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Low Pressure Synthesis of Diamond
by Gas Activation
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CVD Diamond
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P =20~ 100 Torr
T; = 1900~2200°C
T, =800~1100°C
CH,—H, : 100 sccm
CH,:1~3%

» Atomic hydrogen etches graphite much
faster than diamond. (Exp. Observation)

Difference in etching kinetics can lead to
dominant formation of diamond or to
diamond deposition with simultaneous
graphite etching.
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A popular suggestion, originally made by pioneering Soviet Union
researchers [64,65], is that atomic hydrogen acts as a means
of gasifying or etching graphite or graphitic carbon.

— In the presence of atomic hydrogen, diamond is kinetically stable
relative to graphite [66].

Despite its popularity, this particular approach is not without its
problems. Diamond is deposited with the simultaneous gasification
of graphite, and diamond can be synthesized with graphite as the
only source of carbon. This has been demonstrated most clearly in
Vakil's work [67].

CVD of pure carbon from a hydrocarbon can generally be written
as a reaction of the form

C><Hy - >2/H2 + XCsoIid (3)

If an external supply of atomic hydrogen exists and it is presumed

a major reactant driving the process, then Eq. (3) can be modified
to be of the form

MH® +C,H, — %Hz xCyy  (4)

— Fig. 4(a)
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Fig. 4

The simultaneous deposition of diamond with the gasification of
graphite using atomic hydrogen suggests that a more accurate
schematic is that of Fig. 4(b), rather than that of Fig. 4(a), and that
the vapor-phase deposition of diamond from graphite can be
described as a sequence of two steps:

yH® + xC —-»CH, (5
(gasification of graphite)

graphite

mH° +CH, — %HZ + XCyiamond (6)

(diamond deposition)

The simultaneous CVD of diamond and gasification of graphite is
recognized as the vapor-phase transport of carbon from graphite
to diamond. Summing Egs. (5) and (6) to obtain an overall process
gives




(y+m)H® +C

+m
graphite - yT HZ + Cdiamond (7)

which, if separated into independent reactions, is simply the
recombination of atomic hydrogen with the conversion of graphite
into diamond, i.e.,

y+m

(Y+MH > H, (8)

Cgraphite - Cdiamond (9)

Equation (9) conflicts with the accepted phase diagram for carbon,
and the paradox that has disturbed the early skeptics becomes
apparent.

Atomic Hydrogen Hypothesis

Apply thermodynamics to etching or
deposition.

Graphite Etching ,ugas < ﬂgraphite
Diamond Etching lugas < lugiamond
gas graphite

Graphite Deposition  £=™ > 2

Diamond Deposition  z* > ﬂgiamond

graphite diamond

Graphite vs Diamond /i < Uc




Ini case of graphite etching

gas graphite

Graphite Etching M < e

graphite diamond

Graphite vs Diamond 2 < Uc

gas

He

graphite diamond

< U < U —Diamond Etching

If graphite etches by atomic hydrogen,
less stable diamond should etch also
by atomic hydrogen.

In case of diamond deposition

Diamond Deposition 3% > 4,82m°

Graphite vs Diamond 2P < gmen

gas diamond graphite
C

He > Hc > H

— Graphite Deposition

If less stable diamond deposits, stable
graphite should deposit also.
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CVD Diamond Process

— Thermodynamics of Metastable Phase
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CH,+H, - C.+CH+CH, + ...

1. Free Energy Change between Initial and Final States
AGinitiaI—>finaI _ Gfinal . Ginitial
2. Driving Force for Forward Chemical Reactions

A Iureactants —products __ 2 : Iuproducts . 2 : lureactants
_ i i

3. Chemical Potential Difference of C between gas and solid

_ _ Pgas
gas—solid __  gas solid __ C
Apie =pe — M =—RTIn s
C

Driving force for deposition of diamond?

Gas phase equilbrium
= C*+ C,H,*+ C,H* + CH,* + CH,* + C,H *+ ...

Final equilbrium
= C®+ C,H,*+ C,H*+CH,*"+CH,*"+C,H,*"+ ... + graphite

Metastable equilbrium
= C* %+ C,H,*"+ C,H*+CH,**+CH,**+C,H,**"+ ... + diamond

Apgs™o% =-RT In[ ;C*

ce

]: driving force for deposition of graphite

Apgeo =—RTIn£ Fe J: driving force for deposition of diamond

Ceqd




1%CH, —99%H,
1200 K, 2700 Pa
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Activity of Carbon at 1%CH,-99%H, , 2700 Pa
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CVD phase diagram of C-H system at 2700 Pa
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Calculating Iso-activity Lines with Diamond as a Reference State

$TC

go ges — Go to Gibbs Energy System Module (g)

read chd —Read the data file saved with a file name of chd in the GES module

go poly-3 — Go to Poly-3 modules (p-3)
set-condition (s-c) t= 1200 p=2700 x(c)=0.0049261 n=1
— Set the thermodynamic condition so that the degree of freedom may be zero.

set-automatic-starting value (s-a-s)

Yes (Y)

compute-equilibrium (c-e)

set-reference-state (s-r-s) ¢ diamond ,,

change-status (c-st) phase (p) c_s=suspend

change-status (c-st) phase (p) graphite=suspend
change-status (c-st) phase (p) diamond=suspend

set- axis-value 2 t 1000 2800 — Designate y axis and its range

list-equilibrium (I-e)
TERMINAL
VWCs

compute-equilibrium (c-e)

add

set-condition X(c)=none, acr(c)=1
compute-equilibrium

add
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Diamond Deposition Diagram
(Bachman Diagram)

Experimental Observations
and Thermodynamic Approach




TABLE |
Duta point e Fig, | Reactants CVD method L
62 CO-H, MW plasni
63 CH,-H,-H,0 MW plasmu
64 CO-CO,-H, MW plasmau
65 CO-CO,-H, MW plasma
66 (growth limit) CO-H;-0, MW |
67 CO-CO, -1, MW plas
G4 C,H,-CO, MW plasin
69 (not shown) Cll,-CO,-11, MW plasia
70 {not shown) CyHy-0y Fi
71 (growth limit, not shown) Cyily =0, -11, I e
72 (nul sho Cally -0y =11, Fla
73 (not sl Cll -CO, -1, MW plasiia
T4 (not sl Example in egn. (4) 093
{undily Pure CO LLALEL
i Pure Cll, U.R00
Pure CO, .00
Pure Cyll, 0667
Pure C,11, 0.750
{undiluted) Pure C,H, 0.500
(undiluted) Pure C,11,0il 0,750

0.500

0,450
0.465
0.4y2

A
0.3133
1.000
1000

I

1000

1,000
U000

1,000
0000
0000
0,000
0.143

Relerence

[51]
(52
(53]
(53]
(53]
53]
1621
[37)
(44]
[44]
[44]
137)

MW, microwave; CTR, chemical transport reaction; ECR, electron cyclotron resonance
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Bachmann C-H-O diamond deposition phase diagram.

Bachmann et al, Diamond Relat. Mater. 1 (1991) 1
Petherbridge et al. J. Appl. Phys., 89 (2001) 5219

Lower Limit of Deposition Temperature
of CVD Diamond in the C-H System




Effect of Pressure on the Lower Limit of Deposition Temperature
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Equilibrium Amount of Precipitation (mole)
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