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Carbon Nanotube FET (CNFET) 
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CNT: d = 1.2nm 

2 µm

Gate

2 µm

Gate

Scalability (9nm)  

§  IBM 

Supply: ≤ 0.4V 

§  PKU, Stanford 

Energy efficiency: 10X 

§  IBM Power 7 model 

d 

CNFET 

Sub-litho 
pitch 



CNFET Inverter 
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P+ Doped 

N+ Doped 

INPUT 



Big Promise, Major Obstacles 
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Mis-positioned CNTs Metallic CNTs 

l  Process advances alone inadequate 

[Zhang IEEE TCAD 12] 

Solution: Imperfection-immune design 



Mis-positioned CNTs 
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Wanted: (A+C) (B+D) 
 

Got : B+D 

Out 

A B

C D

Vdd 

A C

B D

Gnd 

Wanted: Aʹ′Cʹ′ + Bʹ′Dʹ′  
 

Got:  Aʹ′Cʹ′ + Bʹ′Dʹ′ + Aʹ′Dʹ′  



Metallic CNTs 
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Semiconducting CNT (s-CNT) Metallic CNT (m-CNT) 

1 – 50% grown CNTs metallic 
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CNT Growth on Silicon 
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l  Highly mis-positioned 

10 µm 



First Wafer-Scale Aligned CNT Growth 
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Quartz wafer  
with catalyst 

Aligned  
CNT growth 

Quartz wafer with CNTs 

20µm  

99.5% aligned CNTs 

Stanford Nanofabrication Facility 

[Patil VLSI Tech. 08, IEEE TNANO 09] 



Wafer-Scale CNT Transfer 

9 [Patil VLSI Tech. 08, IEEE TNANO 09] 

l  Low temperature (90oC – 120oC) 

2 µm 2 µm 

Before transfer After transfer 

SiO2/Si Quartz 

Thermal Release 
Adhesive Tape 



Mis-Positioned CNT-Immune NAND 
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1. Grow CNTs 

[Patil IEEE TCAD 09] 



Mis-Positioned CNT-Immune NAND 
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B A

A 

B

Out 

1. Grow CNTs 

2. Extended gate, contacts 

Vdd 

Gnd 

CRUCIAL 



Mis-Positioned CNT-Immune NAND 
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B A

A 

B

Out 

1. Grow CNTs 

2. Extended gate, contacts 

3. Etch gate & CNTs 

4. Dope P & N regions 

Etched 
region 

essential 

Vdd 

Gnd 



Mis-Positioned CNT-Immune NAND 
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B A

A 

B

Out 

1. Grow CNTs 

2. Extended gate, contacts 

3. Etch gate & CNTs 

4. Dope P & N regions 

Etched 
region 

essential 

l  Arbitrary logic functions 

§ Graph algorithms 

Vdd 

Gnd 



Most Importantly 

14 

l  VLSI processing 

§  No per-unit customization 
 

l  VLSI design 

§  Immune CNT library  



Algorithms 

15 [Patil IEEE TCAD 08] 

l  Given: Layout 

§  Determine 

•   Mis-positioned CNT-immune ? 

l  Given: Logic function 

§  Produce 

•   Mis-positioned CNT-immune layout 



Mis-Positioned CNT-Immune Layout 
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l  Many mis-positioned CNTs 

l  Inexpensive 

Out =                           
A + (B + C)(D + E) 

Etched regions 
CNTs 

C B 

Vdd / Gnd Contact 

A 

Output Contact 

E D 

Intermediate 
contact 



m-CNT Processing Options 
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l  Grow 0% m-CNTs 

§  Open challenge 
 

l  Remove m-CNTs after growth 

§  99.99% 
 

l  Early attempts inadequate 

§  Single Device electrical Breakdown 



SDB: Useful Tool, BUT… 
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m-CNT  
s-CNT 

Gate 
off 

High Voltage 

Gnd 
m-CNT  

breakdown 

I on
 (µ

A 
/ µ

m
) 

102 

101 

100 

10-1 

100 102 104 106 
Ion / Ioff 

Before 
SDB After  

SDB 

l  Incorrect logic, VLSI scalability 

[Collins Science 01] 



VLSI Metallic CNT Removal 
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l  Universally effective 

l  VLSI processing & design 

l  Sub-20nm scalable 

source 

drain 
2µm 5µm 

[Patil IEDM 09, IEEE TNANO 10, Shulaker ACS Nano 14] 



VMR Example 
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s-CNT 

m-CNT 

1.  Grow and transfer CNTs 

Silicon Back-Gate 
Back-Gate Oxide 



VMR electrodes 

1.  Grow and transfer CNTs 

2.  Fabricate VMR electrodes 

Silicon Back-Gate 
Back-Gate Oxide 

VMR Electrodes 
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VMR Example 



High  
voltage Gnd 

1.  Grow and transfer CNTs 

2.  Fabricate VMR electrodes 

3.  Electrical breakdown (back-gate) 
Silicon Back-Gate 
Back-Gate Oxide 

VMR Electrodes 
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VMR Example 



1.  Grow and transfer CNTs 

2.  Fabricate VMR electrodes 

3.  Electrical breakdown (back-gate) 

4.  Etch CNTs & unneeded VMR electrodes: predefined 

CNFET contacts intact 
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VMR Example 



1.  Grow and transfer CNTs 

2.  Fabricate VMR electrodes 

3.  Electrical breakdown (back-gate) 

4.  Etch CNTs & unneeded VMR electrodes: predefined 

5.  Top-gates (mis-positioned CNT-immune layout), doping, wires 

24 

VMR Example 



VMR Selectivity 
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m-CNTs 
99.99% m-CNT removal 

4% s-CNT removal 

Breakdown 
voltage (V) 

[Shulaker IEEE JSSC 14] 



First Sub-system: ISSCC Demo 

26 [Shulaker ISSCC 13, IEEE JSSC 14] 

Wafer with CNFET circuits 

DAQ motor 
controller 

Robot 

ISSCC Jack Raper Outstanding Technology Directions Paper 
 



First Sub-system: ISSCC Demo 

27 [Shulaker ISSCC 13, IEEE JSSC 14] 

Wafer with CNFET circuits 

DAQ motor 
controller 

Robot 

ISSCC Jack Raper Outstanding Technology Directions Paper 
 

Sacha: CNT Controlled Hand-shaking Robot 



CNT Computer 

28 [Shulaker Nature 13] 



CNT Computer 

29 [Shulaker Nature 13] 

l  Turing-complete processor: entirely CNFETs 

Instruction Fetch Data Fetch ALU Write-back 



CNT Computer 
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Instruction Fetch Data Fetch Arithmetic block Write-back 

l  178 CNFETs 

§  ~ 30K CNTs 

l  7-15 cascaded logic stages 



Reproducible Results 
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80 ALUs 200 D-Latches 

~ 1,800 CNFETs ~ 1,600 CNFETs 

Waveforms overlaid 



First CNT Monolithic 3D IC 

32 [Wei IEDM 13] 

V
O

U
T 

(V
)  

VIN (V) 0 

1 

2 

3 

0 1 2 3 

Inter-layer digital circuits 3-Layer integration 

Conventional vias, 
no TSVs 

Process temp.     
< 250 oC 



CNT Variations 

33 [Zhang IEDM 11, IEEE TCAD 12] 

•  CNT Density 

CNT type CNT diameter CNT density 

CNT alignment CNT doping 

s-CNTs 
m-CNTs 

+ tox 
+ Vt 
+ Lchannel 

CNTs 
5µm 



CNFET ION Variations: System-Level 
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Grown 
CNT 

density 

CNT count variations 

alignment, 
 diameter, doping 

m-CNT- 
induced 

[Hills DAC 13]         OpenSPARC T2 core, Stanford SPICE model: [Luo TED 13] 



Grown CNT Density Variations 
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  CNT Count 
5 

 
3 

 
3 

 
8 

 
3 

 
4 

IDC =  –––––––  
σspacing

2
 

µspacing
2 

non-uniform spacing 

•  Index of Dispersion for Count 

 

5µm 

[Zhang DAC 09, IEEE TCAD 11] 



Probabilistic CNT Growth 
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s-CNT 

97.03% 2.94% 0.029% 0.001% 

pm = 1% 

m-CNT 

[Zhang IEDM 11, IEEE TCAD 12] 

l  Pr (m-CNT) = pm  

l  Pr (s-CNT) = 1 - pm 

l  i.i.d. (experimentally verified) 



Probabilistic CNT Removal 
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pRm = 99.99% 

pRs = 4% 

. . .  

90.2% 

0.01% 

0.2% 

l  Pr (Removed | m-CNT) = pRm  

l  Pr (Removed | s-CNT) = pRs 

m-CNT-
induced 

variations 
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Yield 

Energy cost 

0% 

High 

High 0% 

Do 
nothing 

Overcoming CNT Variations 
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Upsize 
Yield 

Energy cost 

0% 

High 

High 0% 

Do 
nothing 

Special 
layouts 

CNT correlation 

Overcoming CNT Variations 
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l  Unique CNT feature 

W W 

y 

x 

W 

W 
y 

x 

Uncorrelated Correlated 

[Zhang DAC 10, IEEE TCAD 12] 

CNFET Correlation 
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l  Aligned-active layout 

 

Pr (No failure) =  
 

Pr (No CNFET 1 failure 
AND 

No CNFET 2 failure 

AND … AND 
No CNFET K failure) 

 

 
 

. . .  

“Engineer” CNFET Correlation 
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l  Aligned-active layout 

 

Pr (No failure) =  
 

Pr (No CNFET 1 failure) 
≈ 

Pr (No CNFET 2 failure) 

≈ … ≈ 
Pr (No CNFET K failure) 

 

 
 

. . .  

BIG BENEFIT 

“Engineer” CNFET Correlation 
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Yield 

Energy cost 

0% 

High 

High 0% 

Do 
nothing 

Special 
layouts 

CNT correlation 

Better 
process 

Processing 
guidelines 

Upsize 

Overcoming CNT Variations 



44 example: 16nm “lsu”, IDC = 0.5, pm = 10%, pRs = 5%, pRm = 99.99% 
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goal 

energy increase 

nominal design point 

Delay vs. Energy 
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nominal design point 

upsizing 

Upsize: High Energy Cost 
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0% 5% 10% 15% 20% 

46 

de
la

y 
pe

na
lty

 

energy increase 

goal 

upsizing 

Krupke, R., et al., Science, 2003. 
Arnold, M. S., et al., Nature Nanotech., 2006. 
Hersam, M. C., Nature Nanotech., 2008.  

Tanaka, T., et al., Nano Letters, 2009. 
Ghosh, S., et al., Nature Nanotech., 2010. 
Li, S., et al., ACS Nano, 2012. 

Improve pm: Diminishing Returns 

pm= 10% à 5% à 1% à 0.1% 
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pm , pRm, pRs  

IDC 

Sizing 

CNT correlation 

Optimized Guidelines 

Noise margin Energy Delay 

Parameters 

Search 

Processing & Design Co-Optimization 
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•  Exhaustive search infeasible 

IDC 

Pm PRs 

What Parameter Values ? 



0 
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4 
5 

dec pmu gkt pku exu lsu tlu fgu 

Brute-force  New approach 
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1.5 
months 

ho
ur

s 30 
min 

Accuracy within 2.5% of brute-force 
[Hills DAC 13] 

Simulation Time 
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Example 
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0.15 4% 4% 
0.3 0.9% 0.9% 
0.2 7% 1% 
0.1 4% 7% 

GOAL 

  
MULTIPLE paths 

 5nm node 
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