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Background & Motivation

Discovery of Nano Carbons

: : : : : >
1985 1991 1993 2004 2008

Fullerene? MWCNT*? SWCNT3 Graphene* CNT-Graphite
(Kroto) (lijima) (lijima) (Novoselov) Composite®

(Kondo)

* CNT: carbon nanotube
(1) H.W.Kroto et a., Nature, 318 (1985) 162. (2) S. lijima, Nature, 354 (1991) 56.

(3) S. lijimaand T. Ichihashi, Nature, 363 (1993) 603. (4) K. S. Novoselov et al., Science, 306 (2004) 666.
(5) D. Kondo et al., Appl. Phys. Express, 1 (2008) 074003.



Background & Motivation

Physical Properties

Graphene 108 10° ~5000

SWCNT 10%-10’ 10° ~3500

MWCNT 10° - ~3000
Silver 6.8 x 10’ S ' 428
Copper 65x 10’ 10° ' 403
Aluminum 40%10’ - ' 236

e Excellent electric and thermal conductivity properties of the composite,
consisting of graphenes and carbon nanotubes are expected

Application: Via-hole wiring of electronic circuitry, etc
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Composite structure first revealed by Kondo?

> Graphene Iayer5

Transmission
Electron Microscope

Scanning Electron
Microscope

1 (2008) 074003.

Appl. Phys. Express,
*SEM: scanning electron microscopy ** TEM: transmission electron microscopy

(5) D. Kondo et al



Background & Motivation

Composite structure revealed by Kondo>

Interface between surface
graphene and CNTs>

_>

catalyst
particle

— Catalys

)
)
\

Scanning Electron Transmission
Microscope Electron Microscope

Catalyst particles on the tip of CNT

Model of composite

5
(5) D. Kondo et a., Appl. Phys. Express, 1 (2008) 074003. by Kondo

*SEM: scanning electron microscopy ** TEM: transmission electron microscopy



Background & Motivation

CVD growth of carbon films

few nm CNT 600-900 °C l 600-1000 °C

Cat actlvatlo tio
cat CNT growthl .
Carbon sourc Jurce Precipitation

wiw sane

In-situ TEM observation?
compeosiie

Cat activation
Carbon source

C

graphene

—

cat

2.1~-3.6 nm

graphite
g 2 28
sub

(5) D. Kondo et al., Appl. Phys. Express, 1 (2008) 074003.

precipitationl granulation ICNTgrowthl




Background & Motivation

Question about the previous model

How is carbon supplied into the catalyst under the graphite layers?

* Inthe Kondo’s model, the catalyst is covered with graphite and CNTs

e Catalyst loses its activity when covered with amorphous carbon or graphite!3

Kondo’s model

I
granulation | CNT growthl :

Cat activation

Carbon source precipitation

Cy % graphite . ‘ | Earbons
rom
s+ 5 » B0 [15T

(13) K. Hataet al., Science 306 (2004) 1362.



Background & Motivation

Ideal vs. Real Structure Surface Graphite Layers®

Flat, higher
Ordered Graphite

[. Noncontinuous

cat | , (turbostratic)

Structure of Surface Graphite

Model proposed by
Kondo?

SEM by Kondo Our AFM image
Rough particle-like morphology I

(5) D. Kondo et al., Appl. Phys. Express, 1 (2008) 074003. * AFM: atomic force microscopy



Effect of Catalyst Materials (Fe, Co)

How carbon atoms go into the surface graphite layer?

assumption: Defects in the graphite layers have role as a path.

Many carbon Few carbon

Initial growth z/?-
Y

of composite NS e

Low crystallinity High crystallinity

e The crystal quality of surface graphite layers supposed to affect
the growth of composite



Effect of Catalyst Materials (Fe, Co)

How the carbon go into the surface graphite layer?

assumption: defects in the graphite layers have role

The purpose:
e To clarify the carbon supply path into the

underlying layers
e To clarify the growth model of composites

v" Crystallinity of precipitated carbon2°
— Fe: five- and seven-membered rings
— Co: high quality

» Comparison between Fe and Co catalyst

Graphite precipitation?®
(20) Y. Shibutaand S. Maruyama, Comp. Mater. Sci., 39 (2007) 842. (Shibuta’s simulation)



Experimental Methods

Experiment

O Substrate
e Si0,(50 nm)/Si

 Supporting layers: Al,O,
RF-sputterig (Al O, target)

e catalyst: Fe, Co
— Arc-plasma deposition

> thickness measurement by AFM
(precision: 0.1 nm)

cat
support

Raman Spectroscopy

Intensity [arb. unit]

D

wavelength: 532 nm
G

1200 1300 1400 1500 1600 1700

Raman shift [cm]

D: defect-related peak, G: graphite peak

|/lp: estimate of crystallinity

M. S. Dresselhaus et al., Phys. Rep., 409 (2005) 47.

J
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Experimental Methods

O Alcohol thermal Chemical Vapor Deposition (CVD)
e Carbonsource: alcohol(ethanol)

2 C,H, has been previously used
e Custom-made apparatus

X Sheet heater

N, Gas-flow control

lll.:lllllllllrb. 8 A A
[ MLEM _8 = Radiation QJT _______________ 9
Mantle Rl e thermometer 0 'G | @
heater EEEEEEEEN "C_U, ! o
— |
growth }lllll? Illlé?‘ g i PG%
: o z cvD >
. . Ol = = d\Jacuum S | 5
= .'\ : ' QO
n . " | | | $auge | o i 3
. : | " . sEthanol 2 | o
Casbon—1] | . E ‘//: g 4 Time> E
Helter 1 ﬁ = . - S Q ! : o
E:l 7--..;' : *_:’Vg/::ﬁl GEJ 3 min 10 min | (mln) 3
PS. | i_ - | i 2
Vacuum X R.P. Controller Alcohol | Te: growth temperature (670°C)
SGelibe creation | Po: growth pressure (150 torr)
*R.P.. rotary pump, P.S.: power supply,

M.F.M.: mass flow meter



Experimental Methods

CVD growth of CNT by Alcohol CVD

Cross-sectional SEM image

heater

* cat: Co, thickness: 2.0 nm, Temp 800C, Pressure
310 torr, 5 min growth




Effect of Catalyst Materials (Fe, Co)

Growth of Carbon Films from Fe and Co

Co

Fe
.. Non-continuous CNT Intermediate Composite  Graphite
Composite  composite b e =

CNT Intermediate

Surface

Side

e Composite growth at thinner region for Co than Fe
e Graphite formation at thick Co




Effect of Catalyst Materials (Fe, Co)

Crystallinity of composites grown from Fe and Co
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e Crystallinity:Raman (I5/1;)
Fe (0.79) <Co (1.05)

v' Consistent with the Shibuta’s study

Co precipitates higher quality of graphenes

J




Effect of Catalyst Materials (Fe, Co)

Growth at thick catalyst region

e CNT arrays under the graphite for Fe
 No CNT arrays under the graphite for Co

Composite formation Graphite formation



Effect of Catalyst Materials (Fe, Co)

Defect in Graphite is path or not?

Fe: composite Q‘—IV Co:graphite
Many Carbon Few carbon

440 43

Initial stage

CNT growth

Graphite defects is PATH of carbons



Background & Motivation

Real Structure of the composites

disordered rough Surface graphite
Flat, higher
ordered HOPG

Model proposed by
Kondo?

Our proposed structure



Conclusions

Iron catalyzed aligned CNT arrays at the overall thickness (2.0 ~ 15.8 nm for CNT
arrays ~ composite), while cobalt catalyst lost its activity to synthesize aligned CNT
arrays above 4.6 nm.

Crystallinities of the CNTs arrays synthesized from thin iron and cobalt film were
compared by Raman spectroscopy. The Co—catalyzed CNTs showed better
crystallinity than Fe-catalyzed ones (GD ratio: 1.05 and 0.79 for cobalt and iron,
respectively).

Based on these results, defects in the graphitic forms are assumed as paths of the
carbon supply to the catalyst. Since the cobalt catalyst precipitates higher
crystalline graphite than iron, the cobalt deactivates quickly because of suppression
of carbon supply, resulting in the formation of graphite film.
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| ntroduction TTI SURFACE SCIENCE LAB.

l Large Size Single Crystal Domain in CVD Graphene

CVD Graphene: polycrystalline, randomly oriented

5855 £555

Low nucleation density High nucleation density

=»|_arge domains —>Small domains

(Graphene ontlPt

Toward wafer
scale
graphene
growth

L. Gao et al., Nature Z. Yan et al., ACS Nano 6, 9110
Commun. 3, 699 (2012). (2012).

nucleation mechanism is
Important



| ntroduction TTI SURFACE SCIENCE L AB.

In This Talk

& High pressure annealing of Cu before atmospheric
CVD

- Suppress nucleation of graphene

& Discuss the nucleation mechanism




Experimental TTI SURFACE SCIENCE LAB.

High Pressure Annealing and Atmospheric CVD

PR Cu foil (100 um ,Nilaco)
‘ ez tub inner quartz tube
quartz tube
p /
|— c — Needle
4‘_7 valve
|-'- tubular
furnace _(
i ba;ll
Rotar - valve
Pu;g C.:
I
CH/Ar Ar H, exhaust
High pressure | _,| Atmospheric | _, >O§E§,.Nf\t¥§;'
annealing CVD growth Auger mapping
~0.34 MPa, 1050 'C ATM, 1050 C

H,/Ar, 5 h H,/Ar/CH,(10 ppm)



Results and discussion TTI SURFACE SCIENCE LAB.

l“ SEM Observation of Graphene on Cu

Atmospheric Pressure Annealing

High Pressure Annealing

Low nucleation density on high pressure (HP) annealed Cu



Results and Discussion TTI SURFACE SCIENCE LAB.

AFM: #240 Graphene/Cu {Threefold Annealing>




Results and discussion TTI SURFACE SCIENCE LAB.

High Pressure Annealing Reduced the Nucleation

g 1500 ————

= m ATM

= ® High pressure 1
#1000} ‘

5 |
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s O
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Time (min)

3 times lower nucleation density on HP Cu



Results and discussion TTI SURFACE SCIENCE LAB.

AFM Images of the Pretreated Cu Before Growth

High pressure 50

ATM 1.7

nm

I
L

-1.7

nm

The step terrace structure after the HP annealing
indicates clean and smooth surface
- High pressure suppressed evaporation of Cu




Results and discussion TTI SURFACE SCIENCE LAB.

Impurity Particles on Cu

ATM 15 High pressure 70

Impurity Particles

A

Sample Density of particles Height Surface  Density of graphene
(1/um2) (nm) Structure (1/um2)
ATM 0.86 5.240.6 : 7.5x10°

HP 0.10 5345  Stepterrace  2.5x10°



Results and discussion TTI SURFACE SCIENCE LAB.

Auger Mapping of the Impurity Particles

Sample: 10 min CVD growth on ATM annealed Cu

Hexagonal graphenes

» The particle contains Si
> Large (L) particle was located on the center of graphene
> Many small (S) particles were on Cu substrate

The impurity particles would be from the quartz tube



Results and discussion TTI SURFACE SCIENCE LAB.

Particle—Assisted Nucleation

:0 Deposition !. !.

H,/Ar

Diffusion
o

L
Desorption

SiO,
(]

Quartz Quartz

Nucleation and d
Growth

Aggregation

AR .

2/Ar 2/Ar/ CH,

Quartz Quartz



Results and discussion TTI SURFACE SCIENCE LAB.

Electropolishing of Cu before annealing

Electropolishing + HP 25.8

o Sub—millimeter sized graphene

-24.8
nm
Terrace width: ~400 nm 1. KFEFiE @9, (b)12, ()13,
i : .~ 2 (d) 15 scem, 1050 °C, 45 23 OE R TH
Density of particles: ~0.01 um RS T = o 0 SEM [,

& Electropolishing provided large terrace and low density of impurity

& Sub—millimeter graphene was grown through electropolishing and HP



Conclusion TTI SURFACE SCIENCE L AB.

Conclusion

& Effect of high pressure annealing of Cu on atmospheric CVD
graphene growth was studied

& Role of high pressure annealing is suppression of evaporation
of Cu = step terrace surface formation

& Auger imaging revealed that the Si containing particle was
located on the center of graphene

Particle—assisted nucleation process is suggested

4

Combining electropolishing and high pressure annealing,
submillimeter sized graphene growth was succeeded

4

Thank you for listening



