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The role of the bias pretreatment for the enhanced nucleation of the diamond nuclei in the chemical
vapor deposition of diamond is theoretically investigated. We obtain the kinetic energy of ions
impinging on the surface of the substrate as a function of bias voltage. The experimentally obtained
optimum bias voltage of2100 V for the enhanced nucleation of diamond nuclei corresponds to the
C ion energy of;5 eV at the surface of the substrate. The reduction of the ion energy is caused by
the scattering in the ion sheath region of the plasma. The ion sheath width and the ion energy on the
surface of the substrate are given as functions of the gas pressure and the bias voltage. The results
are compared with the experimental results. ©2001 American Institute of Physics.
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I. INTRODUCTION

A bias pretreatment as an initial process prior to the cr
tal growth of diamond is known to be very effective for th
enhanced nuclei formation in the plasma chemical va
deposition ~PCVD! of diamond.1–3 The bias voltage of
around2100 V applied to the substrate relative to a cou
termetal electrode in the plasma is known to form diamo
nuclei on the substrate at a density of 1010/cm2, which is six
orders larger than that obtained without bias pretreatmen
addition, the bias pretreatment is effective for the align
nucleation of nuclei on the substrate.4–9

In spite of the significant enhancement of the nucleati
the role of the bias pretreatment is not clearly understo
For example, it is speculated that the energetic carbon
may form C–Csp3 bonds as diamond nuclei or amorpho
carbon on Si substrate where the number of diamond nu
increases with increasing the ion energy.10 However, the
bond energy of C–Csp3 is in several eV, and we do no
know why such a high bias voltage (2100 V) is needed for
the enhanced nucleation of diamond nuclei. It is conside
qualitatively that ions are strongly decelerated due to sca
ing in the ion sheath region of plasma and that the energ
ions impinging upon the substrate surface may become m
lower than that expected directly from the applied bias vo
age.

In this article, we make a theoretical analysis of the
ased plasma and calculate the relationship between a ca
ion energy impinging on the substrate surface and the
plied bias voltage in the plasma as a function of plas
parameters. We compare the results with experiments
discuss the role of bias pretreatment on the enhanced n
ation of diamond nuclei.

Microscopically, Sternberget al. have performed the
theoretical treatment of molecular dynamics of the diamo
silicon interface and show an essential role of the inter
strain of carbon chemical bonds for the formation of t
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heteroepitaxial growth.11,12 A variety of the interface struc-
tures between the Si substrate and diamond layers for
during the bias pretreatment, such as SiC,13,14 amorphous
carbon,15 and nanographite,16 are directly observed by high
resolution transmission electron microscopy~HRTEM!.17

The formed structures may essentially depend on the kin
energy of the ions on the substrate surface which is dep
dent on the plasma parameters. In a recent CVD experim
of carbon nanotube18,19 and cubic boron nitride,20 the bias
enhancement of the nucleation is observed.

In order to get a clear understanding of the effect of b
pretreatment and reproducible results for the nucleation
diamond nuclei or other materials, we need a simple bu
universal relationship between the kinetic energy of ions a
plasma parameters, for example, gas pressure, distanc
tween the substrate and the counterelectrode, etc. The pr
theoretical analysis is useful for understanding the nuclei
mation and crystal growth in the plasma.

In the bias pretreatment, the bias is applied betwee
tungsten needle counterelectrode and a substrate in
plasma as shown in Fig. 1~a!. A typical value of the bias
voltage on the substrate for the enhanced nucleation of
diamond nuclei is2100 V.1 At a pressure of about 20–4
Torr of the mixture gas with a ratio of CH4/H257%, the
mean free path of molecules is estimated much smaller t
the width of the ion sheath. For example, the mean free p
of a H2 molecule at a pressure of 30 Torr at 900 °C is es
mated to be 10mm, while the width of the ion sheath i
calculated to be 300–500mm21,22when the degree of ioniza
tion of the molecules at the temperature of 1000 °C is e
mated to be 1023. Due to such a low ionization rate, th
plasma is considered to consist mainly of neutral molecu
with a small portion of ions and electrons. The kinetic ene
of ions obtained by the bias voltage is limited by the ene
loss due to scattering mostly by neutral molecules.

The main part of the plasma is electrically neutral due
the equal density of electrons and ions, and the bias volt
is applied only in the ion sheath region and a quasineu
~QN! region near the negatively biased substrate@see Fig.
9 © 2001 American Institute of Physics
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2560 J. Appl. Phys., Vol. 90, No. 5, 1 September 2001 Saito et al.
1~b!#. The ion sheath which appears between the neu
plasma and the negatively biased substrate is compose
neutral molecules and ions. The ion sheath is formed eve
the unbiased plasma due to a large difference of mob
between electrons and ions.

In the biased plasma, ions are accelerated in the direc
of the substrate by the electric potential in the ion she
region, but the ions lose the kinetic energy given by scat
ing with other neutral molecules and ions in the sheath.
the other hand, electrons can hardly enter the ion sheath
gion because of the electric potential. Since the average
mal energy of electrons23,24@kBTe/2 ~0.5–1 eV!, Te : electron
temperature# is much smaller than the electric potenti
(3.7kBTe /e;4 – 8 V)21 of the ion sheath under no bias vol
age, electrons exist only in a narrow region of the she
known as the QN region@see Fig. 1~b!#, between the ion
sheath and the neutral plasma. In the QN region, both e
trons and ions distribute inhomogeneously and make a
tential. This quasineutral region is found to be essentia
determine the electric potential in the sheath.

In this article, we present a theoretical formulation of i
energy and ion current versus bias voltage with the plas
conditions as parameters. We calculate the electric pote
in the ion sheath of the biased plasma, taking the quasin
tral region into consideration. We show that the average
netic energy of ions impinging on the substrate surface
proportional to the bias voltage, whose factor is expresse
terms of the plasma parameters.

In Sec. II we introduce a Possion’s equation for the i
sheath in the diffusive gas pressure. In Sec. III we comp

FIG. 1. ~a! Schematic view of the bias pretreatment. A bias voltage is
plied between needle and substrate.~b! The electrostatic potential2V(x)
and electron densityni(x) is plotted as a function of the distance from th
edge of the neutral plasma region. ‘‘QN’’ denotes quasineutral region and
is the depth of the ion sheath.
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the calculated results with our experimental ones, and sho
consistent relation between them. In Sec. IV a summar
given.

II. POISSON’S EQUATION FOR THE ION SHEATH

The electric potential of the plasma is calculated by so
ing the Poisson’s equation for the ion sheath. The width
the ion sheath,d, is a function of the bias voltage,2V0

,0, and an additional equation is necessary for determin
the electric potential,V(x), andd simultaneously. As is dis-
cussed in Sec. I, we consider the case that the mean free
of ions in the ion sheath is much smaller than the width
the ion sheath. The average velocity of ions which is kno
as a drift velocity, is a function of the position,x, in the ion
sheath. Here we define the position in the ion sheath,x, from
the end of the plasma neutral regionx50 to the substrate
x5d, whereV(x) changes fromV(0)50 to V(d)52V0 as
shown in Fig. 1~b!. Here we assume that the plasma poten
without bias voltage can be neglected compared with tha
applied bias voltage. Further we consider the ion she
shown in Fig. 1~a! as a one-dimensional system for simpli
ity. In fact electrostatic potential of the plasma is constan
the plasma since plasma is a good conductor consistin
free ions and electrons. Further, we can assume that the
trostatic potential of Si substrate is constant, too, since
voltage is mainly applied in the ion sheath. Thus a on
dimensional model is a good model for describing the pot
tial over the touching area of plasma on the substrate@see
Fig. 1~a!#.

First we define the drift velocity of ions,v i(x), in a gas
mixture of H2 and CH4. v i(x) is proportional to the electric
field, E(x), as

v i~x!5m iE~x!, ~1!

in which m i is the mobility of ions. When we neglect thre
body scattering or ion–ion reactions, the mobility of ions
the gas mixture is estimated by

1

m i
5

f ~H2!

m~H2!
1

f ~CH4!

m~CH4!
, ~2!

where f (H2) andm(H2) @f (CH4) andm(CH4)# are the par-
tial pressure and the mobility of H2 (CH4) molecules, respec
tively. Here we assume that mobility of an ion is approx
mated by that of a neutral molecule at a low ionization ra
as discussed in Sec. I. In addition since the partial pressur
H2 is dominant in this system, the mobility of the gas mi
ture is close to that of a hydrogen molecule. In fact when
perform an experiment with only H2 molecules, the electric
current as a function of the bias voltage shows similar
havior to that for the case of CH4/H257%. Since the kinetic
energies obtained by the bias voltage are the same for th2

and CH4 ions, we assume for simplicity that the kinetic e
ergies of the H2 and CH4 ions at the substrate are the same
each other, too, even after many scattering processes in
mixed gas. In the following the ions means H2 or CH4 ions.
The electric current density,J, consists of the ionic and the
electronic contributions denoted by

J5q$ni~x!m i1ne~x!me%E~x!, ~3!

-
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in which q, ni(x), ne(x), andme are the charge of ions~or
2q for electron!, the number density of ions and electron
and the mobility of electrons, respectively. It is clear fro
the time-independent equation of continuity for the curr
(div J50) that the one-dimensional current densityJ is con-
stant for any position in the sheath. Since the electron m
bility is much larger than that of ions, we assume that
voltage drop in the electron sheath at the positive needle
be neglected and that the bias voltageV0 is applied only to
the ion sheath.

Further we assume that the density of electronne(x) in
the electric potentialV(x),0 is in thermal equilibrium and
that ne(x) is given by the Boltzmann distribution as

ne~x!5n0eqV(x)/kbTe, ~4!

wheren0 , kb , andTe are the density of electrons~or ions! in
the plasma, the Boltzmann constant, and the electron t
perature, respectively. This assumption is valid whenkbTe is
much larger thanqE(x)lD , where lD5A«0kbTe /neq

2 is
the Debye length. Here«0 is the dielectric constant o
vacuum. At a high temperature of 900 °C and in a low pr
sure of 30 Torr compared with the ambient pressure,
dielectric constant of vacuum can be used as that of the
«. A typical value of the Debye shielding length forTe52
3104 K and ne51.031020/m3 is 1.0 mm, which is much
smaller than the width of the ion sheath.

The Poisson’s equation for the electric fieldE(x) is
given by

dE~x!

dx
5

q

«
$ni~x!2ne~x!%. ~5!

When we put Eqs.~3! and ~4! into Eq. ~5! we get

dE~x!

dx
5

1

« H J

m iE~x!
2S 11

me

m i
Dqn0eqV(x)/kbTeJ . ~6!

We solve Eq.~6! with V8(x)52E(x) and the boundary con
ditions at x50: V(0)50, ni(0)5ne(0)5n0 , and E(0)
5J/@qn0(m i1me)#. We integrate Eq.~6! from x50 to x
5d such thatV(d)52V0 for a givenV0 . The constants in
the calculation areq, kb , Te , m i , me , J, andV0 .

In Fig. 2 we plot~a! the density of ion,ni(x), ~b! the
density of electron,ne(x), ~c! the electric field,E(x), and~d!
the electric potential for electrons,2V(x) as functions of
position x. The physical parameters25 used in Fig. 2 are as
follows: the temperature of electronsTe523104 K, the mo-
bility of ions m i50.5 m2/V s estimated for 1 Torr, 1173 K
the mobility of electronsme517.5 m2/V s ~1 Torr, 23104 K!,
the pressureP530 Torr, and the density of plasman051
31016m23. It is noted here that the mobility of ions an
electrons do not depend on the pressure much for press
lower than 50 Torr. Thus we simply use the known values
mobility at 1 Torr. Several lines in each figure correspond
the different current densities,J520, 40, 60, 80, and
100 A/m2, respectively, from the bottom to the top of Fig
2~a!, 2~c!, and 2~d!, and from the top to the bottom in Fig
2~b!.

When the electric potentialu2qV(x)u is larger than the
kinetic energy of electrons (kbTe/251 eV), ne(x) decreases
quickly from the valuen0 as shown in Fig. 2~b!. As is ex-
Downloaded 17 Oct 2008 to 130.34.135.158. Redistribution subject to AI
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plained in Sec. I, the region in whichne(x) has a finite value
is called the quasineutral region.ni(x) has a maximum in the
quasineutral region of the plasma in order to keep the t
electric current constant, as shown in Fig. 2~a!. The maxi-
mum value ofni(x) increases with increasingJ. With an
increase inJ, ne(x) decreases in the region of smallx where
ions are not yet accelerated, as shown in Figs. 2~b! and 2~d!.
Thus a larger value ofni(x) is needed in order to keepJ
constant.

The maximum value ofni(x) for a givenJ is important
for determining the width of the ion sheath, which is show
below. Here we define that the ion sheath starts at the poi
which ne(x) becomes 1% ofn0 . In the ion sheath region, th
second term of the Poisson equation of Eq.~6! can be ne-
glected by puttingne(x)50, and then the equation can b
solved as

E~x!5S 2JP

«m i1
D 1/2

x1/2. ~7!

Here the ionic mobility is scaled by the pressure of the g
P, m i5m i1 /P, which will be used when the theoretical re
sults are compared with the experiment. We can seeE(x)
}x1/2 in Fig. 2~c!. Strictly speaking,x50 of Eq. ~7! should
be different from that of Eq.~6!. However, we can put the
same position forx50. This assumption is justified since th
quasineutral region is much smaller than the ion sheath
the quasineutral region we can see a deviation fromE(x)
}x1/2 at smallx as shown in Fig. 2~c!.

Using Eqs.~1!, ~3!, and~7!, the density of ions,ni(x), is
given by

FIG. 2. ~a! Density of ion,ni(x), ~b! density of electron,ne(x), ~c! electric
field, E(x), and~d! electric potential for electron,2V(x). The parameters
used are as follows: the temperature of electronsTe520 000 K, the mobility
of ions m i50.5 m2/V s estimated by the condition of~1 Torr, 1173 K!, the
mobility of electrons me517.5 m2/V s ~1 Torr, 20 000 K!, pressureP
530 Torr, and density of plasma 131016 m23. Several lines in each figure
corresponds to the different densities of current,J520, 40, 60, 80, and
100 A/m2, respectively, from the bottom to the top line of~a!, ~c!, and~d!,
and from the top to the bottom in~b!.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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ni~x!5
J

qm iE~x!
5

1

q S «JP

2m i1
D 1/2

x21/2. ~8!

This relation ofni(x)}x21/2 is seen in Fig. 2~a! for largex.
This expression shows thatni(x) diverges atx50 if we do
not consider the electron contribution to the Poisson’s eq
tion @Eq. ~6!#.

Integrating Eq.~7! on x with V(0)50, the electric po-
tential V(x) is given by

V~x!52S 8PJ

9«m i1
D 1/2

x3/2. ~9!

The width of the ion sheath,d, is defined byV(d)52V0 ,
which is a function of V0 and J. When we putV(d)
52V0 we get the following relationship betweenJ andV0 :

J5
9«

8

m i1

P

V0
2

d3 . ~10!

In the following we will showd}V0
1/2 and thus we getJ

}V0
1/2 from Eq. ~10!. An essential difference of the prese

result of J}V0
1/2 from the well-known result of the spac

charge limited current in a vacuum tube ofJ}V0
3/2 comes

from the fact that~1! ions are scattered by other molecul
and that~2! d in the present case is variable while the d
tance between the cathode and the anode of the vacuum
is constant.

Since V(x)}x3/2, the electric field at the substratex
5d, E(d), is given by

E~d!52
dV

dx U
x5d

5
3V0

2d
. ~11!

When we putx5d and ne(d)50 in Eqs. ~1! and ~3! and
eliminateJ in Eq. ~10!, we obtain

d5S 3

4

«

qni~d! D
1/2

V0
1/2. ~12!

Thus d}V0
1/2 if the density of ions at the substrate,ni(d),

does not depend onV0 which will be further given below.
Although E(x), V(x), and d are calculated by Eq.~6!

for given values ofJ andV0 , the relations betweenJ andV0

cannot be determined, sinced is a variable. In other words
the values ofJ, V0 , andd are not determined simultaneous
only by Eqs.~6! and ~10!.

In order to getd numerically, we connect the micro
scopic loss of the ion energy to the macroscopic dissipat
The macroscopic dissipation is the Joule heat which is gi
by JV0 in the unit of energy per unit area and per unit tim
The microscopic dissipation of energy is the loss of the
netic energy of ions,Wloss, by scattering with the neutra
molecules of the gas which is given in the same unit
energy per unit area and per unit time, by

Wloss5@qV02 1
2 mv i

2~d!#ni~d!v i~d!, ~13!

wherev i(d) is the velocity of ions at the substrate which
defined by Eq.~1!. We getd from JV05Wloss numerically.

In Fig. 3 we plot~a! J, ~b! d, and~c! kinetic energy of
ions,Eion(d)5mv i

2(d)/2, as functions ofV0 . As seen in Fig.
3~a!, J has a finite value atV050. This corresponds to th
Downloaded 17 Oct 2008 to 130.34.135.158. Redistribution subject to AI
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fact that the current flows from the plasma to the substr
without a bias voltage, which is observed in the experime
too. The plasma generates the electric voltage between
center and the edge of the plasma as is known the pla
potential whose value is estimated 5210V for the present
case. Since the present system has two electrodes, one
center of the plasma and the other at the substrate, the
tric current flows without a bias voltage if the two electrod
are connected electrically outside the plasma. Thus we
understand that the calculated value of2V0 is a sum of the
self-generated voltage of the plasma and the bias voltag

Finally let us discuss a scaling law for the properties
the plasma. When we see the calculated results of Fig. 2
physical parameters exceptne(x) obey power laws ofx for
large values ofx, which are given by the analytical expre
sions of Eqs.~7!, ~8!, and ~9!. Thus it is reasonable to con
sider a scaling law for such properties. When we assume
the width of the ion sheath is proportional toV0

a ,

d}V0
a , ~14!

where a is a constant, all the other physical values sh
similar power law dependence;

J}V0
223a , E~d!}V0

12a , v i~d!}V0
12a ,

and ~15!

ni~d!}V0
122a ,

whose relations are given, respectively, by Eqs.~10!, ~11!,
~1!, and~3!. From Eq.~15! the Joule heatJV0 is proportional
to V0

323a . When we seeWloss of Eq. ~13!, the first term is
proportional to V0

323a but the second term give
mv i

2(d)ni(d)v i(d)/2}V0
425a . In order to satisfy the powe

law dependence for any value ofV0 , we get 323a54
25a, which givesa51/2.

The result ofa51/2 provides a fundamental property o
biased CVD plasma. First, the density of ions at the subst
ni(d)}V0

122a does not depend on the bias voltageV0 ,
which is assumed in Eq.~12!. Second, the kinetic energy o
ions at the substrate,mv i

2(d)/2, is proportional toV0 . Al-

FIG. 3. ~a! The electric current density,J, ~b! ion sheath width,d, and~c!
the kinetic energy of the ion at the substrate,Eion(d) as functions of the bias
voltageV0 . The parameters used are the same as that in Fig. 2.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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though the plasma gas is diffusive, the bias pretreatmen
effective for giving the kinetic energy of molecules which
proportional to the bias voltage. Third, the ion sheath wi
d is proportional toV0

1/2.
The width of the ions sheathd and the kinetic energy o

ions at the substrateEion(d) seem to satisfy the scaling law
as shown in Figs. 3~b! and 3~c! since no ion sheath is forme
for the positive substrate (V0.0). When we use the exper
mental value of the bias voltage2V05270 to2100 V, the
kinetic energy of ions becomes 5–7 eV, which is the sa
order of energy for the carbon ions to break C–C or Si–
covalent bondings and to formsp3 bonds in the semiempir
ical calculation of the dynamic reaction coordinate~DRC!,26

which will be reported elsewhere.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In order to check the validity of the present theory w
have observed the currentI in the plasma as a function of th
bias voltageV0 . Here we adopt three different pressures,P
519, 26, and 41 Torr, of the mixture gas with a volume ra
of CH4/H257%. The 2.45 GHz microwave power is 500 W
The distance between the top of the needle and the subs
is set to be 40 mm. We did the experiments for differe
distances of 20 and 30 mm but we could not find any s
stantial differences of the phenomena. The contact are
the plasma on the substrate is almost constant for the t
pressures which is checked from the spatial distribution
the synthesized diamond nuclei. The top of the needle is
in the center of the plasma which is checked by eye. T
relative position of the substrate to the plasma position
important to discuss the appropriate condition of the te
perature of the plasma which determines the density and
velocity of ions in the plasma.

In Fig. 4 we plot the observed bias currentI as a func-
tion of the bias voltage,V0 , for P519, 26, and 41 Torr. In
the inset, the bias current multiplied by the gas pressure,PI,
is plotted as a function ofV0

1/2. It is clear from the figure tha
the currentI is proportional toV0

1/2 and inversely propor-

FIG. 4. The observed bias current for the gas pressures of 19, 26, an
Torr, as a function of the bias voltageV0 . The inset shows the bias curren
multiplied by the gas pressure,IP, as a function ofV0

1/2 .
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tional to P, which is consistent with Eq.~10!. At largeV0 in
Fig. 4 we can see a small upshift of theI vs V0 curves from
a linear relation atV0560, 90, and 130 V for 19, 26, and 4
Torr, respectively. The upshift is relevant to the second
electron emission, whose threshold bias voltage increa
with increasing the pressure.27 When the pressure of the ga
increases, the higherV0 are needed for the secondary ele
tron emission. When ions have larger kinetic energy than
energy gap of diamond, 5.5 eV, at the substrate, the vale
electrons of diamond can be excited to the conduction b
whose electron affinity is known to be negative.28 Thus the
threshold energy of the kinetic energy of ions for the seco
ary electron emission is nearly equal to the energy gap.

Here we estimate the kinetic energy of ions at the s
strateEion(d) for the given values of the bias voltage for th
upshift as above. Using the formula in the previous sect
we get the following relationship for the kinetic energy

Eion~d!5AV0 /P. ~16!

The fitting parameterA depends on the power of the micro
wave and other plasma parameters. Under the present ex
mental conditions we obtainA51.95 from the values of
Eion(d)55 eV, V0577 V, andP530 Torr in Fig. 3~c!. The
corresponding kinetic energies of ions for the second
electron emission areEk(d)56.2, 6.8, and 6.3 eV for 19, 26
and 41 Torr forV0560, 90, and 130 V, respectively. Thes
threeEk(d) values are nearly the same and close to 5.5
the band gap of diamond. The deviation from the band-g
value might be due to the hydrogen coverage effect of
surface.28

It is important that the kinetic energy is proportional
the bias voltage and inversely proportional to the press
The bias enhancement is observed for those selection
bias voltage and pressure that give ion energies of 1–5
Similar values ofV0 /P will give similar ion energies, thus
similar enhancement of nucleation. A largerV0 value at a
fixed value ofV0 /P may lead to faster crystal growth.

Using Eq.~10! and the observed values ofI andV0 for
each pressure, the width of the ion sheathd is plotted as a
function ofV0 andV0

1/2, respectively, in Fig. 5 and the inse
of Fig. 5. Here the area of the plasma for convertingI to J is
taken as 5 cm2 measured from the diamond nuclei distrib
tion of the substrate. We have used the value of the mob
of the CH4

1 ion, 0.5 m2/V s for the gas pressure of 1 Torr an
900 °C. The calculated ion sheath clearly shows that
width of the ion sheath does not depend on the gas pres
but only on the bias voltage. Although the effect of secon
ary electron emission is included in the observed valuesI
and V0 , d is proportional toV0

1/2 for higher values ofV0 .
This result suggests that the secondary electrons do not a
the width of the ion sheath very much.

It is desirable to measureV(x) experimentally. Yugo
et al.measured a floating potential of the plasma by insert
a probe needle.29 However, they did not measure the electr
potential as a function ofx. Since the electronic temperatur
is relevant to the electric potential of the quasineutral reg
and the ion sheath, the measurement ofV(x) will give im-
portant information onTe , too.

41
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The kinetic energy of ions affects the diamond nuc
ation process in several aspects in the bias pretreatme30

First, the accelerated ions hit the substrate atoms and f
sp3 covalent bondings which might occur at the kinetic e
ergy of CH4

1 ions of about 4 to 5 eV.26 For relatively lower
ion energies of about 2 to 3 eV, we expect a hydrogen
irradiation of the substrate, which makes sites for nucleat
We further expect a migration of carbon ions on the subst
for finding nucleation sites at relatively low ion energie
Since hydrogen ions dominate in the plasma, we cons
that hydrogen ions with kinetic energies above a thresh
energy might remove thesp2 species of amorphous carbon
and help to form diamond nuclei. This speculation will
shown in the experiments carried out for different gas pr
sures or clarified by a more sophisticated theory in the futu
Thus the voltage bias is effective for reactions between
bon and hydrogen or between carbon and carbon.11,12,31A
detailed calculation of the dynamical chemical reaction
various kinetic energies of hydrogen ions is required for
further discussion of nucleus formation of diamond in t
microwave CVD process.

IV. SUMMARY

In conclusion, we solve the Poisson’s equation for
electric current of ions in the ion sheath. Although t
quasineutral region of the plasma is small, this region is
sential to determine the width of the ion sheath. The elec
current is proportional to the square root of the bias volta
I}V1/2, while the kinetic energy of ions impinging on th
substrate is proportional to the bias voltage and invers
proportional to the pressure,Eion(d)5AV0 /P. The width of
the ion sheath is proportional to the square root of the b
voltage and does not depend on the gas pressure,d}V1/2.

FIG. 5. The width of the ion sheath,d, for the gas pressures of 19, 26, an
41 Torr, is plotted as a function of the bias voltageV0 . The inset shows the
same plot as a function ofV0

1/2 . Here we used the observed values ofI and
V0 and Eq.~10! for obtainingd.
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These theoretical results are consistent with the bias pret
ment experiments with reasonable values of plasma par
eters.
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