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Introduction of Single-walled Carbon Nanotubes
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A Scalable CVD Synthesis of High-Purity SWNTs with 
Porous MgO as Support Materials
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Support：MgO；Catalysts：Fe；Carbon Source：CH4
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Surface Growth of SWNTs by CVD

Growth Process:
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Substrate Substrate

SWNTs

Questions:

1. Growing SWNTs on Surface Directly with Controlled Density, Position 
and Orientation

2. Growing SWNTs on Surface with Controlled Diameter

3. Growing SWNTs on Surface with Controlled Metallic and Semi-
conducting Properties

4. Growing SWNTs on Surface with Controlled Chirality
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Controlled CVD Growth of SWNTs on Surface



1）How to achieve a structure-controlled synthesis of nanotubes ?
• Diameter
• Lattice geometry (armchair, zigzag, chirality) 
• Semiconduting or Metallic Nanotubes

2）How to fabricate a desired device structure ?
• Controlled surface growth 
• Manipulation 

3）What architecture should the nanotube device have ?

4）How to  integrate trillions of individual nanotube devices ?

Challenges for the Application of Carbon 
Nanotubes in Future Device



Control of local conformation and architectures 
—— Cooperative growth of floating and lattice oriented modes 

Outline

Control of local tube diameters of SWNTs
—— Temperature-oscillation growth

C
C

C

Control of chirality of SWNTs
—— Cloning growth

Control of metallic-/semiconducting- of SWNTs
—— UV irradiation assistance CVD growth 

Control of local deformation of SWNTs
—— Growth on designed surface



Control of local deformation of SWNTs
—— Growth on designed surface



Substrate-Induced Band Structure Variation
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The goal First experimental system

SEM image
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suspending
suspending

Raman Mapping of Partially Suspended SWNT

λlaser=632.8nm

Elaser=1.96ev

Cumulating time:10s

J Zhang et al, J. Am. Chem. Soc, 2005,127,17156
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What is the Origin of Raman Spectrum 
Variation ?

Several possibility：

1) Laser heating Effect？

2) Charge Transfer (Doping)？

3) Radial Deformation 

?

J. Phys. Chem. C., 111(2007)1983-1987; 111(2007)1988-1992. 



Dependence of △ωRBM on Diameter and 
Chiral Angle

Good agreement with theoretical work about radial deformation.
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Control of local tube diameters of SWNTs
—— Temperature-oscillation growth

C
C

C



Controlling the Diameter of SWNT by Catalyst Particle

J. Phys. Chem. B. 2002,106, 2429-2433 J. Am. Chem. Soc. 2002, 124, 13688



Controlling the Diameter 
by Carbon Feeding

Liu, J. et. al. J. Phys. Chem. B. 2006,110,20254-20257

Our Approach: Tune the Diameter 
of SWNTs by Temperature

C
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Micro-Resonance Raman Spectrum of Individual 
SWNTs

Elaser

1μm SWNT

MicroMicro--Raman spectroscopyRaman spectroscopy ResonanceResonance condition:   condition:   EElaserlaser==Eii

A power tool for both the atomic and electronic structure of SWNT !
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Growing SWNTs at Different Temperature

The catalyst nanoparticles might sinter or collide with 
each other at the high temperature



0 3000 6000
132

138

Distance along the tube (μm)R
am

an
 s

hi
ft 

(c
m

-1
) b

H
ei

gh
t (

nm
)

Distance (µm)
0 1

0

2
d

1 μm

ca

100 μ m

Constant-temperature CVD



-100 0 100 200

140

150

R
am

an
 sh

ift
 (c

m
-1

)

Distance alone the tube (μm)

T2T1

（T1 < T2）

145

135

-100 0 100 200

T1

T2

Distance alone the tube (μm)

1560 1600120 160
Raman shift (cm-1)

In
te

ns
ity

 

T1

T2

T2

T1

In
te

ns
ity

 

SWNTs Grown by one Time Temperature 
Oscillated CVD (From 900oC to 950oC)

S1 S2

Semiconducting－
Semiconducting Nanojunction
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Controlled Thinning of SWNTs via Temperature Step-Up 
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Controlled Thickening of SWNTs via Temperature Step-Down
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900 oC→ 920 oC→ 940 oC→ 960 oC
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Narrowing the distribution of tube 
diameters by sequential temperature 
step-up or step-down 

Tube diameter from wide to narrow distribution 

J. Zhang et. al., J. Phys. Chem. C, 2009, 113(30),13051-13059



Six intramolecular junctions were induced by three temperature oscillations between 950oC and 880oC 
during CVD. (A) shows the scheme of temperature oscillation with time; (B) is an SEM image of several 
parallel ultralong SWNTs grown during the temperature oscillation; (C) shows Raman RBM peak 
positions along a SWNT, each peak corresponds to a time period in (A). 

Multiple Intratube Nanojunctions by Repeating Temp. Oscillation

J. Zhang et. al., Nature Materials, 2007, 6, 283





Control of chirality of SWNTs
—— Cloning growth



Base growth

Tip growth

Growth catalyst: 
Fe, Co, Ni, Cu, Ag, Au, Pt, 

Pd, C60, Si/SiC, Ge/SiC, 
SiO2, TiO2, Al2O3, Rare 

earth oxides

Why not the chemically-
active open-cap nanotube ?

Original “seed” catalyst EBL+O2 plasma Second growth

Chinese patent:  2008 1 0222216.7 J. Zhang et al., Nano Lett., 2009, 9, 1673

Open-end growth mode



Before growth After growth

Cloning SWNTs on Quartz Surface

Tube length 
increase:  

0 μm – 1μm

15.2μm

5 μm

16.2μm

5 μm

15.8μm 16.6μm

5 μm5 μm 5 μm5 μm

15.0μm 10.0μm
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8.7μm

unchanged 
shortened

increased

Tube diameter &  chirality 
keep unchanged after 
cloning growth

J. Zhang et al., Nano Lett., 2009, 9, 1673
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Rate of success 
for cloning: 

24/59 = 40.7%



Rate of success 
for cloning: 

56/600 = 9.3%

Before growth After growth

Cloning SWNTs on SiO2/Si Surface

Tube length 
increase:  

0 μm – 4.6 μm

increased

increased

• CH4/C2H4/H2=100/5/300

• Growth T=975oC for 15min
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Open-End Growth Mechanism

“VS” growth model ?





Control of metallic-/semiconducting- of SWNTs
—— UV irradiation assistance CVD growth



A. Hirsch, Angew. Chem. Int. Ed. , 2002 M. Zheng, Nature Mater., 2003

Ion-exchange chromatographydensity gradient ultracentrifugation

M. S. Arnold, Nature Nanotech. , 2006

Functionalization

alternating current dielectrophoresis

R. Krupke. Science, 2003

gas-phase plasma hydrocarbonation

H. J. Dai. Science, 2006 H. J. Huang, J. Phys. Chem. B, 2006

Laser Irradiation

Separation of  s-SWNTS and m-SWNTs after growth



Furnace

Furnace Furnace

Light 
Source

UV Light Filter

Quartz Tube
UV Light

Substrate

100um

80mW/cm2

10min

Sketch map of the home-made chemical vapor 
deposition system



100um100um40um
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20min
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30min
270mW/cm2

30min

100um

80mW/cm2

15min

100um

80mW/cm2

10min

100um

No Irradiation

SEM images of SWNTs arrays under different irradiation time

When UV beam acted on the substrate, the density of the SWNT array decreased obviously. From above, the shorter 
the irradiation time, the longer and denser the SWNTs were. If we continued increasing the irradiation time or the 
irradiation intensity, SWNTs would become shorter and shorter, and disappeared eventually
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(A) Sketch map of the comparison experiment for SWNT growth with and without UV irradiation. (B)/(C) SEM image 
of the growth result without/with UV irradiation. (D) Raman spectrum for part B with 514.5 nm excitation. (E)/(F) 
Raman spectrum for part A with 514.5/632.8 nm excitation. The metallic SWNTs signals were collected in the yellow 
rectangle while the semiconducting SWNTs signals were collected in the blue rectangle separately for all the three 
spectra. 
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Bias voltage = 100 mV

Channel length = 5.6 um

SiO2 thickness = 800 nm

The Raman spectra demonstrated an amazing result that almost 100% SWNTs were 
semiconducting ones. To further confirm the percentage of the semiconducting SWNTs
in this sample, we performed electrical measurement in the single-tube field effect 
transistors (FET) form. Figure A and B were the low and high magnified SEM images of 
the single-tube FET structure. Fig. C was the typical I-V curve of a semiconducting
SWNT with the on/off ratio over 104. The test parameters of the electrical measurement 
were inserted in Fig. C. The bias voltage was 100 mV, the channel length was 5.6 um, 
and the SiO2 thickness was 800 nm. The electrical measurement data showed that 21 
out of 22 SWNTs were semiconducting ones. 

A

B

C

J. Zhang et al., J. Am. Chem. Soc., 2009, In press 



Control of local conformation and architectures 
—— Cooperative growth of floating and 

lattice oriented growth modes 



a-
plane

Grow SWNTs Crossbar by Combining the 
Two Growth Mechanism in One Batch

Lattice Directed Growth Mechanism

Gas Flow Directed Growth Mechanism



High Density SWNTs Array on Surface

a-plane

Spin-coating PMMA EBL cutting Spin-coating catalyst Anneal

Patterned Catalysts



High Density SWNTs Arrays on 2 Inches Wafer

The Density is about 35- 40 tubes per micrometer



1.4mm

The length of the High Density SWNTs

Vds



Interaction between Cu, Fe Catlysts and 
Quartz Surface

a) and b) illustrate the interaction between Cu, Fe nanoparticles and surface of 
quartz, the red balls represent oxygen atoms. c) and d) High-magnification SEM 
image of the lattice assisted SWNTs catalyzed by Cu and Fe. e) and f) Results of gas 
flow directed growth of carbon nanotubes where Cu and Fe are used as catalysts 
respectively. 



The Effect of Temperature on the 
Growth of SWNTs on Quartz Surface

900oC 970oC 930oC

1. low temperature(900): high density of lattice directed carbon nanotubes, 
few gas flow directed carbon nanotubes

2. optimized temperature(930-950): the density of lattice directed carbon 
nanotubes is acceptable and it is possible for the growth of gas flow 
directed carbon nanotubes

3. high temperature(970): lattice will be damaged by such high temperature



SWNTs Crossbar and Its Potential Application

J. Zhang et. al., J. Phys. Chem. C. 2009, 113, 5341-5344 (cover)

Low 
temperature 
favors for 
lattice 
oriented 
growth mode 
and high T  
for gas flow 
directed 
growth mode. 
With a 
moderate 
930-950oC, 
crossbar can 
be grown. 



The Phenomenon of the Experiment



About 98% of nanotubes is terminated.

Si Quartz

Gas
Spin coating

Fe(OH)3

980℃ 915℃

Do Nanotubes Adhere to the Substrate When Grow？



SEM、AFM & Raman Results
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Base‐growth MechanismOne carbon nanotube hit against another one.



Length-controlled Growth of SWCNTs



Using carbon nanotubes as  nanoscale
barriers, we can get Single-walled 
Carbon Nanotube Arrays with 
controlled length. The method is very 
simple and has no destruction to the 
substrate. 
Additionally, we have obtained direct 
proof on the “ base-growth ”
mechanism for the aligned nanotubes .

Base-Growth

Tip-Growth

Growth Mode of SWNTs on Quartz
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m

e 
In
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J. Zhang et al., Nano Research., 2009, 2(10),768-773.(Cover paper)



Control of Local Conformation

• Shear friction force (Fu)
• Thermal buoyancy force (Ft)
• Lattice-alignment force (Fr) 

Cooling down process 

(1) Activate the floating mode by growing at high 
temperature (975oC); 

(2) Stop the growth and switch to cooling process;
(3) Activate the lattice-oriented mode by slowing 

down the falling speed.

Cooperation of floating and lattice-
oriented modes 

J. Zhang et al., Adv. Mater., 2009, in press (Inside Front Cover )
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When setting gas flow direction perpendicular to the lattice orienting 
direction and cooling down the system from 975oC to 775oC at low speed (4-
20oC/min), we found that, the slower the cooling speed, the higher the tube 
packing density.  
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u



High Performance SWNT-FET with Identical Chirality

Pd electrode, 800nm SiO2
gate dielectric 
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Summary

Single-Walled Carbon Nanotubes

Application the SWNTs in Future Devices

Growing SWNTs on Surface 
with Controlled Structures

Although it is still difficult to make a precise control of the 
diameter, chirality and local band structure of single-walled 
carbon nanotubes, there exists a big space for further efforts. 




