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Carbon nanotube platform for bio- and nanohybrid systems
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SiO etching using SWNT for architecting nanostructures at sub 10 nm scaleSiO2 etching using SWNT for architecting nanostructures at sub-10 nm scale

The birth of NanoScience

Moore’s Law
- Performance of computer chips doubles about every 18 months

Gordon Moore, co-
founder of Intel

Continuous development of lithographic techniques vs. molecular electronics

Candidates: carbon nanotubes, nanowires, single molecules, biomolecules, etc.



Intel® 45 nm Transistor Technology 

Intel Producing First Processor Prototypes With New, 
Tiny 45 Nanometer Transistors, 

A l ti  E  f M lti C  C ti  Accelerating Era of Multi-Core Computing 

Jan. 2007 by Intel

Continuous progresses in lithography

Resource: 2006 ITRS, Lithography section



Conventional Lithography
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Carbon chemistry for high resolution lithography

“Carbothermal Reduction (SiO“Carbothermal Reduction (SiO22 etching)”etching)”(( 22 g)g)

“Reduction of metal ions or metal oxide using carbons at high temperature”

G l Ch i t  T t b k- General Chemistry Text book

C(s) + SiO2(s) ↔ CO(g) + SiO(g)C(s) + SiO2(s) ↔ CO(g) + SiO(g)

How about carbon nanotube with 1~3 nm of diameters How about carbon nanotube with 1~3 nm of diameters 
instead of micro/macro-scale carbon (graphite) powder? 

Is it going to occur for real?
What’s the difference to the conditions for the conventional carbon nanotube growth?

Synthesis of carbon nanotubes : Chemical Vapor Deposition (CVD) 

Catalyst containing SiO2
substrate

CH4

Quartz tube

H2

C2H4

Vent or 
MS

Controlled 
Gas Flows

C2H2

900 oC

Pyrolysis CNT growth



Fe catalyst nanoparticles, Hydrocarbon sources, and Carbon nanotubes

Iron oxide nanoparticle
Fe(III) NH2OH

OH OH OH

Calcination

Iron oxide nanoparticle

CVD
SiO2 SiO2

CVD

500 nm250 nm 1 μm
5 nm

Choi, H. C. et al., Nano. Lett. 2003, 3, 157.

Fe nanoparticle-assisted growth of CNT

• Particle size is corresponding to the nanotube diameter
• Catalytic particles (active end) remain on support

Th  th  d i  d l d  • The other end is dome-closed  
• Base growth (differs from the VLS growth mode)

Li, U. J. et al. JPCB. 2001, 105, 11424.



Carbon chemistry for high resolution lithography

“Carbothermal Reduction (SiO“Carbothermal Reduction (SiO22 etching)”etching)”(( 22 g)g)

“Reduction of metal ions or metal oxide using carbons at high temperature”

G l Ch i t  T t b k- General Chemistry Text book

C(s) + SiO2(s) ↔ CO(g) + SiO(g)C(s) + SiO2(s) ↔ CO(g) + SiO(g)

How about carbon nanotube with 1~3 nm of diameters 

“The carbothermal reduction of silica into silicon requires the use of 

instead of micro/macro-scale carbon (graphite) powder? 

temperature well above the silicon melting point ( ≥ 2,000 oC)”

Nagamori, M. et al. Metail. Trans. B 1986, 17, 503.
Zhihao, B. et al. Nature 2007, 446, 172.

Small Amount of Oxygen : The Accelerator of SiO2 Reduction

Li, J. -L. et al. Phys. Rev. Lett. 2006, 96, 176101.
Aj  P  M  t l  N t 2006  441  818Ajayan, P. M. et al. Nature 2006, 441, 818.



Oxygen-assisted CVD Growth of SWNTs : Increased yields -
Vertical SWNTs on a substrate!!

H2O vapor O2 gas
PECVD

Zhang  G  et al  PNAS 2005  102  16141Zhang, G. et al., PNAS 2005, 102, 16141.

Ethanol vapor
10 Torr

100 nm

1 μm 5 nm

Hata, K. et al., Science 2004, 306, 1362.
Maruyama, S. et al., Chem. Phys. Lett. 2005, 403, 320.

The Oxygen effect on the SiO2 etching using SWNTs

(b) SWNTs
FeCl3 + NH2OH

CVD
900oC 10 min

(c) nanotrenches

(a) Fe catalysts

Byon and Choi Nature Nanotech. 2007, 2, 162.



▪What are the chemical identities of THESE?
Shoulders formed on both edges of nanotrenches.

What is the mechanism of nanotrench formation?▪What is the mechanism of nanotrench formation?

▪What applications from nanotrenches?

500 nm

Analysis of Nanotrench Shoulders : SEM/SAM images and AES Data

SEM & Scanning Auger Microscopy images

C Si O

200 nm 200 nm 200 nm

Auger Electron Microscopy measurement

on the line  f  th  lion the line away from the line



Analysis of Nanotrench Shoulders : 
Cross-sectional HRTEM Images and EDX

1
▪ average width 

by FWHM 

SiO2

Si

by FWHM 
~ 9.8 ± 2.4 nm

▪ average depth
 4 9 ± 1 9 Si

10 nm

2
~ 4.9 ± 1.9 nm

Si

C 1 2C O
Si

Si
O

Analysis of Nanotrench Shoulders : XPS Spectra & HRTEM image

5 nm

Silicon carbide (SiC) peak rangeSilicon carbide (SiC) peak range

Amorphous SiO2 with randomly deposited amorphous carbons

SiO( )  ½ O ( )   SiO ( )SiO(g) + ½ O2(g)  ↔ SiO2(s)



Carbon of SWNTs : The Precursor of SiO2 Reduction
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500 nm
Oxygen-assisted CVD use

1 μm 1 μm 1 μm 500 nm

Increasing density of SWNTs Starting 
carbothermal Reduction

900oC open O2/CH4/C2H4 valves

Carbon Effect (Carbon Nanoparticles without Fe catalyst)

Dispersed carbon source After O2-assisted CVD use

a carbon 2.5 μm

500 1 

a-carbon
nanoparticles
(d < 30 nm)
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500 nm1 μm

apoferritin

2.5 μm
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Carbon Effect (Carbon Nanotubes without Fe catalysts)

Dispersed carbon source After O2-assisted CVD use

2.5 μm

1 250 

Acid treated
SWNTs

μ

1 μm 250 nm

Acid treated
MWNTs

2.5 μm

250 nm2.5 μm

(d > 10 nm)

Fe Catalysts Removal: The Initiator of SiO2 Reduction

250 nm500 nm 1 μm 1 μm

Moulson  A  J  et al  J  Mat  Sci  1979  14  1017

500 nm

Moulson, A. J. et al. J. Mat. Sci. 1979, 14, 1017.
Boyer, S. M. et al. J. Mat. Sci. 1978, 13, 1637.

1.7 nm



Co Catalyst Effect : No Nanotrench Formation

Soaking into cobalt acetate tetrahydrate ((C2H3O2)2Co·4H2O) 0.01 wt% in ethanol for 10 min
then calcination 400 oC for 5 min Murakami, Y. et al. Chem. Phys. Lett. 2004, 385, 298.

Maruyama, S. et al. Chem. Phys. Lett. 2005, 403, 320.

(b) SWNTs

CVD

2 μm

CVD
900oC 10 min

250 nm

(a) Co catalysts (c) SWNTs(a) Co catalysts ( )
(O2-assisted CVD)

2 2 μm

Self-Assembled Fe Catalysts on SWNT/SiO2 Mechanism of Nanotrench formation?

5 min

900oC open O2/CH4/C2H4 valves

1 μm

10 min
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1 μm

1 μm 1

1 μm

1 μm 1 μm

1 μm

Byon and Choi Unpublished results



Removal of Self-Assembled Fe Catalysts on SWNT/SiO2

1 m μm 500 1 μm 1 
μ 500 nm

1 1 μm

500 nm 1 μm 250 nm500 nm μ

Substrate Effect on the Carbothermal Reduction

2 μm

500 nm500 nm 500 nm500 nm

Quartz wafer
(crystalline SiO )

Si3N4 wafer
(crystalline SiO2)



Applications of SiO2 Nanotrenches : Cr Nanowires

target thickness : 4 nm target thickness : 8 nm
Cr Deposition 

by using thermal evaporator

Lift-Off
by using  15% HF sol’n

Si
SiO2

Si
SiO2

Cr Nanowires

10 nm

1
m 0 5

1

250 nm 250 nm

0.5μm 0.5

5 μm 4.4 nm

250 nm 250 nm

8.5 nm5 μm

1 5
1.5

10 nm

1.5

0.5 0.5

μmAvg. 4.4 ± 0.9 nm Avg. 10.4 ± 3.0 nm

Applications of SiO2 Nanotrenches : Si Nanotrenches

Si etching
by using 45% KOH sol’nby using 45% KOH sol n

(83 oC for 1 min)

Removal of SiO2 mask 
by using 15% HF sol’n

SiO2
Si
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