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Thermodynamic and Kinetic Description
of Metastable Phase Formation

Thermodynamic and Kinetic Analysis
of Diamond Deposition in CVD

Since graphite is more stable than diamond at low
pressure used in CVD, the driving force for precipitation
of graphite from the gas phase is larger than that

of diamond.

However, the larger driving force
does not guarantee the
dominant formation, which is
determined by kinetic barrier.

If the kinetic barrier for diamond
formation from the gas phase

is lower than that for graphite,
diamond can be formed dominantly
over graphite.

Chem. Potential of Carbon

G

Diamond

Graphite
Hwang et al.
Diamond Relat. Mater.
1(1992) 9




Capillary Pressure in the Nucleation
Stage of Diamond or Graphite

Gibbs free energy, 10'20KJ
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Surface Energy s the only one that
can be varied by the processing condition
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Role of the Gas Activation is to _
modify the surface energy in the way favoring
the stability of diamond over that of graphite

I

essential to the dominant formation
of diamond over graphite

Gibbs free energy, 10'20KJ

Size Dependence of Clusters on
Stability between Diamond and Graphite
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Figure 12. Comparison of the cluster size dependence of AH(sp*) and AHg(sp?) determined by the PM3 HF

method. The fits 1o the sp* (plotted as o°s) and sp® (plotted as 's) data are given by the dashed and solid lines,
respectively.
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Preferential formation of Soot at the Edge

These results imply that the growth source might be electrically charged.

Formation Mechanism of Soot Particles
— Neutralization of Charged Nanoparticles
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Wilson Cloud Chamber

- Designed to test the nucleation behavior

- Ton induced nucleation could not be avoided!

- Utilized to detect the track of the high energy
particle (Bubble Chamber Experiment)

lon-induced nucleation
in cloud and bubble chambers

Discovery of the Positron (the anti-electron)




Nobel Prize Works related to
lon-Induced Nucleation

C.D. Anderson

in 1936

For his discovery
C.T.R. Wilson of positron
in 1927

For his invention
of Wilson cloud chamber
P.M.S. Blackett

in 1948
For his works on

of Wilson cloud chamber
method and cosmic rays

Why don’t we worry about lon-Induced Nucleation
in Thin Film, Nanotube, Nanowire Processes?

Wilson or Bubble Chamber Experiments

- Small amount of ions
- Large amount of a medium to precipitate
— Charged nuclei grow instantly into visible size.

Thin Film, Nanotube, Nanowire CVD Reactor

- Large amount of ions
- Small amount of a medium to precipitate
—Charged nuclei maintain invisible nanosize,
suspended in the gas phase like nano-colloids.




Sedimentation Behavior of Micron-Size Colloids
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Ts1=Ts2=1263 K
T¢1=2473K, Tfp=2323K

Deposition Time = 2 hr
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FIG. 3. Total energy of diamond terminated and graphite termi-
nated cases with respect to various charging states. The abscissa is
the excess charge in electron numbers and the ordinate is total en-
ergy with respect to that of charge-neutral graphite terminated case.

Park, Park, Hwang, Thm, Tejima, Nakamura,
Phys. Rev. B 69 (2004) 195411




Charge-induced transition from rhombohedral graphite to

diamond predicted by first-principles calculations

Hiroaki Koga'* and Satoshi Watanabe!+?
I Department of Materials Secience,
Graduate School of Engineering, The University of Tokye,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
* Core Research for Evelutional Science and Technology (( 'REST),
Japan Science and Technology Corporation, Japan

(Dated: November 5, 2001)
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Atomic Hydrogen Hypothesis

Atomic hydrogen etches graphite
much faster than diamond.

[\ Gas

Diamond

Therefore, less stable diamond
can deposit and stable graphite

etches simultaneously. Graphite

Chem. Potential of Carbon

<> The second law of thermodynamics

requires that if stable graphite etches,

. Simultaneous Diamond Deposition
the less stable diamond should .

and Graphite Etching

etch also.
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Directions of atomic flux violate the 2" Law of Thermodynamics.
Yabrough, J. Am. Ceram. Soc., 75, (1992) 3179 : Thermodynamic Paradox




A.R. Badzian et al., Mat. Res. Bull., 23 (1988) 531

0.5%CH,-H,, 80 Torr. Tsub=870°C

Q
3

g

g

8

Mass of graphite retaining ring (mg)

5

6

(o]
KN

2 3 4
Deposition Time (h)
M. C. Salvadori et al, J. Electrochem. Soc., 139 (1992) 558




Simultaneous Diamond Deposition and Graphite Etching

T, : 2100°C, T, : 1050°C, 1% CH, - H,, 2h

before experiment =——»  after experiment

43.21 mg 37.06 mg (6.15 mg)

Thermodynamic Paradox in CVD Diamond Growth
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The thermodynamic paradox can be avoided if diamond deposits by clusters.
Hwang et al. J. Crystal Growth, 160 (1996) 98 : Diamond growth by clusters

Paradox-free direction of carbon flux
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Paradox or Diamond Deposition by Clusters ?

Wien Filter for Experimental Verification for
Existence of Charged Clusters

~ E =% mv? : energy of cluster

Energy is determined by energy analyzer.

10-5torr
Velocity is determined by Wien filter.
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Negatively—Charged Clusters of 200 ~ 300 Carbon Atoms

Exist in the Gas Phase in Abundance!
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For TEM observation, individual clusters were captured
on a TEM grid with Mo mesh and a silica membrane
during oxy-acetylene synthesis of diamond.
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(&) TEM observation of (b) Some clusters show the lattice
clusters of 1 ~ 1.5 nm fringe of diamond with (111)

J. Crystal Growth 234 (2002) 399 spacing of 2.06 A.

Cauliflower Structure in Diamond
and Silicon CVD Processes

(a) Diamond (b) Silicon




What would happen in Si CVD?

Si substrate Fe substrate

1am250kU 1PBE4 S826-55 §

(a) Si substrate (b) Fe substrate

SiH, : HCl : H, = 1:1:98, 1333 Pq, 1123K
J. Crystal Growth, 218 (2000) 27

Time Evolution of Microstructure on Ni substrate in Si CVD

(a) min (b) 30 min
SiH, : HCl : H, = 1:1:98, 1333 Pa, 1123K

J. Crystal Growth, 218 (2000) 27




Selective Deposition and Nanowire Growth by Charged NPs

Conductor (Mo) Insulator (SiO,)
CNPs have difficulty in landing on insulators. I Tt
— Selective Deposition )
J. Crystal Growth, 206 (1999) 177 Radial direction
— Repulsive
Electrostatic Interaction between
CNPs and charged rods |_*+ - @
— Nanowire Growth Axial direction
J. Crystal Growth, 218 (2000) 33 - Attractive

SiH, : HCI : H, =3 :1: 96, 950°C, 10 Torr

Rev. Mod. Phys., Vol. 77, No. 2, April 2005

Colloquium: Reactive plasmas as a versatile nanofabrication tool
K. Ostrikov*
School of Physics The University of Sydney, Sydney NSW 2006, Australia
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FIG. 9. Silicon nanowire growth and interaction with charged
clusters: (a) Scanning electron micrograph of silicon nano-
wires grown in low-pressure SiHy+H, reactive plasma (Xu,
Ostrikov, ef al, 2005); (b) schematics of the charged
nanocluster-nanowire interaction (Hwang and Kim, 2004).
Here, I, denotes the force of the electrostatic building-unit—
nanowire interaction.




Spontaneous Polarization-Induced NANO
Nanohelixes, Nanosprings, and LETTERS
Nanorings of Piezoelectric Nanobelts

Xiang Yang Kong and Zhong Lin Wang*

2003

Figure 1. SEM images of the as-synthesized Zn0 nanobelts, showing nanobelts of sizes 2060 nm in widths and a large fraction of
nanorings and helical nanostructures.

Ultrawide ZnO nanosheets

Jae-Hwan Park.* Heon-Jin Choi, Young-Jin Choi, Seong-Hyung Sohn and

Jae-Gwan Park KIST

J. Mater. Chem., 2004, 14, 35-36

Fig.3 (a) SEM images showing the evolutionary stages of the
nanosheets from the comb-like structure toward the sheet structure,
which were obtained by controlling the growth time from a few seconds
to several hours. (b) A schematic illustration showing the possible
growth mechanism of the ultrawide nanosheets. (c¢) Hierarchical 3D
arrays of nanosheets.




Ludwig Boltzmann
(1844-1906)
Atomic Theory

atoms — invisible

Conventional Paradigm of CVD
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In—situ Measurements of CNPs by nano—DMA
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HW-CVD System & Charge Effect

£ "
g *
s 12 Silicon HWCVD
= 66.7 Pa
E g 20%-SiH,-80%-H,
E -8/
2
a =21 - ®
1400 1500 1600 1700 1800 18900 Thin Solid Film,
Wire Temperature (°C) in press.

Low Temp. Depo. of Polycrystalline Silicon
by Hot Wire CVD

SEM and AFM microstructures of silicon deposited at 450°C
Mobility = 175 cm?/Vsec (measured in LG-Phillips)

Pure & Appl. Chem. 78 (2006) 1715




HW-CVD System & Charge Effect

Thin Solid Film,
in press.

Effect of Charge Removal on Film Growth

= As Si film grows, charge mobility changes (Glass vs Si)

1650 ©
450 C
Thin Solid Film,
20% SiH4 (30 sccm) in press.
0.5 torr
6.5cm
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Conclusions ]

a N

 CVD thin films, nanowires and nanotubes,
that have been believed to grow by atomic or
molecular unit, grow by charged nanoparticles.

e CVD can be approached efficiently by new
understanding.

» Lots of work should be done in this new
field both in fundamental understanding and
\ applications.




