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Ideal Isolated SWCNT ModelIdeal Isolated SWCNT Model

Each parameter scales with lengthEach parameter scales with length
Resistance Resistance –– linear function of length beyond mean linear function of length beyond mean 
free path (free path (LL00))
Capacitance Capacitance –– dominated by electrostatic cap (dominated by electrostatic cap (CCEE))
Kinetic Inductance Kinetic Inductance –– significant only at very high significant only at very high 
frequencies (> 7GHz), unobserved thus far*.frequencies (> 7GHz), unobserved thus far*.
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Modeling CNT BundlesModeling CNT Bundles

Consider Consider CNTsCNTs a material:a material:
‘‘ResistivityResistivity’’ dependent on:dependent on:

–– Tube diameterTube diameter
–– Contact resistanceContact resistance
–– MeanMean--free pathfree path
–– Fraction of contacted metallic Fraction of contacted metallic 

CNTsCNTs

Capacitance dependent on:Capacitance dependent on:
–– Bundle dimensionsBundle dimensions

NO
CONTACT

SEMI-
CONDUCTING

METALLIC
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Assume similar surface roughness between Cu wires and Assume similar surface roughness between Cu wires and 
CNT bundlesCNT bundles

Capacitance of CNT BundlesCapacitance of CNT Bundles

For the same crossFor the same cross--section, electrostatic capacitance for section, electrostatic capacitance for 
all materials is all materials is the samethe same..

Prior approaches use same 3D solvers as used for Cu*Prior approaches use same 3D solvers as used for Cu*

(a) (b) (c) (d)

*[Raychowdhury, 2004, Srivastava, 2005, Naeemi, 2005, 2007]

C=1X C~1.9X C~1.03X C~0.8X
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Effective Effective ResistivityResistivity of of CNTsCNTs

For interconnect lengths > ~1000 gate pitches, For interconnect lengths > ~1000 gate pitches, contact contact 
resistance is insignificantresistance is insignificant
ResistivityResistivity of ideal of ideal CNTsCNTs ~7x lower than Cu at 22nm~7x lower than Cu at 22nm
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Scaling Interconnect:  Design SpaceScaling Interconnect:  Design Space

Consider rescaling the interlayer dielectric (ILD) Consider rescaling the interlayer dielectric (ILD) 
stackupstackup

Scale width:Scale width: Allow CNT bundles to be grown & Allow CNT bundles to be grown & 
assembled at finer widthsassembled at finer widths
Increase ILD height (H):Increase ILD height (H): CNT CNT viasvias enable higher enable higher 
aspect ratios, thicker ILDaspect ratios, thicker ILD

CopperCopper OR OR CNTCNT
InterconnectsInterconnects

CopperCopper OR OR 
CNTCNT ViasVias
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System Evaluation:  OnSystem Evaluation:  On--Chip NetworkChip Network
Abstract the wire + driver model results to system level Abstract the wire + driver model results to system level 
Extend to repeated interconnectsExtend to repeated interconnects……

LTOTAL

LSEG

LSEG =LTOTAL/N
N = # of repeaters

uP uP

uP uP

R R

R R
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CoreCore--toto--Core CommunicationCore Communication

As the cores grow: As the cores grow: BWBWwirewire but but NNwirewire

For same lengths, bandwidth comes at different For same lengths, bandwidth comes at different 
energy cost for each configurationenergy cost for each configuration

uP uP

R R

wire

co
re

...

wire(max) wire wire (min)

wire core

wire D,wire

agg wire wire

total wire wire

Increasing L
10

-7
10

-6
10

-5
10

-4
45

50

55

60

65

70

75

80

85

Total Energy (uJ)

A
gg

re
ga

te
 C

or
e-

to
-C

or
e 

B
an

dw
id

th
 (T

bp
s)

Cu: W=1,H=1)
Cu: W=1,H=2)
CNT: W=1,H=1)
CNT: W=0.5,H=2)



27NanonetsNanonets ‘‘0707MMIITT

5 10 15 20 25

150

200

250

300

350

400

450

500

550

600

Number of Cores

To
ta

l T
hr

ou
gh

pu
t (

Tb
ps

)
Cu: W=1,H=1)
Cu: W=1,H=2)
CNT: W=1,H=1)
CNT: W=0.5,H=2)

How Many Cores?  Infinite?How Many Cores?  Infinite?

Total system throughput:Total system throughput:

2 core aggsysT N BW= ⋅

Total system throughput monotonically increases, butTotal system throughput monotonically increases, but……

Die: 3.5mm x 3.5mmDie: 3.5mm x 3.5mm
Node: 22nmNode: 22nmuP uP

uP uP

uP uP

uP uP

uP uP

uP uP

uP uP

uP uP



28NanonetsNanonets ‘‘0707MMIITT

0 10 20 30 40 50 60 70
0

100

200

300

400

500

600

Number of Cores

To
ta

l T
hr

ou
gh

pu
t (

Tb
ps

)

Cu: W=1,H=1)
Cu: W=1,H=2)
CNT: W=1,H=1)
CNT: W=0.5,H=2)

0 10 20 30 40 50 60 70
0

100

200

300

400

500

600

Number of Cores
To

ta
l T

hr
ou

gh
pu

t (
Tb

ps
)

Cu: W=1,H=1)
Cu: W=1,H=2)
CNT: W=1,H=1)
CNT: W=0.5,H=2)

Max. Throughput: Power ConstrainedMax. Throughput: Power Constrained

Throughput saturates with increasing number of coresThroughput saturates with increasing number of cores
Lower capacitance configurations produce greater power Lower capacitance configurations produce greater power 
constrained total throughputconstrained total throughput

Total Throughput for P < 40WTotal Throughput for P < 40WTotal Throughput vs. # of CoresTotal Throughput vs. # of Cores

P < 40WP < 40W

CNT CNT ViasVias



29NanonetsNanonets ‘‘0707MMIITT

Conclusions & Future WorkConclusions & Future Work

It is vital to evaluate technology changes at all It is vital to evaluate technology changes at all 
levels of the design hierarchylevels of the design hierarchy
To really take advantage of To really take advantage of CNTsCNTs, ILD stack up , ILD stack up 
needs to be rescaled to proportion Rneeds to be rescaled to proportion RWW & C& CW W for for 
application needsapplication needs
Theoretical CNT Models need to be verified with Theoretical CNT Models need to be verified with 
measurement datameasurement data
There are still many integration/manufacturing There are still many integration/manufacturing 
challenges to overcomechallenges to overcome


