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Abstract: This paper presents the influence of temperature on 

the performance of Multi-walled carbon nanotubes (MWCNT) 

for very large scale integration (VLSI) interconnects at 

variable interconnect length for deep-sub micron technology 

nodes. The impact of temperature variations (200K-450K) on 

the impedance parameters of MWCNTs as VLSI interconnects 

for variable interconnect length is analyzed. It is revealed from 

the results that for higher side of the temperature range, the 

resistance of the MWCNT is severely affected by the impact of 

temperature and  need to be addressed for accurate 

performance of Integrated Circuits (IC). Further, a 

comparative analysis of temperature dependent performance 

of MWCNT and copper interconnects for global level 

interconnect length at 32nm, 22nm and 16nm technology nodes 

with temperature ranging from 200K to 450K, is also 

presented. It is also observed from the results that MWCNT 

interconnects offered lesser resistance compared to copper 

interconnects for all the interconnect lengths under 

consideration at variable temperature for deep-sub micron 

technology nodes.  
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Path, Scattering Mechanism, Technology Nodes 

 

I. INTRODUCTION 

With advancements in the technology nodes, the cross-

sectional dimensions of the devices and interconnects of an 

integrated circuits (ICs) are scaled down to nanometers. For 

deep-sub micron technology nodes, it is quite difficult for 

the conventional copper interconnects to satisfy the design 

requirements of high performance ICs. In the literature, 

Carbon Nanotubes (CNTs) have been considered as 

alternative material to the conventional copper, as global 

level interconnect material for high performance IC 

design[1], [2]. 

The CNTs are classified into two types: Single-Walled 

Carbon Nanotubes (SWCNTs) and Multi-Walled Carbon 

Nanotubes (MWCNTs). An SWCNT is a single rolled sheet 

of graphene, with diameter from 0.4nm to few nanometers. 

When many SWCNTs having variable diameters are nested 

concentrically inside one another, known as MWCNT.[5]-

[7]. 
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The temperature variations for high performance IC design 

may influence the desired performance of an IC. Hence the 

correctness of the sensitive systems may have large 

variations under variable thermal atmosphere conditions for 

their different applications.  

These thermal variations may have substantial impact on 

scattering phenomenon and mean free path (MFP) of 

MWCNT, which influences the impedance parameters of 

MWCNT interconnects[8]-[17]. This paper includes the 

influence of temperature on scattering phenomenon for 

MWCNT and proposed a impedance model for MWCNT 

interconnect which includes the impact of temperature, for 

different interconnects lengths i.e. from 200µm-2000µm, at 

global level interconnects for nano-scaled technology nodes. 

For comparative analysis, temperature dependent analysis is 

performed for copper interconnects and results are compared 

with MWCNT interconnects for global interconnects length. 

The work is presented in five sections. Section II presents a 

temperature dependent R-L-C equivalent circuit model for 

MWCNT at variable interconnect length. The results 

obtained from proposed models are analyzed in Section III. 

Finally, conclusion is drawn in Section IV. 

 

 

II. TEMPERATURE DEPENDENT EQUIVALENT 

CIRCUIT MODEL  

The schematic structure of MWCNT consists of several 

shells with variable diameter and concentrically nested 

inside one to another, as shown in Fig. 1.  Douter and Dinner 

are the diameters of outermost and innermost shells of the 

bundle and Y is the distance from the center of the bundle to 

the ground plane. Two adjoining shells are separated with 

the van der Waals distance and it is δ≈0.34nm [6]. 

 

 
 

Fig. 1.  Structure of MWCNT on a ground plane  
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A. Number of shells and conducting channels: The 

number of conducting shells in a bundle can be counted on 

the basis of outermost diameter of the bundle and its 

diameter ratio i.e. the ratio of diameters of innermost to 

outermost shell (Dinner/Douter,).  The number of shells are 

counted from outermost to innermost as I,II,III, i,…, p.[6]-

[17]. 

Thus, the number of shells p, of any i
th

 shell in the MWCNT 

can be calculated as [6]-[12] 

     (1)

 

 

The conducting channels for a shell having diameter less 

than 3nm are approximately considered equal to 2 and shells 

having diameters more than 3nm are diameter dependent. 

Therefore, conducting channels of any i
th

 shell of MWCNT 

can be given as 

(2) 

 
Where Di is the diameter of i

th 
shell, a=6.12x10

-4
 1/(nmK) 

and b=1.275. 

 

B. Temperature dependent R-L-C circuit model of a 

Shell: Based on temperature dependent interconnect 

parasitic, the R-L-C equivalent circuit model of any i
th

 shell 

of MWCNT is shown in Fig. 2. 

 

Fig. 2.  Temperature dependent R-L-C model of an individual i
th

 

shell of MWCNT [6] 

 

1. Resistance (Rshell) of i
th

 shell of MWCNT 

 The resistance of individual i
th

 shell of MWCNT having of 

three types of resistances [6]. These are temperature 

dependent scattering resistance (Rs), quantum resistance 

(Rq), and imperfect contact resistance (Rc). The contact 

resistance is depending upon growing process and ranging 

from few ohms to few tens of k-ohms. [6]-[9]. The contact 

resistance is independent from temperature and considered 

to be equal to 2kΩ for each shell of the bundle for this 

paper. Therefore, the resistance of each shell [6]-[9] is given 

by 

2 2

.

2 .
( )2 2

shell c q s

i i

R R R R L

h h L
k

eff Te N e N 

  

  
 (3) 

Where h/2e
2
= 12.9kΩ, λeff(T), L and Ni are the MFP 

(temperature dependent), interconnect length and 

conducting channels of an individual shell respectively. Eq. 

(3) shows that λeff(T) and interconnect length (L) are the 

important parameters used to calculate the scattering 

resistance (Rs) of each shell, where MFP of each shell 

depends upon its scattering phenomenon. [7], [9], [10]. The 

scattering phenomenon is classified into two types: electron-

phonon and electron-electron scattering.  

The electron-electron scattering has negligible role to play 

where the electron-phonon scattering is the key factor for 

MFP of the shells of MWCNT [7], [9]. The electron-phonon 

scattering phenomenon for MWCNT is further divided into 

two types: acoustic scattering and optical zone-boundary 

scattering. Therefore, the scattering dependent effective 

MFP (λeff) can be given as 

.AC oz
eff

AC oz

 


 

 
  

 
   (4) 

Where λAC is acoustic MFP which is because of acoustic 

scattering and λoz is optical zone-boundary MFP. For modest 

temperature, the main source of resistance for MWCNT is 

the acoustic phonon scattering MFP (λAC) [7] and it depends 

upon the temperature and diameter of the shell and given as 

  0  900 i
AC

T D
T

T
 

       
   (5) 

Where T0=300K, T is temperature in Kelvin and Di is 

diameter for related shell of the bundle [6]-[11]. It is shown 

in Eq. (5) that the temperature is inversely proportional to 

acoustic MFP (λAC). Therefore, the rise in temperature is 

responsible to shrink the acoustic MFP (λAC) hence 

decreases the total MFP. For moderate to high temperature 

range, the optical zone boundary MFP (λoz) also plays the 

considerable role. [6]-[9]. Therefore, λoz can be written as 

, ,

, ,

.
 

oz fld oz abs

oz
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Where, 𝜆oz,fld measure as the scattering effect due to the 

electric-field acceleration and can be represented as 
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The optical and zone-boundary phonon occupied states are 

defined as the density of states and given by Noz =1/ [exp 

(hω/kBT)-1]. λoz,abs due to the scattering effect of absorbing 

of an optical/zone-boundary phonon and can be represented 

as [6]-[9] 
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Therefore, it is revealed from the Eqs. (3-8) that the 

effective MFP of individual shells of MWCNT depends 

upon the temperature dependent acoustic,  optical and zone 

boundary scattering phenomenon. Further, this effective 

MFP influences the resistance of the individual shells. 

 

2. Inductance of i
th

 shell 

The inductance is the property of an electrical conductor 

related to the movement of electrons carrying current (I) 

through it. Magnetic and kinetic inductances per unit length 

are the two types of inductance in MWCNT [6], [7] and 

given as 

1 2
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Where Y,h and vf are the space from axis of MWCNT to 

ground, Planck constant and Fermi velocity respectively.  

3.  Capacitance of i
th

 shell 

Quantum capacitance (Cq ) and electrostatic capacitance (Ce) 

are the types of capacitance of the MWCNT and given as 

[6]-[9].  
22 2

193 /
/

e
C aF m

q channel hv
f




 
 (12) 
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  (13) 

   

    (14) 

 

The potentials of difference of MWCNT shells cannot be 

considered to be at same level, which introduces inter-shell 

coupling capacitance. The inter-shell capacitance (Cs) can 

be obtained by using the same equation which can be used 

for coaxial capacitance [6], [9] and given by 

      (15) 

 

 

Where, Dout and Din are the diameters of outermost and 

innermost of neighboring shells, respectively. 

C. R-L-C Equivalent Model for MWCNT bundle 

On the basis of temperature dependent impedance 

parameters presented in the previous sub-sections, an 

equivalent R-L-C circuit model for MWCNT interconnects 

is shown in Fig. 3. In this circuit model, all the shells of 

MWCNT bundle an interconnect bundle are considered to 

be parallel shells. 

 

Fig. 3.  R-L-C equivalent circuit for MWCNT. [6] 

III. RESULTS AND DISCUSSION 

The temperature dependent resistance for MWCNT 

interconnects at deep-sub micron technology nodes i.e. 

32nm, 22nm and 16nm, are calculated for different 

interconnects lengths varying from 200µm-2000µm for 

variable temperature ranging from 200K-450K. The 

temperature dependent effective MFP of every shell of a 

MWCNT for different interconnects length and technology 

nodes is calculated using Eqs. (4-8). Based on these MFPs 

for different length and technology nodes, the temperature 

dependent resistance for all individual shells, are calculated 

using Eqs. (3). The number of shells for a MWCNT and 

number of conducting channel in an shell, are calculated by 

using Eqs.(1-2) respectively. Inductance and capacitance for 

individual shell are calculated using Eqs. (9-15). Further, the 

equivalent resistance of MWCNT is obtained by considering 

all the individual shells in parallel to each other as per the 

proposed model and shown in the Fig. 3.   

It is revealed from the results that with rise in temperature 

(200K-450K), the resistance for MWCNT increases for 

32nm, 22nm and 16nm technology nodes. It is also revealed 

from the results that with increase in temperature, the 

resistance is increasing for all the interconnect lengths, 

varying from 200μm to 1000μm for all the technology nodes 

under consideration. Therefore, it is mandatory to include 

the influence of temperature on variable interconnect lengths 

for deep sub-micron technology nodes to evaluate the 

accurate performance of a MWCNT interconnects.  

 
(a) 

 

 
(b) 

 
(c) 

Fig. 4 (a), (b) and (c).  Temperature dependent resistance of 

MWCNT interconnects for 32nm, 22nm and 16nm technology 

nodes respectively for interconnects length 200μm to 1000μm. The 

resistances are shown on logarithm scale. 
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Further, the impact of variable temperature on MWCNT 

interconnects is extended up-to 2mm to understand the 

impact of temperature on long interconnects. Fig. 5 shows 

the temperature dependent resistance of MWCNT 

interconnects at 32nm, 22nm and 16nm technology nodes 

for interconnects length from 0.5mm to 2mm.  
 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

 (e) 

 

(f) 

Fig. 5.  Temperature dependent resistance of MWCNT 

interconnects at 32nm, 22nm and 16nm technology nodes for long 

interconnects lengths from 0.5mm to 2mm. Fig. 5 (a) and (b) 

Temperature dependent resistance for variable interconnects length 

on logarithm scale and the normalized resistance (RT/RT0) at 32nm 

Technology node respectively. Fig. 5 (c) and (d) shows the similar 

effect for 22nm and Fig. 5(e) and (f) for 16nm respectively.  

 

Fig. 5 (a) and (b) show the temperature dependent resistance 

for variable interconnects length (0.5mm to 2mm) on 

logarithm scale and the normalized resistance (RT/RT0) 

respectively at 32nm technology node. 

It is revealed from the Fig. 5(a) that there is increase in 

resistance with rise in temperature from 200K to 450K for 

long interconnects lengths from 0.5mm to 2mm. Fig. 5(b) 

show the normalized resistance which is the ratio of 
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resistance at any temperature T to the resistance at room 

temperature (T0=300K). It is observed from results that the 

normalize resistance is decreasing as interconnects length 

increasing, which specify that for longer interconnects, the 

performance of MWCNT interconnects in terms of 

resistance is better than smaller interconnects. It is also 

revealed from the results that the normalized resistance is 

decreasing more rapidly at moderate to high temperature 

range (from 300K to 450K) compared lower to moderate 

temperature range (less than 300K). Therefore, it is 

concluded that for higher temperature, the resistance is 

affected by the impact of temperature, more severely and 

need to be addressed for accurate analysis of MWCNT 

interconnects. A similar effect is also observed from Fig. 

5(c) and (d) for 22nm technology node and Fig. 5(e) and (f) 

for 16nm technology node respectively. All interconnect 

parameters used for calculations are obtained from ITRS 

2013 [18]. 

Eqs. (9-14) are used to calculate the Inductance and 

capacitance for MWCNT. These equations show that the 

inductances and capacitances of MWCNT interconnects are 

independence from their effective MFP and therefore the 

impact of temperature variations on inductance and 

capacitance is negligible small compared to resistance and 

hence it is ignored in this research work. 

 

 

Fig. 6.  Comparative analysis of temperature dependent resistance 

for copper and MWCNT interconnects at global interconnects 

length (1mm) for 32nm, 22nm and 16nm technology nodes. 

 

For comparative analysis of MWCNT with copper 

interconnects, temperature dependent equivalent resistance 

for copper interconnects is calculated by using the 

temperature dependent equivalent model proposed in [3] and 

[6]. The comparative analysis in terms of temperature 

dependent resistance for MWCNT and copper interconnects 

at 32nm, 22nm and 16nm technology nodes for global 

interconnects with variable temperature ranging from 200K-

450K is shown in Fig. 6.  

It is revealed from the results that the resistance for 

MWCNT and copper interconnects increases as the 

temperature increases, ranging from 200K-450K. It is also 

observed from the results that the calculated resistance of 

copper interconnects is many time higher than the resistance 

offered by MWCNT for global interconnects for all the 

technology nodes under consideration.  

 

IV. CONCLUSION 

The paper presented the effect of thermal variation on the 

resistance of MWCNT and copper interconnects for 32nm, 

22nm and 16nm technology nodes. A thermally aware 

equivalent model is presented for MWCNT interconnects to 

evaluate and analyze the impact of temperature on 

resistance, for variable interconnects length(0.5mm-2.0mm). 

It is revealed from the results that with increased 

temperature, resistance of each shell of the bundle for all the 

interconnects lengths increases at all technology nodes 

under consideration (32nm, 22nm and 16nm). It is also 

shown that for moderate to high temperature range (300K-

450K), the resistance is more severely affected by the 

impact of temperature and it is need to be addressed for 

accurate analysis of MWCNT interconnects. Further, it is 

concluded form the comparative analysis that the resistance 

offered by copper interconnects is many times higher as 

compare to MWCNT interconnects. Therefore, it is 

concluded from the results that for variable thermal 

environment conditions at different interconnects length, 

MWCNT is a better conducting material as compare to 

copper interconnects for VLSI interconnects.  
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