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I. INTRODUCTION

A S technology scales down, the transistor performance continues to improve. However, for interconnect, scaling leads to higher current density and more substantial resistance. The transition of interconnect material from Aluminum (Al) to Copper (Cu) a few decades ago enabled further scaling of interconnects. Nevertheless, Cu interconnects resistance rises rapidly as its dimensions scale and become comparable to the order of electron mean free path (∼40 nm at room temperature) [START_REF] Im | Scaling analysis of multilevel interconnect temperatures for high-performance ics[END_REF], [START_REF] Steinhögl | Comprehensive study of the resistivity of copper wires with lateral dimensions of 100 nm and smaller[END_REF]. Compared with Cu, carbon nanotube (CNT) has attractive properties such as ballistic transport, high thermal conductivity, and ampacity [START_REF] Todri-Sanial | Carbon Nanotubes for Interconnects[END_REF], [START_REF] Liew | Thermal stability of single and multi-walled carbon nanotubes[END_REF]. Because of strong sp 2 bonding between carbon atoms, CNT is much more resistant to electromigration (EM) and can sustain significantly larger current densities than Cu [START_REF] Wei | Reliability and current carrying capacity of carbon nanotubes[END_REF]. Furthermore, self-heating problem is a concern on deeply scaled Cu interconnects whereas CNTs have long ballistic electronic transport length ∼1µm, making them have higher electrical and thermal conductivities and thus capable of carrying high current density with virtually no heating thanks to its 1D electronic structure [START_REF] Todri-Sanial | A survey of carbon nanotube interconnects for energy efficient integrated circuits[END_REF]- [START_REF] Goel | High-Speed VLSI Interconnections[END_REF].

Compared with Cu line process, the fabrication of CNT requires different processing steps and much higher temperature (up to 900 o C [START_REF] Petit | Understanding Carbon Nanotubes, from Basics to Application[END_REF]) to achieve good quality CNT growth. However, achieving BEOL process compatible with CNTs would require to grow them at a lower temperature such as 450 o C to 500 o C. Growing CNTs at such temperatures introduces several variations, i.e., diameter, chirality. Furthermore, at such temperatures defects are omnipresent, and the most typical types are vacancies, interstitials, non-hexagonal rings and grain boundaries [START_REF] Collins | Defects and disorder in carbon nanotubes[END_REF], [11]. Defects can trap or scatter carriers and thus ultimately impact CNT interconnect performance.

Good contacts between the CNTs and metal electrodes are very challenging. Poor contacts induce a significant contact resistance or might be even disconnected as in the case of inner shells on MWCNTs [START_REF] Poncharal | Room temperature ballistic conduction in carbon nanotubes[END_REF], [START_REF] Urbina | Quantum conductance steps in solutions of multiwalled carbon nanotubes[END_REF]. This can be a significant concern for vertical interconnects where the electrode acts as a support for the catalytic growth of CNT and also as an electrical contact [START_REF] Esconjauregui | Growth of ultrahigh density vertically aligned carbon nanotube forests for interconnects[END_REF]. Currently, there are two types of contacts with CNTs -side-contacts and end-contacts [START_REF] Cao | End-bonded contacts for carbon nanotube transistors with low, size-independent resistance[END_REF]. The side-contact has the metal deposited on top of the CNT, enabling the electrons to flow along the length of the metal-CNT tube interface. End-contacts are formed between the end of CNT tube and metal. The contact resistance depends on the overlap length between the metal and CNT tube. The interface between electrode and CNT for the end-contact is covalent metal-carbon bonds while it is Van der Waals bond for the side contact as discussed and described in [START_REF] Cao | End-bonded contacts for carbon nanotube transistors with low, size-independent resistance[END_REF]. As a result, the end-contact tends to have smaller contact resistance than the side-contact. Whereas, end-contacts in MWCNT may suffer from disconnected shells to the electrodes which ultimately also increases the contact resistance.

In this work, we perform a thorough study on process variations and their impact on MWCNT interconnect performance. We investigate the CNT quantum transport property and use conducting channels N C as a figure of merit for computing the change in CNT conductance due to process variations. On SWCNTs (with the diameter less than 10 nm) the variations in diameter have been shown to have little impact on its conductance [START_REF] Li | Circuit modeling and performance analysis of multi-walled carbon nanotube interconnects[END_REF]. However, on MWCNTs, the diameter variations may change the total number of shells and N C ; thus, the MWCNT conductance can vary significantly. Chirality determines the property of the CNT, which can be either metallic or semiconducting. Metallic and semiconducting CNT conductivities are significantly different, especially for small diameter CNT [START_REF] Naeemi | Compact physical models for multiwall carbon-nanotube interconnects[END_REF]. Shell connection to the end-contact also impacts overall MWCNT resistance, and even more so for MWCNT with many shells [START_REF] Li | Multichannel ballistic transport in multiwall carbon nanotubes[END_REF].

To understand how CNT interconnect performance is impacted by these variations, we develop a compact shell-level model capable of combining the MWCNT physical properties with process variations. Such a model is essential for circuitlevel simulation and circuit design space exploration with MWCNT interconnects. The contributions of our work can be summarized as follows.

1) We present a compact shell-level model of MWCNT to include the defects, chirality, end-contact resistance and shell connectivity to end-contacts. 2) We perform Monte Carlo (MC) or best/worst cases simulations to study variations in diameter, chirality, the presence of defects (defect density) and contacts.

II. SOURCES OF VARIABILITY ON MWCNT

In this paper, four sources of variations are considered. They are based on observations either from experimental measurements or atomistic-level simulations.

A. Diameter Variations

For MWCNT, both CNT diameter and number of shells can fluctuate during the fabrication process. Typically, the diameter variation of fabricated CNT shows a Gaussian or normal (N ) distribution [START_REF] Liang | A physicsbased investigation of pt-salt doped carbon nanotubes for local interconnects[END_REF], [START_REF] Avouris | Carbon nanotube electronics[END_REF].

By the catalytic CVD method, we grew MWCNT forests which typically exhibit Gaussian distributed outermost diameters (D CN T max ) with relative variations of ∼20% (standard deviation = 20% of the mean D CN T max ), as shown in Fig. 1. However, preliminary experimental results suggest that if each catalyst nanoparticle is confined in a nanoscale via hole [START_REF] Liang | A physicsbased investigation of pt-salt doped carbon nanotubes for local interconnects[END_REF], the relative diameter variation of individually grown MWCNT can be reduced below 10%. It is believed that this variation, which includes both catalyst size variation and intrinsic CNT growth variation, can be further reduced by improving the nanoscale via hole fabrication process. In this work, to trade off the current achieved diameter variation data and possibly optimized results, we make the assumption that the D CN T max variation on MWCNTs is a Gaussian distribution with the σ D CN T max = 15% of the µ D CN T max , namely N (µ D CN T max , (15%×µ D CN T max ) 2 ). The 15% relative variation is an average of the current obtained 20% and the potentially optimized 10% relative variation aforementioned. Furthermore, the total number of CNT shells is p and each shell diameter is D CN T i , which are calculated by assuming that the shell-to-shell distance is the van der Waals gap d = 0.34 nm and D CN T min /D CN T max = 1/2, in which D CN T min and D CN T max are the innermost and outermost CNT shell diameters respectively [START_REF] Li | Circuit modeling and performance analysis of multi-walled carbon nanotube interconnects[END_REF], as shown in Equations ( 1) and (2) below where "Floor[]" means only the integer part is taken into account.

p = 1 + Floor (D CN T max -D CN T min ) 2d (1) 
D CN T i = D CN T max -2d(i -1), 1 ≤ i ≤ p (2)
To support the analytical formulation, we report on highresolution TEM analysis of CNTs grown by hot filament assisted CVD from the alumina-supported iron catalyst. 38 growth experiments were realized under various conditions (catalyst thickness, sample temperature, pressure, hot filament temperature) to grow CNTs with different structures. A systematic TEM analysis was performed, and the diameter and number of shells of about 60 CNTs were measured for each growth condition (i.e., 2300 different CNTs were measured in total). Experimental results on numbers of shells for MWCNT and calculation results based on Equation (1) are presented in Fig. 2. It should be highlighted that Fig. 2 does not represent Fig. 3. Atomistic-level simulation results of defect-induced resistance of a SWCNT (24, 0) with 6 vacancies. The SWCNT length is set to be about 42 nm corresponding to a vacancy density of 0.143 /nm. Also shown is the corresponding LogN fit result. the variability of CNT structures for a given growth process but instead illustrates the overall trend observed for hot filament CVD-grown MWCNTs. A similar trend was also reported for thermal CVD grown MWCNTs [START_REF] Chiodarelli | Correlation between number of walls and diameter in multiwall carbon nanotubes grown by chemical vapor deposition[END_REF]. From Fig. 2, we can tell that Equation ( 1) is accurate when D CN T max is around 11 nm and the equation over-estimates and under-estimates the number of shells before and after ∼11 nm D CN T max .

B. Defect Occurrence

Experimental results show that defects in CNT could severely degrade CNT electrical properties through conductivity reduction [START_REF] Bockrath | Resonant electron scattering by defects in single-walled carbon nanotubes[END_REF]. In this work, we use vacancy defect as a representative of all defects by assuming that other types of defects may have a similar impact on CNT resistance. Vacancy defect density will be varied to assess the effect of defect density on MWCNTs.

Atomistic-level simulations [START_REF] Lee | The impact of vacancy defects on cnt interconnects: From statistical atomistic study to circuit simulations[END_REF] show that vacancies in a SWCNT induce resistance fluctuation behaving like an Ohmiclike principle, which is proportional to the defect density. Furthermore, due to the statistical distribution of vacancies inside the SWCNT, the resistance induced by the defects R Def can be fit by a Lognormal (LogN) distribution with mean and standard deviation 10.5117 Ω and 0.5226 Ω, respectively (i.e. ln(R Def ) ∼ N (10.5117, 0.5226 2 )) as shown in Fig. 3. In this paper, we assume that defect-induced resistance variation complies with a LogN distribution with the ratio of LogN parameters mean and standard deviation being 0.5226/10.5117 = 0.0497. For different defect densities, the average of R Def (Equation ( 5)) can be used to calculate LogN mean value of R Def [START_REF] Holgate | The lognormal characteristic function[END_REF]. In this way, the LogN distribution of R Def can be obtained under different defect densities.

C. CNT Chirality

Without any particular separation technique, in theory, the probability of a fabricated CNT to be metallic (semiconducting) is 1/3 (2/3) [START_REF] Wilder | Electronic structure of atomically resolved carbon nanotubes[END_REF]. For a MWCNT, the chirality of each shell is also statistically distributed. CNT chirality plays an essential role on CNT parasitics and ultimately its performance [START_REF] Massoud | Modeling and design challenges and solutions for carbon nanotube-based interconnect in future high performance integrated circuits[END_REF]. Up to date, there are no experimental data available for distribution of chirality of shells in MWCNT even though chirality can statistically fluctuate during the CNT growth process. In this work, the chirality of each shell in a MWCNT is assumed to be independent and comply with a Bernoulli distribution (or 0-1 distribution) with each shell of 1/3 (or 2/3) probability to be metallic (or semiconducting).

D. Shells Connection to Contacts

A good contact between CNTs and metal electrodes ensures a low resistance. Due to multiple shells in MWCNT, it could happen that some of the shells (i.e., inner shells) may not be connected to the contact. Disconnected shells do not contribute to the overall MWCNT conductance and can detriment its performance. Each CNT shell resistance R i is shown in Equations ( 3) and ( 4) [START_REF] Li | Circuit modeling and performance analysis of multi-walled carbon nanotube interconnects[END_REF]. R Q , N C and λ i represent quantum resistance, conducting channels and mean free path (MFP) in the CNT shell i respectively. h/2e 2 ∼ 12.9 kΩ and L is the CNT shell length. As shown in these equations, the scatteringinduced shell resistance R Si is inversely proportional to the CNT shell diameter D CN T i , which means the outer CNT shells have lower resistance than the inner shells. Thus, the MWCNT electrical performance is more susceptible when outer shells are disconnected rather than the inner shells. The calculation of N C at different shell diameters for both metallic and semiconducting CNTs is based on a Transmission Coefficients method [START_REF] Sørensen | Efficient wave-function matching approach for quantum transport calculations[END_REF], which is detailed in Part II.

R i = R Q + R Si L = h 2e 2 N Ci + h 2e 2 N Ci L λ i (3) 
λ i ≈ 1000D CN T i (4) 
In this work, we consider various scenarios of disconnected shells from contacts. On a p-shell MWCNT (i.e., the total number of shells is p), different shell numbers ranging from 1 to p can be disconnected from the contacts. Depending on the number of shells disconnected and their location, the MWCNT performance will vary accordingly. For n shells disconnected, the largest performance degradation of MWCNT corresponds if the outermost n shells are disconnected while the least performance degradation corresponds if the innermost n shells are disconnected.

III. MWCNT PHYSICAL COMPACT MODEL A. Original MWCNT Distributed Compact Model

The original distributed MWCNT compact model of p-shell was proposed by [START_REF] Li | Circuit modeling and performance analysis of multi-walled carbon nanotube interconnects[END_REF]. Calculations of each parameter can be referred to [START_REF] Li | Circuit modeling and performance analysis of multi-walled carbon nanotube interconnects[END_REF] including intra-shell parameters such as scattering resistance R S and inter-shell parameters such as shell-to-shell capacitance C S . Deriving the number of shells and diameter of each shell is shown in Equations ( 1) and (2).

B. Enhanced MWCNT Distributed Compact Model

Based on the original model, we develop an enhanced distributed MWCNT compact model considering defects and contact resistances as shown in Fig. 4. In the enhanced distributed model, the defect-induced resistance of each shell is distributed uniformly in the shell similar to the scattering CNT resistance. Different from the original model, the contact resistance of each shell is included which is diameter dependent. Furthermore, in the enhanced distributed compact model, the contribution of semiconducting CNT shells to the MWCNT overall performance is ignored. This is because the conductance of semiconducting CNT shells is several orders less than that of metallic CNT shells and thus negligible.
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Besides, the contact resistance between a semiconducting CNT and electrode is also several orders larger than the contact resistance between a metallic CNT and electrode. 1) Defect Resistance: In [START_REF] Lee | The impact of vacancy defects on cnt interconnects: From statistical atomistic study to circuit simulations[END_REF], atomistic-level simulations showed that vacancy-type defects induced resistance R Defi (Ω) in metallic CNTs is on average proportional to the defect density N Defi (/nm) and is inversely dependent on the shell diameter D CN Ti ( Å) as shown in Equation ( 5), where L is the CNT shell length. It should be noted that R Def is introduced to represent the impact of defects on the resistance of MWCNT and it could physically result from an increase in R s [START_REF] Lee | The impact of vacancy defects on cnt interconnects: From statistical atomistic study to circuit simulations[END_REF]. This defect-induced resistance is distributed uniformly along each MWCNT shell as shown in Fig. 4. Furthermore, we assume that the density of defect vacancies is not dependent on the diameter of each shell. As a result, N Defi is the same for each shell and the difference of R Defi between each shell results from their diameter difference.

R Def (N Defi , D CN Ti ) i = 2.67 × 10 5 × N Defi × L × D -1.27 CN Ti (5) R CONi = 1.8514A -1 i + 1.4685 (kΩ) A i = πD 2 CN Ti 4 (6) 2) Contact Resistance:
In this work, we perform atomistic-level simulation of a metallic armchair CNT with Density Function Theory (DFT) [START_REF] Brandbyge | Density-functional method for nonequilibrium electron transport[END_REF], [START_REF] Soler | The siesta method for ab initio order-n materials simulation[END_REF]. The simulation temperature is fixed at 300 K. We obtain that end-contact resistance of Pd-SWCNT is inversely dependent on the cross-sectional area of SWCNT as shown in Fig. 5, although different slopes are found and some fluctuation exists. We believe that the fluctuation is due to discretization of atom positions during DFT simulation, which leads to diameter dependent variation. For large diameters (such as diameter D CN T = 0.8 nm ∼ 1.3 nm), a good linear fit is obtained by setting the reciprocal of CNT area (A i (nm 2 )) as a variable while contact resistance R CONi changes with it. We obtain the coefficient of determination R 2 = 0.9384. As we study MWCNT with shell diameter ≥ 1 nm, it is reasonable to use the linear fitting results for large diameters by extrapolation and derive the end-contact resistance as in Equation ( 6). Although, the equation is based on the metallic armchair SWCNT simulation, the metallic zigzag CNT is assumed to have an identical contact resistance with Pd for the same shell diameter. Furthermore, the MWCNT contact resistance can be computed by considering each MWCNT shell as a SWCNT. Thus, according to this equation, the contact resistance of each shell can be calculated and introduced at the two contact-ends as shown in Fig. 4.

3) Enhanced Lumped Compact Model:

To simplify the enhanced distributed MWCNT compact model, we develop a respective lumped model as shown in Fig. 6. Compared with the distributed model in Fig. 4, the lumped model replaces the distributed parameters such as R S with lumped parameters by multiplying the distributed values with the MWCNT length. Tunneling parameters and shell-to-shell capacitance are eliminated as they are relatively negligible. Circuit level simulations using the simulation setup in Section IV show that for local interconnect application (such as MWCNT length ≤ 20 µm) the lumped model represents well the distributed model without any accuracy loss but significantly improves simulation efficiency. Thus, in our simulations, we use the lumped model.

IV. SIMULATION SETUP AND RESULTS

A. Simulation setup

The simulation setup schematic is shown in Fig. 7. The circuit benchmark consists of two inverters connected through either an ideal wire or a MWCNT interconnect. Inverter gates are built with carbon nanotube field effect transistors (CNT-FETs), however other types of devices can also be used. Here, we use CNTFETs as devices with MWCNT interconnects to assess the performance benefits of a possible all carbonbased technology. We use CNTFET compact models proposed by [START_REF] Lee | A compact virtual-source model for carbon nanotube fets in the sub-10-nm regimepart i: Intrinsic elements[END_REF]. The key parameters of both N-type and P-type CNTFET are 11.7 nm, 1 µm, 10 nm for gate length, gate width and the distance between CNTs underneath the gate region, respectively. Other parameters are the default values recommended by [START_REF] Lee | A compact virtual-source model for carbon nanotube fets in the sub-10-nm regimepart i: Intrinsic elements[END_REF]. The input stimulus is a square wave of 5 ps rising and falling time. The period of the square wave is 100 ps. The supply voltage is 0.7 V. The delay, power consumption, and product of power and delay (PDP) of the MWCNT interconnect are calculated by subtracting from the circuit respective values with an ideal connection from those with MWCNT interconnect. The outermost MWCNT diameter D CN T max is 11 nm with length L of 1 µm.

We perform MC simulations for diameter, defects, chirality and all-sources variations. The all-sources variation refers to the case that diameter, defects and chirality variations are simultaneously considered. The diameter, defect and chirality variations are randomized respectively as follows: D CN T max (Gaussian distribution N (11 nm, 1.65 2 nm 2 )), R Def (LogN distribution, ln(R Def )∼N (µ LogN , (µ LogN ×0.0497) 2 ), µ LogN can be calculated based on the mean of R Def in Equation ( 5)), and each CNT shell chirality (0-1 distribution, 1/3 to be metallic). The all-sources variation has the above all parameters randomized simultaneously. For each run of MC simulation, 1000 samples are collected to obtain a reasonable confidence level for the respective simulation results. Defect density in the MWCNT is assumed to be 10 defects per µm (10 /µm) for each shell of MWCNT by default. The chirality variation that may generate all semiconducting MWCNT shells (∼2.6% probability) can make MWCNT interconnect non-conducting and is thus not considered in the following simulation results.

B. Diameter, Defects, Chirality and All-sources Variations

Results of MWCNT resistance variations are shown in Fig. 8(a)-(d). For each source of variation, distributions of delay, power, and PDP are found to be similar to their respective resistance variation and are thus not shown in detail. The similarity is due to the relatively negligible influence of MWCNT capacitance variation on these performance because MWCNT capacitance is ∼3 orders smaller than the inverter parasitic capacitance (found by DC parasitic parameters extraction). Diameter variations can lead to either an increase or a decrease in the number of the MWCNT shells, which also makes MWCNT conductance change discretely as in Fig. 8(a). There are nine clusters in diameter variation which also corresponds to the total number of shells. Chirality variation is not continuous resulting from different combinations of metallic and semiconducting CNT shells in the MWCNT. Because metallic and semiconducting shells have significantly different conductance, chirality variation is significant as shown in Fig. 8(c). Defect and all-sources variations continuously change MWCNT conductance as shown in Fig. 8(b).

We find that LogN distributions can fit different sources variations. MWCNT resistance for diameter variation is not symmetrically varied around its mean value despite the Gaussian distribution of diameter variation as the change of resistance with decreasing diameters is larger than the change of resistance with increasing diameters. The chirality variation is also varied asymmetrically due to the asymmetrical variation of the portion of metallic CNT shells in MWCNT. Defect variation complies also with a LogN distribution due to the input of LogN distributed defect-induced resistance. The all-sources variation is impacted by these three sources of variations and also shows LogN type distribution as in Fig. 8(d).

Additionally, we show mean (µ) and standard deviation (σ) of MWCNT resistance for each source variation in Fig. 8(a)-(d). We observe that the chirality is the most dominant source of variation, then diameter variation followed by defects as the least dominant source of variation. This can also be seen in Fig. 9(a)-(d) where the fitted probability density functions (PDFs) of each source of variation for resistance, delay, power and power-delay-product (PDP) are presented. The reason why chirality variation dominates is that chirality variation changes the portion of metallic CNT shells from ∼0 to ∼1, and hence significantly impacts resistance and performance of MWCNT. Diameter variation is also large because D CN T max not only impacts N C but also influences the contact resistance and defect-induced resistance.

C. Impact of Defect Density

To investigate further the impact of defects, we vary defect densities ranging from 5 /µm to 100 /µm. Please note that in previous subsection the defect density was set to 10 /µm. As shown in Fig. 10, µ and σ of MWCNT resistance for each source of variation are increased linearly with defect density at slightly different rates. The increase in defect density leads to larger metallic CNT resistance and further the µ of MWCNT resistance. The increase in defect resistance σ with defect density is as expected while the increase in diameter resistance σ can be explained by Equation [START_REF] Wei | Reliability and current carrying capacity of carbon nanotubes[END_REF] where defectinduced resistance is dependent on both diameter and defect density. Additionally, the chirality variation σ increases as each shell resistance increases with defect density.

The 3σ percentage variation (3σ/µ×100%) (or relative variation) [START_REF] Nieuwoudt | On the impact of process variations for carbon nanotube bundles for vlsi interconnect[END_REF] for each variation source also increases with defect density at different rates such as for small defect densities (5 /µm -50 /µm), as shown in Fig. 10. We observe that defect variation starts to surpass diameter variation for defect density of ∼15 /µm, but they are still less significant than the chirality variation. As defect density continues to increase, the 3σ percentage variation seems to saturate for different sources of variations. As a result, the chirality variation remains the most dominant source. Such observations suggest that chirality is the most dominant source of variations among all sources despite the large defect density.

D. Improvement on MWCNT Variations

Here, we investigate the scenario of an improved CNT growth method that can reduce MWCNT process variations. We consider improvements in defect and diameter variability whereas chirality variability remains unchanged as there is no trivial method to control chirality during growth. We investigate resistance variability as shown in Fig. 11 with different improvement levels of diameter and defect variations. The x-axis indicates the percentage improvement in both defect density and diameter variability. We observe that resistance µ, σ and 3σ percentage are reduced with the improvements on defect and diameter variability. However, the 3σ percentage for chirality variation remains almost unchanged. This is because the resistance µ and σ of chirality variation change at the same pace with the variability improvement. We notice, that when the percentage improvement reaches around 80%, the chirality variation starts to be almost the only source of variation. We deduce that if process variations (such as diameter and defect) can be well controlled and reduced, then the chirality will be the only source of MWCNT variation that limits the improvement of MWCNT variability.

E. MWCNT Shell to Contact Variations

As described in Section II, we also investigate the connectivity between MWCNT shells and contacts. Good contacts between shell and metal electrodes are essential for achieving a low resistance contact. In this work, MWCNT interconnect has up to nine shells. We study the cases where the number of shells n ranging from zero to nine can be disconnected from metal electrodes, which can lead to resistance variations and performance degradations. The case of all nine shells disconnected to contact would lead to conduction failure and is not considered here. Simulation results in Fig. 12 show the MWCNT resistance, delay, power and PDP with respect to the number of disconnected shells. We observe significant (more than one order of magnitude) increases in resistance and performance degradations as the number of disconnected shells increases, especially for PDP. Depending on the positions of the disconnected shells (such as innermost or outermost), the performance degradation is also different. There are the best and the worst cases of performance degradation, which corresponds to all n innermost shells disconnected and all n outermost shells disconnected, respectively. We find that the difference between the two extreme cases gets larger with the number of disconnected shells.

V. CONCLUSION

In this paper, an enhanced compact model of MWCNT interconnect is presented where diameter dependent contact resistance and defect-induced resistance for each MWCNT shell are included. Based on the proposed enhanced compact model, MWCNT interconnect resistance and performance variations (including delay, power, and PDP) are analyzed including variations on diameter, defect densities, chirality, and shellto-contact connectivity. We identify that the diameter, defects, chirality, and all-sources variations all produce Lognormal resistance and performance distributions. We find that defect variation is increased with defect density at a larger rate than diameter variation and surpasses diameter variation at defect density of ∼15 /µm. The chirality variation is always the most dominant source of variation even at large defect densities. We also consider the case of significantly reduced MWCNT diameter and defect variations due to improving the quality of MWCNT growth, where the chirality remains as the only source of variation.

Fig. 1 .

 1 Fig. 1. Experimental results of MWCNT D CN T max variation. Mean and standard deviation of D CN T max are 7.8 nm and 1.6 nm, respectively.

Fig. 2 .

 2 Fig. 2. Experimental results of numbers of shells for MWCNTs of different outermost (external) diameters. Also shown are the calculation results of Equation (1).

Fig. 4 .

 4 Fig.[START_REF] Liew | Thermal stability of single and multi-walled carbon nanotubes[END_REF]. Enhanced distributed p-shell MWCNT compact model proposed in this paper based on the original compact model by[START_REF] Li | Circuit modeling and performance analysis of multi-walled carbon nanotube interconnects[END_REF]. New parameters are contact resistance R CON and defect-induced resistance R Def in each shell. Except R CON and lumped quantum resistance R Q , each shell has intra-shell distributed parameters including R Def and scattering resistance Rs, kinetic inductance L K , and quantum capacitance C Q . Inter-shell parameters include tunneling conductance G T and shell-to-shell capacitance C S . Intra-shell parameters have p components while inter-shell parameters have p-1 components. Only the outermost shell has electrostatic capacitance C E with the ground. Rt and Cout are the effective resistance and output capacitance of the driver, respectively, and C load is the input capacitance of the load[START_REF] Li | Circuit modeling and performance analysis of multi-walled carbon nanotube interconnects[END_REF].

Fig. 5 .

 5 Fig. 5. Dependence of Pd-SWCNT end-contact resistance on cross-sectional area of SWCNT.

Fig. 6 .Fig. 7 .

 67 Fig. 6. Enhanced lumped p-shell MWCNT compact model proposed based on the enhanced distributed compact model in Fig. 4. Driver and load are not shown for clarity.
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 89 Fig. 8. (a)-(d) are distributions of resistance variation of the pristine MWCNT interconnect with input diameter, defects, chirality and all-sources variations

Fig. 10 .

 10 Fig.10. Change of resistance while varying defect density on pristine MWCNT interconnects with diameter, defect, chirality and all-sources variations.

Fig. 11 .

 11 Fig. 11. Minimizing resistance variation of the pristine MWCNT interconnect by reducing the contribution of diameter and defect variations.

Fig. 12 .

 12 Fig.[START_REF] Poncharal | Room temperature ballistic conduction in carbon nanotubes[END_REF]. Change of (a) resistance and delay, (b) power and PDP of MWCNT with disconnected CNT shells from contact. In this example, there are total nine shells in the MWCNT.
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