
10. Small clusters undergo epitaxial recrystallization  
and deposit as high quality diamond crystals.
→ tend to be accommodated to the substrate structure.

11. Medium-size clusters made twins or stacking faults. 

12. Large clusters deposit as a cauliflower structure. 

13. High substrate temperature enhances epitaxial
recrystallization and is favorable for deposition of 
epitaxial films. 

14. Low substrate temperature enhances non-epitaxial
recrystallization and is favorable for deposition of 
nano-structure or cauliflower structure.

Charged Cluster Model

Palnichenko et al.,  Nature 402 (1999) 162

Diamond Synthesis without HydrogenDiamond Synthesis without Hydrogen



How can we experimentally
confirm the existence of

hypothetical negatively-charged 
nanoparticles in the diamond

CVD reactor?

J. Crystal Growth 213 (2000) 79

Experimental Confirmation of Negatively-Charged Carbon 
Clusters in the Diamond CVD Process by Wien Filter 
combined with Energy Analyzer. 
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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.       

(a)  TEM observation of 
clusters of 1 ~ 1.5 nm

(b) Some clusters show the lattice
fringe of diamond with (111) 
spacing of 2.06 Å.J. Crystal Growth 234 (2002) 399
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How about other CVD films? 
Do they also grow by charged 

nanoparticles?
How do you know?



Cauliflower Structure in Diamond
and Silicon CVD Processes

(a) Diamond (b) Silicon

Cauliflower structure is very general in CVD processes. 
→ Film growth by CNP might be a general mechanism

in CVD.



How do you prove that silicon CVD 
films grow by charged 

nanoparticles?

Two irreversible processes of deposition and etching 
take place simultaneously  in opposite directions!



Simultaneous Deposition and Etching of Simultaneous Deposition and Etching of SiSi

→ violate the 2nd Law of Thermodynamics

Gas Phase Nucleation
→

Gas Phase Nuclei Gas Phase Nuclei →→ DepositionDeposition
Atomic unitAtomic unit →→ EtchingEtching

→

→

Gas Solid
Si Si

Gas Solid
Si Si

Deposition μ >μ
Etching μ <μ

→Gas Solid
Si Siμ <μ etching

J. Crystal Growth
205 (1999) 59

CVD phase diagram of Si

SiH4 : HCl : H2 = 
1:2:97, 
100 torr, 950oC



Two irreversible processes of deposition and etching 
take place simultaneously  in opposite directions!



Coulomb Interaction between charged particlesCoulomb Interaction between charged particles
D.B. Dove, J. Appl. Phys. 35 (1964) 2785

( ) ( )
2 2 2 2 2

1 2 1 1 2 2
2 2 2 2 2

2 1

...
4 4 4o o o

n n e n e rd n e r dForce
d d r d rπ ε π ε π ε

= − −
− −

r1 r2
d

n1

n2
If  r1  >> r2  → Attractive
If  r1  ~  r2    → Repulsive

What would happen in Si CVD?

SiH4 : HCl : H2 = 1:1:98, 1333 Pa, 1123K
J. Crystal Growth, 218 (2000) 27

(b) Fe substrate(a) Si substrate

FeSi

Si substrateSi substrate Fe substrateFe substrate

Self-assembly of CNP comes from
electrostatic interaction.

Neutral NP → porous structure



(a) 3 min (b) 30 min

SiH4 : HCl : H2 = 1:1:98, 1333 Pa, 1123K

J. Crystal Growth, 218 (2000) 27

CNP undergo self-assembly and rotation into epitaxial orientation,
which is induced by the electrostatic interaction.   

Time Evolution of Microstructure on Ni substrate in Si CVD

Selective Deposition in CVD




