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Real World: Multiphysics

Create So Many Chances for All of Us    
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IEEE Transactions on Electromagnetic Compatibility

Special Issue on

Applications of Nanotechnology in Electromagnetic 

Compatibility (Nano-EMC)

Call for Papers
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Compatibility (Nano-EMC)

Papers must be submitted by May 1, 2011

First Special Issue will be published in IEEE Trans. EMC   
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First Special Issue will be published in IEEE Trans. MTT



Galaxies

Real World: MultiphysicsReal World: Multiphysics
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Galaxies

Multiphysics Couplings 
Galaxies

Multiphysics Couplings 



Global Thermal Effects Global Thermal Effects 

Global Warming
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EM Signal (ESD, etc.) 

Multiphysics:  Create So Many Chances
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We Always Need Physical Compatibilities 
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Silicon-based Transmission Lines
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Silicon-based Transmission Lines
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Electrothermal Effects
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Finite electrical conductivity and semiconducting substrate!



(1) Temperature effects on electrical conductivities of most 

metal materials?

(2) Temperature effects on thermal conductivities of most 

Problems
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(2) Temperature effects on thermal conductivities of most 

semiconducting materials?
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Symbols: Q3D
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         W(µm)  t(µm)  max error 

   15         1          7.4%

   30         1            10%

   40         1          9.6%

   10         2          7.5%

   15           2          0.4%

   30         2            4.4%

   40         2          3.4%

   50         2          1.1%

Silicon-based Millimeter Wave TLs
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   50         2          1.1%

   60         2          2.3%

K. Kang, L. Nan, S. C. Rustagi, W. Y. Yin, et al, “A wideband scalable and SPICE-compatible model for on-chip interconnects up to 110 

GHz,” IEEE Trans. Microwave Theory Tech., 56(4), 942-951, 2008.



Silicon-based Millimeter Wave TLs
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7dB



ITRS
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After 2014:  Jmax > 1.06 x 107 A/cm2



Final Solutions are not Known
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.

Y. Awano, et al., PIEEE, 98(12), 2015-2031, 2010.



Size Effect in Cu Interconnect
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Cu resistivity will be increased rapidly!

Electric performance and reliability will

be decreased due to self-heating effect !Steinhogl et al., JAP, 2005



Cu ResistivityCurrent Density

CNT？？？？

Decrease in Transmission Line Size

CNT Solution
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Reliability 
Electric 

Performance

Time DelaySHE& EM
CNT？？？？



Carbon Nanotube Transmission Lines (CNTL):

Beyond Maxwell’s Equations
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Beyond Maxwell’s Equations



CNTCNT

20 Courtesy: F. Kreupl, Infineon

GR SWCNT MWCNT



CNT ClassificationCNT Classification

Arm-Chair CNT(M) Zig-Zag CNT ( M & S)
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About 1/3 of all SWCNTs are metallic and 2/3 are semiconducting

MWCNT

(each wall can be S or M, most walls are M)



Metallic SWCNT PropertiesMetallic SWCNT Properties

• Length: um-mm

• Diameter: 0.4-100nm

• Strength : 45 Tpa! (Steel ~ 2Tpa)

• Thermal stability: operating temperature up to 700 º C.

CNT CuCNT Cu

Maximum current carrying  

density(A/cm*cm)
>1X109

Radosavljevic, et al., Phys. 
Rev. B, 2001

<1X107

Thermal conductivity (W/mK) 5800
Hone, et al., Phys. Rev. B, 

1999

385

Mean free path（（（（diameter=1nm）））） >1000
McEuen, et al., IEEE Trans. 

Nano., 2002

40



CNT ViasCNT Vias
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The growth of  carbon nanotube interconnect technology

S. Sato et al., IITC, 2006.

High density of carbon nanotube bundles

Z. Liu, et al., IITC, 2007.

Vertical array of multi-walled carbon nanotube bundles

Y. Awano, IEICE TE, 2006; PIEEE, 2010.

Metal 
Deposition

Catalyst 
Patterning

Top Metal Layer 
Deposition

PECVD

CMP TEOS CVD

A bottom-up growth of carbon nanotube interconnect technology

J. Li et al., APL, 2003.



CNT ViasCNT Vias



Carbon Nanotubes for Active Nano Devices
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Carbon Nanotubes for Active Nano Devices



Semiconducting SWCNT PropertiesSemiconducting SWCNT Properties



CNTFETsCNTFETs
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DWCNTFETsDWCNTFETs

28 J. Huang and Wen-Yan Yin, IEEE Trans. Electronic Devices, 58(1), 2011.



FabricationFabrication

29 K. Ryu, and H.S.P. Wong, et al., Nano Lett., 9(1), 189-197, 2009.



Electromagnetic Capability-Oriented Study on 

CNTLs

Multiphysics Issues: 

30

Multiphysics Issues: 

Beyond Maxwell’s Equations: Quantum Effects

Both Frequency- and Temperature-Dependent



Distributed Parameters of a SWCNT Distributed Parameters of a SWCNT 
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SWCNT BundleSWCNT Bundle

Quantum Resistance
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Equivalent circuit model of a SWCNT bundle



DWCNT DWCNT 
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DWCNT BundleDWCNT Bundle

Equivalent circuit model of a DWCNT bundle

S. N. Pu, Wen-Yan Yin, J. F. Mao, et al. , "Crosstalk prediction of single and double-walled carbon nanotube(SWCNT/DWCNT) bundle 

interconnects," IEEE Trans. Electron Devices,  56(4), 560-568, 2009



DWCNT Bundle TLDWCNT Bundle TL



MultiMulti--SWCNT/DWCNT Bundle TLSWCNT/DWCNT Bundle TL



TriTri--SWCNT Bundle TLSWCNT Bundle TL

Equivalent circuit model of a tri-SWCNT bundle interconnect.



TriTri--DWCNT Bundle TLDWCNT Bundle TL

Equivalent circuit model of a tri-DWCNT bundle interconnect.



MWCNT TL MWCNT TL 
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•H. Li, W. Y. Yin, J. F. Mao,  and K. Banerjee, “Circuit modeling and performance analysis of multi-walled carbn nanotube(MWCNT) 

•interconnects,” IEEE Trans. Electron Devices, 55(6), 1328-1337,  2008. 
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Resistivity ComparisonResistivity Comparison
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Comparison of resistivity among MWCNTs with various diameters, Cu wires with different

dimensions, and SWNCT bundles with different chiralities. Dimension of Cu wires are adopted from

ITRS. SWCNT bundles are assumed to be densely packed.



(1) How to get  the breakdown voltage of a SWCNT?

(2) How to get the peak power handling capability of a 

SWCNT?

Problems

42

SWCNT?



SWCNT ARRAY SWCNT ARRAY 
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Specific HeatSpecific Heat

Specific heat of a SWCNT as a function of temperature



Temperature DistributionTemperature Distribution

Longitudinal temperature distribution along single SWCNT in a SWCNT array biased by different 

voltages, respectively, where the total contact resistance is assumed to be 100Kohm. 



Breakdown VoltageBreakdown Voltage

The highest central temperature of the

SWCNTs in the array as a function of

length biased by different voltage,

respectively.

Breakdown voltage of the SWNCT local

interconnect as a function of its length for

different ambient temperatures at the input and

output of the array, respectively.



Power Handling CapabilityPower Handling Capability

Power handling capacity of the SWNCT local interconnect as a function of its length for 

different ambient temperatures at the input and output of the array, respectively.

W. C. Chen, W. Y. Yin, et al., “Electrothermal characterization of single-walled carbon nanotube (SWCNT)

interconnect arrays,” IEEE Trans. Nanotechnology, 8(6), 718-728, 2009. 



ElectroElectro--thermal Equivalent Circuit Modelthermal Equivalent Circuit Model

Electro-thermal equivalent circuit model of a metallic SWCNT N-array.



SelfSelf--heating Effectheating Effect

Crosstalk noise on the victim line in various biasing conditions with SWCNT length of 5 um.



Modeling of TSModeling of TS--MWCNTVB  MWCNTVB  

51

Key technology in 3-D ICs and advanced packaging systems



TSV: Key Technique for Real 3TSV: Key Technique for Real 3--D ICs D ICs 

52
M. Koyanagi, T. Fukushima, and T. Tanaka, “High-density through silicon vias for 3-D LSIs,” Proc. IEEE, vol.97, no.1, pp.49-59, 2009. 

(a) Configuration of 3-D shared memory test chip

(b) an SEM cross-sectional view of it.

Cross-sectional view of the W/poly-Si TSV



(1) Main advantages of using through silicon vias for 3-D 

ICs and Packaging?

Problem

53

ICs and Packaging?



Modeling of TSModeling of TS--MWCNTBV  MWCNTBV  

T. Wang, K. Jeppson, et al., Nanotechnol., 

20(48), 2009.

J. P. Cui, W.S. Zhao, and Wen-Yan Yin, IEEE 

Trans. Electron Devices, 2011 (revised for publ.)



(1) The difficulties of using single CNT or MWCNT to 

built a via?

(2) Temperature effects on thermal conductivities of 

Problems

55

(2) Temperature effects on thermal conductivities of 

SWCNT and MWCNT bundles?



Circuit Model of Single MWCNTCircuit Model of Single MWCNT

M. D’Amore, M. S. Sarto, and A. Tambrrrano,  IEEE Trans. Electromagn. Compat., 52(2), 2010.
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Modeling of A Couple of TSModeling of A Couple of TS--MWCNTBVS  MWCNTBVS  
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Modeling of A Couple of TSModeling of A Couple of TS--MWCNTBVS  MWCNTBVS  
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Modeling of TSModeling of TS--MWCNTBV  MWCNTBV  

( ) ( ) ( ,2) (1,3)

1,3

( ) (2) ( ,2)

0

(2) (1,3)

0

|

Im ((1 ) / )
4

Im ((1 ) / )
4

i i i

T i CNT

i i

CNT t Si

t Si

L L M M

L H j p

H j p

µ
δ

µ
δ

= = − +

 = − ⋅ − 

 + ⋅ − 

(2) (2) (1,2) (2,3)

(2) (2) (1,2)

0

(2) (2,3)

0

|

Im ((1 ) / )
4

Im ((1 ) / )
4

T CNT

CNT t Si

t Si

L L M M

L H j p

H j p

µ
δ

µ
δ

= − −

 = − ⋅ − 

 − ⋅ − 



Modeling of  A Couple of MWCNTBV  Modeling of  A Couple of MWCNTBV  



Modeling of 4 TSModeling of 4 TS--MWCNTBV Array  MWCNTBV Array  

Total inductance  of each via in the 4-TS-MWCNTBV  as a function of frequency for 

different outer radii



Modeling of  A Couple of TSModeling of  A Couple of TS--SWCNTBV  SWCNTBV  



(1) The difficulties of  charactering effective thermal 

conductivity of MWCNTB?

(2) The effective electrical conductivity of MWCNTB?

Problems

63

(2) The effective electrical conductivity of MWCNTB?



Modeling of  TSModeling of  TS--SWCNTBV  SWCNTBV  
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Equivalent circuit models of (a) TS-SWCNTBV unit cell, and (b) silicon substrate unit cell



Modeling of  A Couple of TSModeling of  A Couple of TS--SWCNTBV  SWCNTBV  
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Modeling of  TSModeling of  TS--SWCNTBV Array  SWCNTBV Array  



Coupling Noise in  TSCoupling Noise in  TS--SWCNTBV Array  SWCNTBV Array  
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Coupling Noise in  TSCoupling Noise in  TS--SWCNTBV Array  SWCNTBV Array  

Coupling noise in 3-TS-SWCNTBV array obtained by TLM and the equivalent 

circuit model. (a) 1 GHz; (b) 10 GHz.



Coupling Noise in  a 3Coupling Noise in  a 3--TSTS--SWCNTBV Array  SWCNTBV Array  

� A waveform clock signal with source resistance of 50 Ω is 

injected into the input port of Signal 1

� The rising/falling time (tr & tf) are 0.4%T0 ; the period  is 1 ns 

and 0.1 ns, respectively; the maximum voltage U0max  is 1 V; 

Mark-Space Ratio (MSR) is 0.5

� The output port of Signal 2 is connected with the load of 50 Ω

� Coupling noise at output port of Signal 2 is captured and 

compared with the results obtained by the equivalent circuit 

model

� The peak-to-peak voltage amplitudes  of the coupling noise are 

about 22.4 mV (at 1 GHz) and 91.5 mV (at 10 GHz), respectively

� The amplitude of coupling noise is affected by the rising/falling 

time very much, which is the reason that it becomes larger at 

high frequencies 



Multiphysics Solution for Almost Carbon Integration     Multiphysics Solution for Almost Carbon Integration     
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G. Dimitrakakis, et al., Nano Lett., 8(10), 

2008.




