 

a characterization in a separate domains (DC or RF) and have not compared the 

extracted resistances in both domains.  

This work not only performs separate DC and RF measurements on SWCNTs but 

also captures the consistency of the non-linear conductance with respect to the applied 

bias both from DC and RF measurements. Results also prove the existence of high 

kinetic inductance.  

 

4.2 Fabrication of SWCNT Test Structure and 

DC/RF Measurement 

 

Fig. 4.1. shows the steps for the fabrication of the test bench of m-SWCNT RF 

characterization. Ground-signal-ground  type electrodes were fabricated for the high 

frequency s-parameter measurements on a m-SWCNT. The pad size is 90x90 μm
2
 and 
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signal to ground pitch is 150μm. Pd/Cr (300nm/15nm thickness) layer was evaporated 

on a quartz wafer and lifted off as patterned. Cr pad layer is to give more adhesion of 

Pd to the substrate. Quartz substrate was selected for the purpose of minimizing the 

substrate capacitive coupling between Pd pads. m-SWCNTs were aligned between Pd 

pads using dielectrophoresis (DEP) technique. DEP is very useful technique to align 

CNTs by applying sinusoidal voltage signal with high amplitude and frequency to 

excite dipoles in CNTs [6]. Before DEP was applied, SWCNTs powder was diluted in 

an ethanol solution with proper sonication treatment. SWCNT solution was dispensed 

on Pd test pads. Then, immediately 25 Vpeak-to-peak with 10MHz frequency was applied 

to the pads until the solution dried out. Additional Pd caps were deposited on the 

contact edges between m-SWCNTs and Pd pads after the DEP alignment to provide 

better contact resistance. A 10 min annealing at 200C in an inert ambient (N2) was 

done to give a concrete orbital bonding between the SWCNT and metal, minimizing 

contact resistance. m-SWCNTs showing a current saturation at high bias among many 

samples were selected as device under test  by measuring IV curve [4]. Fig. 4.2 shows 

the microscopic picture of completed RF GSG test structure. Fig. 4.3 shows the SEM 

image of aligned single m-SWCNT on the 4μm gap between Pd fingers.   
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Fig. 4.1  (1) 300nm thick Pd metal pads are evaporated on a quartz substrate and 

lifted off. (2) DEP (100Mhz, 25Vpp) technique is used for the alignment of SWCNTs 

between pads. (3) Pd cap layer is evaporated on contact area between SWCNT and 

metal. Quick annealing (10min) at 200℃ in an inert gas is done after the contact layer 

deposition for better contact resistance (4) DC measurement is done to collect only m-

SWCNTs (5) Additional metal deposition is done for complete ground-signal-ground 

structure. (6) RF measurement is done with ground-signal-ground probes and vector 

network analyzer tool 
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Fig. 4.2 Microscopic picture of the array of RF measurement test pads. CNTs are 

aligned between thin figures marked with a circle. 

 

 

Fig. 4.3 SEM image of one metallic SWCNT aligned on the Pd pads. The gap between 

the pads is 4μm. Inlet is the E-k diagram of m-SWCNT. a) All electrons sit in the 
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states below the Fermi level at zero bias. b) Under high bias, right moving electrons 

below EFA move to empty states in left moving band above EFB after they reach the 

threshold energy (ћΩ). 

 

 

 

4.3 RF Measurement and Model Fitting of m-

SWCNT Interconnect 

 

The s-parameter was measured with an Agilent E8361C vector network analyzer. 

When RF measurements were performed for a microstructure, it is critical to remove 

all unwanted parasitic components unless all embedded structures are impedence 

matched. There are two sets of major contributors to these parasitics. The first set 

consists of transmission cables and RF probe tips. Second is Pd metal pad. All these 

components respond to high frequency input signal, preventing observers from seeing 

the outputs of device under test solely. The difficulty in measuring RF response of 

microstructure is well illustrated in Fig. 4.3  
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Fig. 4.4 Schematic of RF measurement test bench. It includes device under test (CNT), 

probes/cables parasitics, and Pd metal pad parasitics. They all respond to the RF 

signal 

 

Thus, appropriate removing procedure for all unwanted parasitics should be 

applied. The standard short-open-load-thru (SOLT) calibration technique was 

employed to remove transmission line parasitic components of the co-planar 
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waveguide (CPW) and the RF probe tips (Cascade coplanar ground-signal-ground 

150μm) [7]. Pad de-embedding procedure was applied to remove series and parallel 

impedance of ground-signal-ground pads. For this, a 3 step de-embedding method 

was used [8].  

 

Fig. 4.5 S11 and S21 curves of RF measurement of m-SWCNT with vector network 

analyzer. The 3 step de-embedding procedure is shown in the plots. As measured, 

parallel removed, and series removed are marked with blue, green, and red 

respectively. It is shown that quartz substrate minimized capacitive coupling 

parasitics between metal pads. 

As measured

Parallel removed

Series removed
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Fig. 4.6 S12 and S22 curves of RF measurement of m-SWCNT with vector network 

analyzer. 3 step de-embedding procedure is shown in the plots. As measured, parallel 

removed, and series removed are marked with blue, green, and red respectively. It is 

shown that quartz substrate minimized capacitive coupling parasitics between metal 

pads. 

 

After the calibration for cables and probes was done, s-parameters were 

measured. The frequency spans from 10MHz to 30GHz. Fig 4.4 and 4.5 plot all sets of 

s-parameters (S11 S21 S21 S22), which are the ratio between input and output power 

described in eq. (4.1), as a function of frequency.  
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where P refers to input/output power. The subscript x in Sxy means output port 

and y means input port. For example, S12 stands for the power ratio between input 

port 2 and output port 1. In each graph in fig 4.4 and 4.5, 3 steps of de-embedding 

procedure for pad parasitic are shown with different colors. It clearly shows the 

advantage of using quartz as a substrate because error from pad capacitive coupling 

can be minimized. After series impedance of pads is removed, s-parameters of m-

SWCNT only are shown in red lines. The impedance of m-SWCNT was converted 

from the measured s-parameter data and compared with the model. The lumped 

circuit model used for the curve fitting can be described as [2]. 

kcntcc LjRCjRR   )/1||(2     (4.2) 

where, Rc and Rcnt are the contact and the channel resistances respectively. Cc 

is the coupling capacitance between the pad and the contact edges. Lk is the kinetic 

inductance. ω is the frequency of applied signal. Fig 4.6 shows the equivalent circuit 

of this model. 

 

Fig. 4.7 Lumped equivalent circuit model of m-SWCNT in RF measurement test 

bench to fit the measured data. 

 

4um Long

Cc Cc
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 Fig 4.8. shows the comparison between the amplitude of measured impedance 

and the fitted curves as a function of the frequency with an input power of -10dBm. 

Here, fitted Rc , Rcnt and Cc are 34 kΩ/μm, 4.1 kΩ/μm, and 40fF respectively. The 

amplitude drops at low frequency because Cc creates a short path from the pad to m-

SWCNT. The amplitude tends to saturate as the frequency increases due to the 

rebalancing effect by jωLk in the m-SWCNT channel. Fig 4.9. shows the phase 

difference between the real and imaginary parts of the amplitude. It is clear that the 

model doesn‟t fit the measured data without Lk. Lk is fitted with 60nH/μm in this 

graph. This result is a relatively higher value than the theoretical value (Lk=16nH/μm). 

The results are in good agreement with the previous reports [2][5] and prove the 

existence of kinetic inductance in m-SWCNTs. 
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Fig. 4.8 Amplitude of impedance of m-SWCNT as a function of frequency. Blue line 

is measured data. Red line is fitted data with the model specified in fig. 4.7 and 

equation in eq. 4.2 

4μm SWCNT

measured

fitted L=60nH/um

fitted L=0
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Fig. 4.9 Angle of impedence of m-SWCNT as a function of frequency. Blue line is 

measured data. Red line is fitted data with the model specified in fig. 4.8 and equation 

in eq. 4.2 

 

 Rcnt Rc Cc Lk 

AC Results 4.1kΩ/μm 34 kΩ/μm 40fF 60nH/μm 

Table 4.1 Extracted parameters in eq 4.2 with RF measurement of m-SWCNT. 

 

4.4 DC Measurement and Parasitic Extraction 

measured

fitted L=60nH/um

fitted L=0
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The DC current of a 4μm long m-SWCNT was measured. The current saturation 

around 30μA in fig. 4.10 proves the existence of the optical/zone boundary phonon 

emission when carriers attain a certain level of energy. This indicates that m-SWCNT 

shows different electrical properties in low bias and high bias. The DC resistance at 

low and high bias can be expressed as [4][9] 


 cnt

QMCcL

l
RRRR  2  






1

0
        at low bias       (4.3 a) 

SAT

cnt
QMCcH

I

Vl
RRRR 


2     at high bias     (4.3 b) 

where RQ is the fundamental resistance (=6.45kΩ), Rc is the side contact resistance, 

RMC is the middle contact resistance, lcnt is the length of the m-SWCNT and λ is the 

mean free path of the m-SWCNT. Here, Rc on the side contacts are assumed to be 

equal. 

 Rc and Rcnt values can‟t be extracted with a single I-V curve. Thus, we deposited a 

Pd rod (300nm width) in the middle of the same m-SWCNT samples used in RF 

measurements with E-beam lithography followed by lift off. The position of the rod is 

asymmetric in order to provide different lengths on either sides as illustrated in fig. 

4.11 inset. α factor in eq. 4.3 becomes one for the sample with Pd rod and zero 

without Pd rod. We measured the I-V characteristics on three different sets of two-

terminals a-b, a-c, and b-c. In eq. (4.3 a), there are three unknown parameters (Rc, RMC, 

λ) and we have three equations with three different lcnt,s, each corresponding to three 

different I-V measurements.  Thus, we can extract all unknown parameters. Fig 4.12. 
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shows three different I-V curves based on 4μm, 3μm, and 1μm long m-SWCNTs Fig 

4.13 presents the resistance of each different length of m-SWCNT. The reason for the 

higher resistance at low bias for shorter m-SWCNTs is due to high contact resistance 

of the middle Pd (RMC) rod. High resistance from a smaller width of middle Pd rod 

overpowers the reduction of channel resistance of a m-SWCNT. 

Table 4.2 shows the results of the extracted parasitic components with 4 μm long m-

SWCNT. We found that λ is 1μm, RCNT is 6.5kΩ/μm Rc is 14 kΩ , and RMC is 35 kΩ.  

  

Fig. 4.10 Current and conductance vs. voltage plot of 4μm long m-SWCNT. Bold and 

dotted lines represent the current and conductance respectively. It shows the non-

linear ohmic behavior of m-SWCNT. 

 Rcnt RC RMC λ 

DC Results 6.5kΩ/μm 20.5kΩ 35 kΩ 1 μm 
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Table 4.2 Extracted parameters in eq 4.3 with DC measurement of m-SWCNT.  

 

 

Fig. 4.11 Current vs. voltage of m-SWCNT with three different lengths. Inset 

illustrates additional Pd rod on m-SWCNT 
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Fig. 4.12 Resistance vs. voltage of m-SWCNT with three different lengths 

 

Table 4.3 compares all extracted parameters from DC and RF measurement of m-

SWCNT.  

 

 Rcnt RC RMC λ Cc Lk 

DC 6.5kΩ/μm 20.5 kΩ 35 kΩ 1μm N/A N/A 

RF 4.1 kΩ/μm 34 kΩ NA 1.57 μm 40fF 60nH/ μm  

Table 4.3 Comparison between RF and DC measurement of m-SWCNT 

 

4 μm

1.4 μm

2.3 μm
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DC resistance of m-SWCNTs is extracted from the RF measurement. This can 

be easily done with recording the resistance value at f=0Hz. The purpose of this 

extraction is to verify the consistency between RF and DC measurement and add 

more accuracy to the RF measurement. Fig. 4.10 clearly shows that the resistance of 

4μm long m-SWCNT increases non-linearly as a function of input power of vector 

network analyzer. Input power in dBm unit can be translated to input voltage swing 

(V) because the source impedence of vector network analyzer has a fixed value (50Ω), 

which is indicated on x-axis in fig 4.13. The result of this graph shows agreement 

with a non-linear Ohmic behavior of a m-SWCNT, which was shown in DC current-

voltage measurement of a m-SWCNT. This proves the consistency of the RF 

measurement results with DC measurement.  
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Fig. 4.13 extracted DC resistance from RF measurement of m-SWCNT. Input power 

is translated to corresponding voltage level. 

 

 

 

 

 

4μm SWCNT

0.5V0.1V
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Chapter 5 
 

Conclusions and Future Recommendations 

 

5.1 Conclusions 

 

This dissertation presents an in depth study of limitations in current Cu/low-k 

interconnect technology and recommends possible alternates to replace it. These 

alternates include new material (CNTs), different signaling medium (Optics) and a 

novel circuit scheme (CDLSI). We estimated performance metrics of alternates and 

compared them with conventional Cu/low-k interconnects. Finally, we turned our 

focus to RF characterization of m-SWCNT to investigate their availability for use in 

interconnects. For this, we fabricated a m-SWCNT interconnect and performed s-

parameter measurements to characterize both DC and RF properties. 

 

 First, we compared performance metrics of a CNT bundle and optics 

with Cu/low-k interconnect for local semi-global and global interconnects. For local 

interconnects, we have compared the performance of existing Cu wire with a CNT 

bundle based novel wire. In general, the CNT bundle shows lower latency than Cu. 

Moreover, CNT bundle‟s performance advantage can be further amplified by 

leveraging its superior electromigration properties and reducing the wire aspect ratio. 
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This reduces wire capacitance which dominates delay instead of wire resistance. We 

quantified these advantages by plotting the optimum latency as well as the optimum 

aspect ratio for all technologies. For global wires, we used proper inductance, 

resistance, and capacitance, modeling, as well as optical link optimizations to 

compare latency, power density/energy efficiency, and bandwidth density of Cu, 

CNTs, and optical wires. The first set of comparisons entailed latency and energy 

per bit as a function of technology scaling. We found optical wires to be superior, 

especially for longer links. For shorter semiglobal links, they yield comparable 

latency to CNT, especially at 22nm node, but they are worse in terms of energy per 

bit. The second set of comparisons involved fixing a technology node (22nm) and 

quantifying the latency and power density as a function of bandwidth density. The 

motivation was to take a systems approach from a multi-core architecture 

perspective. Bandwidth density was varied using different implicit parameters: wire 

pitch for Cu/CNT, and WDM for optics. Optical wires exhibit the lowest latency, 

while, the power density comparison depends on the SA. High SA yielded the best 

results, whereas at lower SA of 20%, there is a critical bandwidth density below 

which CNTs have the lowest power density. Finally, the impact of technological 

innovations on both optics and CNT were quantified. 

 

In addition, this dissertation discussed the drawbacks of the Cu/low-k technology 

and a conventional repeater inserted signaling scheme for global interconnects. To 

overcome this, we proposed carbon nanotubes, optics, and the CDLSI circuit scheme 

as promising alternatives. For the proposed electrical interconnect circuit schemes 
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(CDLSI), we optimized the performances in terms of bandwidth, latency, and energy 

per bit by leveraging the delay and power, and subsequently compared them with the 

conventional repeated interconnect. We find that the repeated CDLSI system has a 

significant delay and energy per bit advantage over conventional wires although it is 

limited in the maximum bandwidth that it can achieve. For higher system bandwidth 

requirement, CDLSI loses its excellent delay and energy per bit advantage over the 

conventional wire, making CDLSI the approach for relatively lower bandwidth. 

Comparison with optics shows that it is still the most favorable interconnect 

candidate for the future high bandwidth/bisectional bandwidth density demanding 

interconnects. Last set of comparisons revealed that CNTs can significantly alleviate 

the number repeaters required and via blockage, whereas the impact of CDLSI on 

via blockage is not prominent despite of reduction in number of repeaters. 

 

Finally, we identified the uncertainty of previous experimental results of m-

SWCNTs, especially AC characteristics. Thus, we turned our attention to 

experimental AC characterization of m-SWCNTs. We also performed DC 

measurement in order to measure the discrepancy with RF characterization. We 

fabricated 4μm long m-SWCNT interconnect on a quartz substrate. Pd was chosen 

for the pad material to suspend interconnects. In order to accurately extract the m-

SWCNT reactance, appropriate calibration and de-embedding technique were 

employed. Model fitting with measured s-parameters revealed the existence of a high 

kinetic inductance (~60nH/ μm). Subsequent DC (f=0Hz) resistance extraction from 

s-parameter measurements proves that the resistance of the m-SWCNT varies as 
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applied input power varies. DC current-voltage measurements with different lengths 

of the m-SWCNT was performed to extract hidden parameters of m-SWCNT such as 

contact resistance (Rc), and mean free path (), and they were compared with RF 

measurement results.  

 

5.2 Future Recommendations 

 

We have compared performance metrics of SWCNT bundle and Optics with 

Cu/low-k interconnects. However, there are still many possible options to replace 

conventional interconnects. For instance, performance comparison studies of 

interconnects with spintronics and plasmonics also need to be conducted with various 

constraints to investigate their applicability for future high performance VLSI 

applications. Performance comparison of those solution with conventional Cu/low-k 

interconnect is also imperative. In addition, performance evaluation work of CNTs and 

Optical interconnects should be extended to more application or architecture specific 

constraints to attain better insight for practical situation. Finally, DC measurements of 

short m-SWCNTs shows that they have great conductivity at low bias voltage. Having 

said the potential performance improvement with m-SWCNT wire in low voltage, it 

will be worthwhile to do more in-depth study about the applicability of a low voltage 

swing scheme with m-SWCNT in a local interconnect in order to achieve lower 

latency and power. 

 


