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Ts,1 = s,2 =1263 K

f,1 =2473 K, f,2 = 2323K

Deposition Time = 2 hr

(* s : substrate,  f : filament)

T

T

(a) Fe substrate (b) Fe substrate on quartz

T

Charge stabilizes diamond.

Charge induces self-assembly.

Deposition Behavior between Conducting and 
Insulating Blocks beneath Fe Substrate



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

Effect of Negative Charge on Stability of 
Diamond Nanoparticle (Ab-initio Calc.)

Experimental Facts implying that 
the growth flux is electrically 
charged.



Preferential formation of Soot at the Edge

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

Preferential Diamond Formation 
along scratches on Substrates

What would be the role of scratch?

→ Geometric effect

Scratches are made by diamond paste.

Scratches by SiC also induce preferential
formation of diamonds.

→ Diamond debris

On the edge or on the groove?



Dennig et al., Appl. Phys. Lett. (1991) 





Effect of Substrate Geometry
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Estimate the ratio of Ihomo/Ihetero for the three cases.
the supersaturation ratio (α) = 10, T = 1200 K
v = 3.41 × 10-6 M3/mole, γ = 3.7 J/M2
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All the puzzling phenomena are 
solved when negatively-charged 

diamond clusters are formed
in the gas phase and they deposit 

as diamond films.



Puzzling Phenomena in Diamond CVDPuzzling Phenomena in Diamond CVD
(Implication of Charge) (Implication of Charge) 

1.1. Bias EffectBias Effect
((SawabeSawabe et al. Thin Solid Film 137 (1986) 89)et al. Thin Solid Film 137 (1986) 89)

2.  Preferential formation on the convex edge2.  Preferential formation on the convex edge
((DennigDennig et al. et al. ApplAppl. Phys. . Phys. LettLett. 59 (1991) 1562). 59 (1991) 1562)

3.  Preferential formation of soot on the Fe edge3.  Preferential formation of soot on the Fe edge

4.  Halogen elements replace the gas activation4.  Halogen elements replace the gas activation
(Patterson et al. Diamond (Patterson et al. Diamond RelatRelat. Mater. 1 (1992) 768). Mater. 1 (1992) 768)

5.  High growth rate without gas phase nucleation5.  High growth rate without gas phase nucleation
→→ In analogy with In analogy with electrodepositionelectrodeposition

6.6. Enhanced diamond formation on soot when the Enhanced diamond formation on soot when the 
iron substrate is electrically insulated. iron substrate is electrically insulated. 

1.1. Deposition of graphitic soot on the iron substrateDeposition of graphitic soot on the iron substrate

2.2. Microcrystalline or Microcrystalline or nanocrystallinenanocrystalline diamonddiamond
BallBall--like diamond, Cauliflower structurelike diamond, Cauliflower structure

3.3. All kinds of carbon allotropes are favorable for All kinds of carbon allotropes are favorable for 
diamond formation. diamond formation. 

4.4. Diamond deposition on graphite with simultaneous Diamond deposition on graphite with simultaneous 
etching of graphiteetching of graphite

5.  Confirmation of gas phase nucleation of diamond5.  Confirmation of gas phase nucleation of diamond
powder particlespowder particles

((MituraMitura,  J Crystal Growth, 80 (1987) 417),  J Crystal Growth, 80 (1987) 417)

Puzzling Phenomena in Diamond CVDPuzzling Phenomena in Diamond CVD
(Implication of Gas Phase Nucleation) (Implication of Gas Phase Nucleation) 



Who would believe that diamond crystals 
grow by charged gas phase nuclei?

Invisible Charged Clusters of ~ 1 nm

All puzzling phenomena can be explained only when we assume that
charged clusters are formed in the gas phase and deposit as diamond films.

Diamond Deposition on the Etch Pit 
of Graphite Substrate

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



Weight Change of Graphite Ring

M. C. Salvadori et al, J. Electrochem. Soc., 139 (1992) 558

0.5%CH4-H2, 80 Torr. Tsub= 870 oC
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Hwang et al.
Diamond Relat. Mater. 1 (1992) 9
J. Crystal Growth 160 (1996) 87

Thermodynamic Paradox in CVD Diamond Growth



Gas + Solid

Gas

CVD phase diagram of C-H system at 2700 Pa



Paradox-free direction of carbon flux
Hwang et al. J. Crystal Growth, 160 (1996) 87 : Diamond growth by clusters
The thermodynamic paradox can be avoided if diamond deposits by clusters. 

atoms

clusters

Paradox or Diamond Deposition by Clusters ?
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Before Gas Phase Nucleation

Diamond

Graphite

Gas

After Gas Phase Nucleation
Gas Phase Nuclei or Clusters

before experiment after experiment

37.06 mg43.21 mg (6.15 mg)

TF : 2100oC, Ts : 1050oC, 1% CH4 - H2, 2h

Simultaneous Diamond Deposition and Graphite Etching





1. Negatively charged clusters are formed in the gas 
phase of  hot filament CVD diamond process.

2. Their size are of a few nanometers and invisible,
suspended in the gas phase like colloidal particles.

3. These clusters have the diamond structure. 
The diamond stability comes from the two
factors: capillary pressure and electrical double layer.

4. If they lose charge, they will transform to graphite.

5. When CCs approach the Fe substrate of the high
charge transfer rate, they lose charge just before 
landing.

Charged Cluster Model

6. After losing charge, they lose the diamond stability    
coming from the electrical double layer and instantly
transform into graphite clusters.

7. These neutral graphite clusters undergo random
Brownian coagulation, producing soot on Fe.    

8. When CCs approach the Si substrate, they retain 
charge and maintain the diamond structure.

9. They undergo repulsion dominant sedimentation 
and result in the highly ordered packing and 
self-assembly combined with epitaxial
recrystallization, growing into diamond crystals.   

Charged Cluster Model



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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Small Clusters

Large Clusters

Cluster size Increases with 
increasing CH4 concentration.



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
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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



Cheong et al.
J. Crystal Growth
206 (1999) 177



We grow nanowires, nanotubes
and various nanostructures by CVD.

Would they also grow by charged 
nanoparticles?

(a) Mo substrate (b) Si substrate

SiH4 : HCl : H2 = 3 : 1 : 96, 950oC, 10 Torr, 3 min 

Hwang et al. : J. Crystal Growth, 218 (2000) 33

Charged Clusters have difficulty in landing on insulators.
→ Selective Deposition in CVD process



Coulomb interaction between Coulomb interaction between 
positivelypositively--charged rod and clustercharged rod and cluster

→ One-dimensional nanowire growth

++ –
→ Attractive

+ Axial direction

+
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+ Radial direction

+

(a) 3 min (b) 6 min

SiH4 : HCl : H2 = 3 : 1 : 96, 950oC, 10 Torr, Si substrate 

Hwang et al. : J. Crystal Growth, 218 (2000) 33

Silicon Nanowires



(c) after 6 min on Si

Selective Deposition and Nanowire Growth by Charged NPs

Electrostatic Interaction between 
CNPs and charged rods 
→ Nanowire Growth
J. Crystal Growth, 218 (2000) 33

(a) after 3 min on Mo

Conductor (Mo) 

(a) after 24 min on SiO2(b) after 3 min on Si

Insulator (SiO2)

CNPs have difficulty in landing on insulators. 
→ Selective Deposition
J. Crystal Growth, 206 (1999) 177

SiH4 : HCl : H2 = 3 : 1 : 96, 950oC, 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








