Power Withstanding Capability and Transient
Temperature of Carbon Nanotube-Based Nano
Electrical Interconnects
Femi Robert (  r.femi85@gmail.com )
SRM Institute of Science and Technology, Kattankullathur Campus, Chennai https://orcid.org/00000002-6143-6372

Research Article
Keywords: Carbon Nanotube, electrical interconnects, nite element modelling, electrothermal analysis,
nanoelectronic devices
Posted Date: February 12th, 2021
DOI: https://doi.org/10.21203/rs.3.rs-188713/v1
License:   This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Power Withstanding Capability and Transient
Temperature of Carbon Nanotube-Based Nano
Electrical Interconnects
Femi Robert
Department of Electrical and Electronics Engineering, SRM Institute of Science and Technology,
Kattankullathur Campus, Chennai-603203
r.femi85@gmail.com
https://orcid.org/0000-0002-6143-6372

Abstract
This paper exhibits the electrothermal modelling and evaluation of Carbon Nanotube (CNT) based electrical interconnects for
electronic devices. The continuum model of the CNT is considered and the temperature across interconnect is predicted for the
given power. Finite element modelling software COMSOL Multiphysics is used to carry out the simulations. The results are
compared with Al and Cu interconnects. An electrothermal analysis is also carried out to obtain the temperature for the given
power for Single-Walled CNT, Double-Walled CNT, Triple-Walled CNT, and Multi-Walled CNT. Results show that the CNT
interconnects performs better when compared to Al and Cu interconnects. The power withstanding capability of CNT is 68.75
times more than Al and 32.35 times more than Cu. Based on the transient analysis, the time taken by the CNT interconnects to
reach a steady temperature is obtained as 0.007 ns. On the application of power, Cu and Al interconnects takes 0.1 ns to reach the
steady-state temperature. The nanostructured CNT based electrical interconnects would play a considerable role in replacing Cu
and Al electrical interconnect applications for micro and nanoelectronic devices.
Keywords—Carbon Nanotube, electrical interconnects, finite element modelling, electrothermal analysis, nanoelectronic devices
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Introduction

The advances in semiconductor devices miniaturized the electronic circuits. The cost of the transistors reduced by half and
the number transistors within a chip increased two times as per Moore’s law [1]. In the near future, trillion transistors in a terascale chip would have a minimum feature size of 10 nm [2]. The transistor speed has been increased considerably. But the
performance of electrical interconnects have been reduced because of the high electron scattering probability and lower
conduction area [3, 4]. The performance of the electronic circuits become poor because of the scaling down in the size of
interconnects and increased power dissipation. This reduces the reliability of interconnects. Copper (Cu) and Aluminium (Al)
are the commonly used interconnect materials. At the temperature of 20 0C, Cu has the resistivity of 1.68 ×10-8 Ωm and
electrical conductivity of 59.6 MS/m. The density of Cu and Al are 0.00896 g/mm3 and 0.00271 g/mm3 respectively. Hence Cu
interconnect is heavier than Al interconnect. At 20 0C, Al has the resistivity of 2.65 ×10-8 Ωm and electrical conductivity of
37.7 MS/m. Because of the high resistivity more power loss occurs across Al interconnects than Cu interconnects. When Cu
and Al interconnects operated at higher frequencies, it experiences skin effect [5]. Cu has an ultimate and yield tensile strength
of 210 MPa and 70 MPa respecively. Al has the ultimate and yield tensile strength of 110 MPa and 95 MPa. The modulus of
elasticity of Cu and Al are 117 GPa and 69 GPa respectively. Al interconnects are more likely to break than Cu interconnects
because of the lower tensile strength. The most preferred and commonly used material for interconnect is Cu, because of its
lower cost, malleability, ductility, high melting point, longevity, low reactivity rating, higher electrical conductivity and
resistant to heat. In addition to this, the manufacturing of Al and Cu with less than 100 nm diameter involves higher challenges
[6, 7]. It is important to design interconnect to support future transistors with 1 nm technology node [8]. The future
requirements of interconnects cannot be satisfied by Al and Cu, because of the limited current carrying capability. Designing
reliable nanoscale interconnects is highly required for future transistors, electronic devices and integrated circuits (ICs) [9].
In the past few decades, carbon nanomaterials are extensively investigated by researchers. Carbon allotropes have attracted
more research interest in which CNT and Graphene show excellent electrical, thermal and mechanical properties. These
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materials can be deposited and grown in desired locations. The shape of the commonly used electrical interconnects is
cylinder and rectangle. CNTs can be used as cylindrical interconnects and graphene can be used as rectangular nanoribbons
[10]. CNT interconnects in nanoscale have advantages such as stability at extreme conditions, ability to withstand harsh
chemicals and working at high temperatures. The melting and boiling temperature of the CNT are 3550 0C and 4027 0C.
CNTs have a symmetrical and one-dimensional structure in which the charge carriers can move along the tube without
scattering. The resistivity of individual CNTs is in the order of 10 −8 Ωm which is because to the absence of scattering. The
electrical conductivity of CNTs ranges from 106 to 107 S/m. The density of CNT wire is 0.0014 g/mm3 to 0.00226 g/mm3
which is comparatively lesser than Cu and Al. This makes the CNT electrical interconnects lighter [11, 12].
CNTs have a tubular shape and tunable electrical properties. They have excellent properties such as low density, less skin
effect, ballistic electron transport, high mechanical strength, high thermal conductivity and more stiffness than metals. The
carbon sources are abundantly available and CNTs can be manufactured on a large scale with zero net carbon footprint at
low-cost. These attributes make CNTs a promising candidate material for future electrical interconnects in electronics circuits
[13].
CNT is a cylindrical configuration made of a single layer of carbon atoms. These CNTs are divided into single-walled CNTs
(SWCNTs), Double-walled CNTs (DWCNTs), Tripple-walled CNTs (TWCNTs) and Multi-walled CNTs (MWCNTs). The
maximum length to diameter ratio of reported CNT is 132,000,000 to 1. The diameter of such a long aspect ratio of CNT is in
nanometers and the length is in millimetres. The behaviours of CNTs relies upon the aspect ratio, layers, the thickness of
layers, temperature, diameter, and length. The tensile strength of nanoscale CNT is higher than steel. The conductivity of
CNT is larger than copper. The thermal conductivity of nanoscale CNT is higher than diamond. CNTs can resist corrosion
and fatigue [14].
The heat dissipation in the high-density electronic circuits can be diminished by the high thermal conductivity of CNT [15,
16]. The current-density of CNT interconnect is two orders more than Cu interconnects. This reduces the electro-migration
issues, thus increases the reliability [17]. At 25 0C, the SWCNT, MWCNT and Cu has the mean free path of 103 nm 104 nm and
40 nm respectively. Thermal conductivity of SWCNT, MWCNT, and Cu are 1.5-5 W/m-K, 3 W/m-K and 0.385 W/m-K
respectively. CNT has a better mean free path, thermal conductivity and maximum current density than Cu. These attractive
properties of CNT make it more suitable for interconnect applications [18].
Cu and Al interconnects can be replaced by CNT interconnects in electronic circuits [19, 20]. The crucial problem of heat
dissipation in future nanoscale electronics can be considerably reduced by CNT interconnects [21-23]. To obtain the heat
dissipation, temperature profiles for the particular power inputs needs to be obtained for interconnects. Finite-element
modelling (FEM) can be used to bring out and evaluate the electrothermal performance of 3D CNT interconnects [24-26]. In
this paper, FEM based steady-state and transient electrothermal analysis are carried out for Al, Cu and CNT nano electrical
interconnects.
2

Electrical Interconnect

Electrical interconnects are structures used to connect two or more electrical elements present in the electronic devices and
circuits which is shown in Fig. 1. More electrical interconnects can be connected in parallel or used as a bundle to improve
the current carrying capability and reliability. The dimension, layers, and material used in the interconnect play a superior
part in deciding the proper functioning, reliability and performance parameters. To obtain the performance parameters of the
CNT electrical interconnect, steady-state and transient electro-thermal analysis are carried out. The results are compared with
Cu and Al interconnects. In FEM analysis, CNT electrical interconnects can be considered as a continuum block or
continuum shell [27, 28].

Fig. 1 CNT electrical interconect

CNT interconnects have a cylindrical structure which consists of pentagon rings. The discrete structure of the CNT
interconnect is shown in Fig. 2(a). To perform electrothermal analysis and to obtain the performance parameters, CNT

2

electrical interconnect is modelled as a continuum solid cylinder block as shown in Fig. 2(b). The interconnect considered in
this study has the length of L and the radius of R .

Fig. 2 CNT interconect (a) discrete (b) continum solid

The dimensions considered for continuum solid CNT interconnect is L  100 nm and R  2 nm . The electrothermal
analysis for interconnects uses the thermal conductivity, density and heat capacity of the materials. The material properties of
nanoscale Al, Cu, and CNT are obtained from literature and are given in Table 1.

Fig. 3 CNT continum solid interconnect (a) geometry (b) mesh (c) surface temperature

Table. 1 Material Properties [29-33]
Material

Property

Al

Cu

CNT

Thermal conductivty (W/m/K)

237

401

3000

Density (kg/m3)

2700

8960

2100

Heat Capacity (J/kg/K)

904

384

750

The geometry of the continuum solid CNT interconnect created for the analysis is shown in Fig. 3 (a). As the diameter of
the CNT interconnect is much lesser than the length, the heat transfer is considered one-dimensional which is along the length
[34]. The one-dimensional heat equation of solids applies to nanoscale interconnects [28]. The FEM analysis solves the
following equations to carryout electrothermal analysis and to obtain the performance parameters.

C p .T  .q  P
q  k T

(1)
(2)

where the heat source is power P , density is  , thermal conductivity is k , heat capacity is C p and the temperature is T .
Simulation is carried out with the initial atmospheric temperature of Tatm = 273 K at one end and heat source at the other end of
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the interconnect. Extremely coarse triangular mesh has been chosen which provides mesh independent results with accuracy.
The meshed geometry of the CNT interconnect is given in Fig. 3(b).
In order to validate the simulation results, the calculation is carried out using the relation between power and temperature
for cylindrical electrical interconnect which is given as

P

2 kR 2 (T  Tatm )
L

(3)

Fig. 3(c) indicates the temperature surface plot obtained. The temperature is maximum at the end in which the heat source
is provided. This also shows that on the application of 0.9 mW power, the maximum temperature of 1490 K appeared at the
interconnect. The temperature has been obtained by varying the applied power from 0 mW to 3 mW and the effects are shown
in Fig. 4. The maximum temperature is estimated based on equation 3. The simulation outcomes are matching with the
calculation results. A similar examination is carried out for Al and Cu interconnects.

Fig. 4 Power Vs Temperature for CNT interconnect

Fig. 5 Temperature as a function of power for Al and Cu

The power through the interconnect has been varied and the maximum temperature has been obtained for Al and Cu. The
temperature is varied until it reaches the melting temperature of the material. The results obtained from calculation and
simulation are shown in Fig. 5. For Al interconnect, power is varied from 0 to 38 µW and for Cu, power has been varied from
0 to 110 µW. For Al and Cu interconnects, the simulated values are in caomparable with the calculated values. The melting
temperature of Al is 933 K. Al interconnect reaches the melting temperature when 38 µW power is applied. The melting
temperature of copper is 1358 K. The copper interconnect reaches its melting temperature at the power of 110 µW. So, copper
interconnect can withstand 2.9 times more power than Al. Moreover, at a given power, the heat dissipated by Cu is less when
compared to Al. A similar analysis is carried out for CNT interconnects. The heat dissipated for a given power is very less for
CNT than Cu and Al.
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The melting temperature of the CNT is 3400K [35]. CNT interconnect reaches its melting temperature at 2.4 mW. This is
21 times higher than copper. Moreover, the softening point of Al and Cu are 423 K and 463 K respectively. The thermal
stability of CNT is 7000 C (993 K) [36]. Al and Cu interconnect catches its softening point at the power of 8 µW and 17 µW
respectively. CNT interconnect reaches its stable temperature at the power of 0.55 mW. This shows that for a fixed size of
electrical interconnect, CNT interconnect is capable of withstanding more power. This shows that the power withstanding
capability of CNT is 68.75 times more than Al and 32.35 times more than Cu.
3 Influence of layers on electrotermal parameters of CNT interconnect
The performance of the interconnect depends on the number of layers present in CNT. Depends on the layers, the CNTs
are sorted into Single-Walled CNT (SWCNT), Double-Walled CNT (DWCNT), Triple-Walled CNT(TWCNT) and Multiplewalled CNT (MWCNT) which are displayed in Fig. 6. The cross-sectional outlook of layers of CNT is shown in Fig. 7.

Fig. 6 Layers of CNT (a) SWCNT (b) DWCNT (c) TWCNT (d) MWCNT

Fig. 7 Cross sectional view of layers of CNT (a) SWCNT (b) DWCNT (c) TWCNT (d) MWCNT
SWCNT has only one layer. The cross-sectional view of the continuum shell model of SWCNT is displayed in Fig. 8(a).
The inner diameter is r1 and outer diameter is r2 . The relation between power and temperature of the SWCNT is given as

P

2 k  r2 2  r12  (T  Tatm )
L

The DWCNT has two layers. The cross-sectional view of the continuum shell model of DWCNT is shown in Fig. 8(b).
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(4)

Fig. 8 Cross section of continum shell (a) SWCNT (b) DWCNT

The relation between temperature and power for DWCNT is given as

P
where

2 k  r2 2  r12    r4 2  r32   (T  Tatm )
L

(5)

r1 and r2 are the inner radius and outer radius of the interior layer respectively. Similarly, r3 and r4 are the

innerradius and outer radius of the exterior layer.
The TWCNT has three layers. The cross-sectional view of the continuum shell model of TWCNT is shown in Fig.9. The
power-temperature relation of TWCNT is given as
P

where

2 k  r2 2  r12    r4 2  r32    r6 2  r52  (T  Tatm )

(6)

L

r1 and r2 are the inner radius and outer radius of the interior layer respectively. Similarly, r3 and r4 are the inner and

outer radius of the middle layer.

r5 and r6 are the exterior and outer radius of the outer layer.

Fig. 9 Cross section a TWCNT

The MWCNT has four or more layers. The cross-sectional view of the continuum shell model of MWCNT is displayed in
Fig. 10. The power-temperature relation of four-layer MWCNT is given in equation 7.

Fig. 10 Cross section MWCNT

P

where

2 k  r2 2  r12    r4 2  r32    r6 2  r52    r82  r7 2   (T  Tatm )
L

r7 and r8 are the inner and outer radius of the outermost layer respectively.
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(7)

To evaluate the electrothermal performance of the CNT electrical interconnect, the 3D continuum shell model has been
constructed
in
COMSOL
simulations.
The
dimensions
considered
for
this
simulation
are r1  1.6 nm ; r2  2 nm ; r3  2.6 nm ; r4  3 nm ; r5  3.6 nm ; r6  4 nm ; r7  4.6 nm ; r8  5 nm . The 3D view of the layered
CNTs is given in Fig. 11. The meshed structure of layered CNTs is given in Fig. 12. The power of 0.9 mW is applied on the
CNT layers and the temperature distribution is obtained which are given in Fig. 13. At 0.9 mW, the maximum power
dissipated by the SWCNT, DWCNT, TWCNT, and MWCNT is 3610 K, 1590 K, 1000 K, and 745 K respectively.

Fig. 11 CNT continum shell (a) SWCNT (b) DWCNT (c) TWCNT (d) MWCNT

Fig. 12 CNT meshed continum shell (a) SWCNT (b) DWCNT (c) TWCNT (d) MWCNT

Fig. 13 Temperature distribution (a) SWCNT (b) DWCNT (c) TWCNT (d) MWCNT
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Fig. 14 Temperature as a function of power for layered CNTs

Power applied to the interconnect are varied and the temperature is obtained which is shown in Fig. 14. This shows the
calculation and simulation results. The simulated values are matching with the calculated values. The SWCNT, DWCNT,
TWCNT, and MWCNT are reaching the melting temperature at 0.85 mW, 2.2mW, 3.95 mW and 6.25 mW respectively. The
SWCNT, DWCNT, TWCNT, and MWCNT are reaching a stable temperature at 0.175 mW, 0.48 mW, 0.9 mW, and 1.39 mW
respectively. The MWCNT provides better performance than other CNTs because of the increased cross-sectional area.
4 Transient Temperature of electrical interconnect
To obtain the time taken by the electrical interconnect to reach the steady-state value, transient analysis has been carried out.
For the Al electrical interconnect, the transient temperature characteristics are obtained for 5 µW, 20 µW, and 38 µW. The
transient characteristics curve is shown in Fig. 15. This shows that Al electrical interconnect reaches a steady-state
temperature at 0.1 ns.

Fig. 15 Transient temperature for Al interconnect

For Cu electrical interconnect, the transient temperature characteristics are obtained for 50 µW, 80 µW and 110 µW which
are shown in Fig. 16. This shows that the Cu electrical interconnect also reaches a steady-state temperature at 0.1 ns.

Fig. 16 Transient temperature for Cu interconnect

For CNT interconnect, the transient temperature characteristics are obtained for 0.5 mW, 1.5 mW and 2.4 mW which are
shown in Fig. 17. This shows that for the CNT electrical interconnect, the temperature reaches a steady value at 0.007 ns.
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Fig. 17 Transient temperature for CNT

Transient temperature analysis is carried out for SWCNT, DWCNT, TWCNT, and MWCNT. The transient thermal
characteristics for the power of 0.9 mW given for layered CNTs in Fig. 18. This also shows that CNT electrical interconnects
reaches a steady temperature at 0.007 ns. This means after reaches a steady-state, the layers can not absorb heat. It is observed
that CNT interconnects reaches a steady temperature faster than Al and Cu.
Lower density and specific heat of CNT tend to reduce the time constant thus reaches the steady-state temperature faster. The
high heat transfer coefficient also reduces the time constant. All these results show that CNTs would be a better material for
electrical interconnects when compared to Al and Cu. In layered CNT, MWCNT performs better for electrical interconnect
applications at the nanoscale.

Fig. 18 Transient temperature for SWCNT, DWCNT, TWCNT and MWCNT

5 Discussion
When Al and Cu metal electrical interconnects scale down below 100 nm for micro and nanoelectronic devices, faces many
challenges. The lateral dimension of the interconnect is near to the mean free path of material, the resistivity of the material
increases rapidly. This is due to the surface scattering, boundary scattering, and diffusive barrier layer. The nanoscale metal
interconnects behaves differently than a millimetre and micro-scale metal electrical interconnects. The outstanding potential
and extraordinary properties of CNTs have attracted interest among various researchers and can be used in future electrical
interconnects. In this work, the thermal conductivity of CNT is considered as 3000 W/m K. But in practice, the thermal
conductivity of CNT depends on length, area of cross-section, diameter, number of layers and thickness of each layer. The
experimental results from the literature show that the thermal conductivity of CNTs deviates in large from 20 to 3000 W/m K.
Also, because of the inter-wall van der Waals interactions, the thermal conductivity of MWCNTs decreases considerably
when compared to SWCNTs. In addition to this, the thermal conductance of MWCNT considerably larger than SWCNT. In
MWCNT, the outer tube has an influential role in heat energy transfer. The thermal conductivity of CNTs is highly complex
and nonlinear which are a function of diameter, length and temperature [37-39]. MWCNTs and Mixed Carbon Nanotube
bundles (MCBs) can increase the performance and reliability of interconnects in deep sub-micron (DSM) region for VLSI-Ic
devices. These MWCNTs and MCBs provide better performance for a wide range of temperature ranges between 200 to 450
K at the technology node size varies from 32 nm to 14 nm [40, 41]. Although CNT interconnects provide better performance
in theoretical and simulation research, fabrication of CNT electrical interconnects for practical applications remains
challenging. More technological development and research are still required [42, 43].
9

CNT bundles are a suitable candidate for power interconnects. In future, CNTs would be used as an attractive material
for VLSI device components. CNT and graphene-based hybrid materials and composite materials would be given more
priority in optoelectronic devices, electrical contacts, interconnects, sensors, and circuits [44-47]. Even though CNTs shows
promising results for electrical interconnect applications, full implementation of these CNT electrical interconnects in
electronic circuits, and Integrated circuits (IC) would take another few years.
6 Conclusion
CNT based electrical interconnects have huge potential and extraodinary properties to replace presently used Cu and Al
interconnects in electronic devices. This paper presents the finite element method based electrothermal analysis for CNT based
electrical interconnects. The temperature for the given power is obtained for CNT, Al, and Cu. The results show that the CNT
interconnects perform better than Al and Cu. Also, electrothermal analysis is carried out for SWCNT, DWCNT, TWCNT, and
MWCNT. The power withstanding capability of CNT is 32.35 times more than Cu and 68.75 times more than Al. In addition
to this CNT has more tensile strength and lightweight. The time taken by the CNT to reach a steady temperature is 0.007 ns.
Hence, CNT would be the most preferred material choice for electrical interconnects for future electronic devices and circuits.
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Figures

Figure 1
CNT electrical interconect

Figure 2
CNT interconect (a) discrete (b) continum solid

Figure 3
CNT continum solid interconnect (a) geometry (b) mesh (c) surface temperature

Figure 4
Power Vs Temperature for CNT interconnect

Figure 5
Temperature as a function of power for Al and Cu

Figure 6
Layers of CNT (a) SWCNT (b) DWCNT (c) TWCNT (d) MWCNT

Figure 7
Cross sectional view of layers of CNT (a) SWCNT (b) DWCNT (c) TWCNT (d) MWCNT

Figure 8
Cross section of continum shell (a) SWCNT (b) DWCNT

Figure 9

Cross section a TWCNT

Figure 10
Cross section MWCNT

Figure 11
CNT continum shell (a) SWCNT (b) DWCNT (c) TWCNT (d) MWCNT

Figure 12
CNT meshed continum shell (a) SWCNT (b) DWCNT (c) TWCNT (d) MWCNT

Figure 13
Temperature distribution (a) SWCNT (b) DWCNT (c) TWCNT (d) MWCNT

Figure 14
Temperature as a function of power for layered CNTs

Figure 15
Transient temperature for Al interconnect

Figure 16
Transient temperature for Cu interconnect

Figure 17
Transient temperature for CNT

Figure 18
Transient temperature for SWCNT, DWCNT, TWCNT and MWCNT

