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Experimental and theoretical studies of diamond nucleation on silicon by biased
hot filament chemical vapor deposition

B. B. Wang, W. L. Wang,* K. J. Liao, and J. L. Xiao
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~Received 5 April 2000; revised manuscript received 25 July 2000; published 6 February 2001!

Diamond nucleation by biased hot filament chemical vapor deposition was investigated by scanning electron
microscopy and atomic force microscopy. It was found that a number of microdefects were produced on a
substrate surface owing to energetic ion bombardment under negative substrate bias, which increased with
increasing negative bias. The nucleation density was enhanced with an increase of negative bias. During
diamond nucleation, a purple glow was observed when the negative bias was increased to a critical value. At
the onset of glow discharge, the process of diamond nucleation on a silicon surface by biased hot filament
chemical vapor deposition was theoretically studied by analysis of the experimental results of diamond nucle-
ation. The relationship among the number of active ions, the microdefects, and nucleation density with nega-
tive bias was given by reasonable analytic formulas. The effect of negative bias on ion diffusion on the
substrate surface was theoretically researched and deduced. The influence of negative bias on the bond strength
of diamond nuclei on the substrate was analyzed theoretically. The adhesion force between diamond nuclei and
the substrate surface was measured by means of the scratch surface method, which was in accord with
theoretical consideration. The results indicated that the theoretical calculation was in agreement with experi-
mental results.
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I. INTRODUCTION

Because of its outstanding physical and chemical prop
ties such as high hardness, high temperature resistance,
optical transmission range, and chemical inertia, diamon
an important strategic material for applications ranging fr
tribological, thermal, optical, to active electron
applications.1,2 Therefore, syntheses of diamond films b
chemical vapor deposition~CVD! have attracted enormou
interest in the past few decades.3,4 The most important step
of synthesizing diamond films is diamond nucleation beca
of its influence on growth rate, morphology, and other qu
ties of diamond films and their applications.5,6 Thus an un-
derstanding of diamond nucleation is very important for
growth of diamond films.

Diamond nucleation depends on the substrate mate
and is affected by the pretreatment of the substrate surf
To date, silicon has been used as the substrate for depos
of diamond films owing to its low cost and compatibility i
electronic device applications. However, few diamond nuc
were nucleated on a mirror-polished substrate surface
cause of the large lattice mismatch between diamonda0
50.3657 nm) and silicon (a050.5431 nm), and a much
higher surface energy of diamond relative to silicon@6–9
J/m2 for diamond~111! surfaces, 1.5 J/m2 for silicon ~111!
surfaces#.7,8 The nucleation density only reached 104/cm2 on
the pristine silicon surface.9 In order to enhance the nucle
ation of diamond, the substrate surface was pretreated
diamond powder, deposition of transient layers,10–12 ion
implantation,13 and application of negative substrate bias14

The pretreatment of the surface has improved diam
nucleation. Among these methods, negative bias greatly
hanced diamond nucleation, and nucleation density up
1010/cm2 was achieved on the pristine silicon surface14
0163-1829/2001/63~8!/085412~12!/$15.00 63 0854
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Many researchers studied nucleation enhancement by n
tive bias and proposed various mechanisms. Yugo and
colleagues speculated that negative bias increased the h
gen content of amorphous carbon and the bond strengt
diamond nuclei with the substrate.14 Jiang, Schiffmann, and
Klages2 claimed that ion bombardment under negative b
increased adatom diffusion. Stoneret al.15 proposed that bias
increased the flux of positively charged carbon ions to
surface and that higher energy transferring from ions to
surface resulted in an increased surface mobility of the
sorbed species. Robertsonet al.16 suggested that ions coul
be injected into the substrate surface, forming a layer of
nometer graphite, which acts as the transition layer betw
diamond and substrate. McGinnis, Kelly, and Hagstro
firmly believed that the bombardment of the substrate s
face by energetic species was critical for nucleat
enhancement.17 Wang et al. indicated that the nucleation
density could reach a maximum when negative substrate
and electron emission simultaneously occurred.18 Chen and
co-workers19,20 found that electron emission could enhan
diamond nucleation and they believed that electron emiss
played a key role during diamond nucleation. Wa
et al.21,22 applied a negative bias relative to the filament
the electrode set between the filament and substrate. T
found that diamond nucleation was also improved and
forward the mechanism of electron-emission-enhancem
~EEE! nucleation. These mechanisms elucidated different
pects of negative-bias-enhanced diamond nucleation.

The mechanisms mentioned above were proposed acc
ing to their experimental results, and each of the mechani
only emphasized some aspects of the enhancement of
mond nucleation by negative bias. Therefore, diamo
nucleation has not completely been explained. In fact, d
mond nucleation is a complicated process that involves c
plex physical and chemical processes. It is impossible
©2001 The American Physical Society12-1
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diamond nucleation to be completely explained by a sin
mechanism. The physical effects of negative bias on d
mond nucleation involve ion energy, ion bombardment of
substrate, reactions between ions and the substrate, ion
fusion on a substrate surface, etc.

When negative bias was applied to the substrate, the
electrical field resulted in an increment of the ionization d
gree of neutral gas molecules, the energy of ions, and
bombardment to the substrate surface. It is easily unders
that Jiang, Schiffmann, and Klages,2 Stoner et al.,15 and
Wang et al.18 proposed mechanisms that negative bias
electron emission enhanced diamond nucleation. Howe
these mechanisms did not take into consideration the eff
caused by ion bombardment nor were these mechanism
vestigated theoretically. Further research on diamond nu
ation under negative bias was restricted.

In the process of diamond nucleation by biased hot fi
ment CVD, a purple glow was observed when the nega
bias increased to a critical value,7,9 which meant that a glow
discharge appeared.23 At the onset of glow discharge, th
physical process of diamond nucleation by biased hot fi
ment CVD was theoretically studied after the phenome
and experimental results were analyzed. The relations
among factors influencing the diamond nucleation was gi
in some reasonable analytic formulas, and the results of
study were in agreement with the experimental results.

II. EXPERIMENT AND RESULTS

The experiment was carried out in a conventional hot fi
ment CVD system. Mirror-polished 838 mm2 silicon ~100!
and ~111! were used as substrate material. The reaction
was a mixture of CH4 and H2. The concentration of CH4 in
H2 ranged from 1% to 3.5%. The total flow of gases was 2
sccm ~standard cubic centimeter per minute!, which was
monitored by a mass flow meter. The total work press
was 4.03103 Pa. The temperature of the tungsten filamen
mm in diameter was about 2000 °C. It was measured by
optical pyrometer. The temperature of the substrate
heated to 850 °C by a heater, and it was monitored b
thermocouple, which touched the substrate. The distance
tween the filament and the substrate was about 8 mm.
negative bias relative to the filament was applied to the s
strate through a graphite holder, and the resistance of the
circuit was larger than 10 MV to avoid current leakage. Th
silicon wafer covered the graphite holder completely so t
the electronic field could be accumulated on the silicon wa
rather than the holder.

Before nucleation, the silicon wafer was chemica
cleaned with acetone and sequential methanol in an u
sonic bath for 20 min, followed by a 1-min rinse in 50% H
to remove oxide. After the wafer was rinsed with methan
and deionized water again, it was put into the reaction ch
ber quickly to avoid recontamination. When the chamb
was pumped up to a pressure of about 1 Pa, H2 was fed into
the chamber and the tungsten filament was heated to a
2000 °C. After the wafer was pretreated by H2 for 5–10 min,
CH4 was fed in. When the temperature of the substr
08541
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reached 850 °C, a negative bias relative to the filament
applied to the substrate, starting the nucleation of diamo

The process of diamond nucleation was investigated
scanning electron microscopy~SEM! and atomic force mi-
croscopy~AFM!. The microscopy was operated in the ta
ping mode by commercial microfabricated silicon cantileve
with a tip diameter of approximately 20 nm. The scanni
area ranged from 10mm31 mm to 10mm310mm, and
lower scanning areas were used to obtain the image of th
and the diamond nucleus with very high definition. Figure
and 2 show the SEM images of the nucleation of diamo
for 35 min without and with negative bias. It is clear th
diamond nucleation was greatly enhanced after applica
of the bias. The nucleation density reached 109/cm2 when
the bias increased to2250 V, and it increased 5 orders o
magnitude compared to that without bias. Experimental
sults also showed that a number of pits~microdefects! were
produced on the substrate surface owing to ion bombardm
under negative bias and the diamond nucleus built on the
It was found that the number of pits increased with an
crease of negative bias.

FIG. 1. SEM image of diamond nucleation for 35 min witho
bias.

FIG. 2. SEM image of diamond nucleation for 35 min with bia
2-2
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EXPERIMENTAL AND THEORETICAL STUDIES OF . . . PHYSICAL REVIEW B 63 085412
III. THEORETICAL ANALYSIS

The experimental results above indicated that diam
nucleation was enhanced with applied negative subst
bias. From the results, it was recognized that bias played
important role in diamond nucleation. In the process of d
mond nucleation by biased hot filament CVD, an apprecia
current was detected accompanied by a small drop of v
age, and a purple glow was observed when the negative
relative to the filament applied to the substrate increased
critical value. This critical value is defined asU th and signals
the onset of the emission current or glow. It is related
gaseous pressure, temperature, and distance from the
strate to the filament.7,9 This meant that glow discharge ap
peared and the purple glow was negative glow because
negative glow was bright.23 It is with the occurrence of the
glow discharge that negative bias plays the most impor
role in diamond nucleation. With the appearance of a gl
discharge, a cathode sheath, i.e., the cathode zone from
substrate surface to the edge of the negative glow, build
near the substrate, and the electrons multiply in the cath
sheath.24 From Ref. 23, it was known that the electrons cou
collide with gas molecules in the pressure range of 0.1–
torr. The pressure employed in the process of diam
nucleation generally ranges from 20 to 40 torr; therefore,
electrons would effectively impinge with the gas molecu
owing to the fact that the mean free path of electrons w
shortened by the increased pressure. The temperature of
trons in H2-CH4 plasma was (1.0– 1.1)3105 K,25 i.e., the
energy of electrons was 13–14.2 eV. The first ionizat
energy of CH4 and H2 is 12.7 and 13.6 eV,26 respectively.
Thus H2 and CH4 could be ionized by electron impact t
bring about a greater number of ions. The ions obtain ene
from the electrical field to strike the substrate surface. Ba
on the analyses above and the experimental results, it is
alized that there are four possible effects that negative
has on diamond nucleation in the hot filament CVD syste
~i! Negative bias increases the flux of active ions.~ii ! Nega-
tive bias strengthens ion bombardment to the substrate
face, thus resulting in the change of the surface morphol
of the substrate and a decrease of the formation energy o
critical nucleus of diamond.~iii ! Ion bombardment enhance
by negative bias leads to diffusion enhancement of ac
ions on the substrate surface.~iv! Ion bombardment strength
ened by negative bias enhances the adhesion force bet
diamond nuclei and substrate. They are discussed in the
lowing.

A. Effect of negative bias on the flux of active ions

As mentioned above, a glow discharge appears when
negative bias relative to the filament applied to the subst
exceeds a critical value. The glow discharge results in
formation of a cathode sheath near the substrate and the
duction of a number of ions. The cathode sheath observe
the process of diamond nucleation is shown in Fig. 3. In
event of glow discharge, great changes take place in the e
trical field owing to space-charge distortion. These chan
mainly are concentrated in the cathode sheath so that its
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becomes highly nonuniform.23 The highly nonuniform field
in the cathode sheath leads to a heterogeneous distributio
ions with the potential. The distribution of ions in the cat
ode sheath is27

dN

dU
5

N0

2Uc

Lc

l S 12
U

Uc
D 21/2

expH 2
Lc

l F12S 12
U

Uc
D 1/2G J ,

~1!

whereN0 is the total number of ions entering the catho
sheath from the negative glow andU andUc are the potential
in the sheath and the negative substrate bias relative to
substrate (Uc adopts the absolute value!, respectively.l is
the mean free path of active ions in the cathode sheath
Lc is the thickness of the cathode sheath, which depend
the negative bias. Reference 28 indicated that the ion flow
the substrate is mobility limited for the low-pressure range
is

J5C
Uc

2

Lc
3 ,

whereC is constant related to the characteristic of ions. S

Lc5S C
Uc

2

J D 1/3

.

The pressure employed in the process of diamond nuclea
is in the low-pressure range. Hence, the relationship betw
the thickness of the cathode sheath and the negative
should comply with the ion-mobility-limited current-voltag
relationship.

After integration of Eq.~1!, the number of ionsNi pro-
duced after forming the cathode sheath is

Ni5
N0

exp~Lc /l!
FexpS Lc

l
A12

U th

Uc
D 21G . ~2!

It is known that when the glow discharge occurs, it is fo
lowed by a small collapse of the voltage. However, expe
ments showed that the purple glow disappeared if the ne
tive bias was reduced to a particular value, the disappeara
of the negative glow also meaning the disappearance of g
discharge. Therefore, a minimum voltage is required
maintain the glow discharge. SinceN0 is the number of ions

FIG. 3. The cathode sheath:~a! filament, ~b! covered plasma
sheath near substrate,~c! holder.
2-3
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entering the cathode sheath from the negative glow,U th
should be the minimum voltage needed to maintain the ne
tive glow. From Eq.~2!, it is obvious that the number of ion
increases with increase of negative bias. In order to tes
this verdict, in situ infrared absorption~ir! was carried out by
placing the reaction chamber into the absorption cell of
infrared spectrometer. Figure 4 shows a variation of ir
sorption intensity versus the negative substrate bias nea
substrate surface. Apparently, the absorption intensity
CH3~606 cm21! and C2H2~730 cm21! was enhanced with in
creasing bias. The ir absorption intensity directly reflects
concentration of adsorbents.29,30Owing to a weak sensitivity
to detect ions by ir absorption, the optical emission spe
were used to determine the concentration of the reactive
cies in the center of the reaction region and vicinity of t
substrate surface.31 The emission line of Ar at 750 nm wa
employed as an actinometer.32 Figure 5 shows the optica
emission intensity ratio of CHx(431 nm) and CHx

1 ~422 nm!
to Ar ~750 nm! as a function of negative bias voltage. It ca
be seen that the intensity of CHx and CHx

1 increased with an

FIG. 4. Absorption intensity vs negative bias.

FIG. 5. Emission intensity ratio of CHx and CHx
1 as a function

of negative bias.~a! CHx
1; ~b! CHx .
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increase of bias voltage. This implies that the probability
producing CHx and CHx

1 was enhanced with an increase
bias voltage. The experimental results indicated that o
90% of reactive gases were ionized into ions or chem
radicals, but few chemical radicals or ions were created
the heated tungsten filament. Reference 33 indicated tha
chemical species produced in CH4-H2 plasma are CH4

1,
CH3

1, CH2
1, CH1, C1, H1, H2

1, CH5
1, and H3

1 as well
as CH3, CH2, CH, C, and H. It is known that CH4 is easily
ionized into CH3

1 because the formation energy CH3
1 is

lower than that of producing other ions. References 21
22 demonstrated that CH3

1 takes a critical role in diamond
nucleation. Hence, the bias increases the flux of active io

B. Influence of ion bombardment on surface morphology of
the substrate and formation energy of the critical

nucleus of diamond under negative bias

Application of negative bias causes glow discharge a
the electrical field mainly concentrates in the cathode she
The electrical field is very strong for the majority of voltag
drops in the cathode sheath.23 The active ions obtain energ
from the strong electrical field and the energetic ions arr
on the substrate to vigorously bombard the substrate surf

The energy that an active ion obtains from the sheath
W5qU ~q is the ion charge!, and the maximum energy o
the ion isWc5qUc . From Eq.~1!, the distribution of ions
with energy is

dN

dW
5

N0

2Wc

Lc

l S 12
W

Wc
D 21/2

expH 2
Lc

l F12S 12
W

Wc
D 1/2G J .

~3!

With integration of Eq.~2!, the mean energy of the activ
ions is

^W&5

E
0

Wc
W

dN

dW
dW

E
0

Wc dN

dW
dW

5qUcF ~122l/Lc!exp~Lc /l!

12exp~Lc /l!
1S 12

2l2

Lc
2 D G . ~4!

The ratio of electron temperature to ion temperature
plasma,Te /Ti , is 20–100,23 so the ion temperature is abou
53103 K. The mean free path of CH3

1 and H1 is approxi-
mately 2.25731025 and 5.1231025 m in light of the data in
Ref. 26. According to the data in Ref. 18 and the io
mobility-limited current-voltage relationship,28 the ion en-
ergy ~current density is 150 mA/cm2! can be calculated by
Eq. ~4!. The distribution of ion energy versus negative bias
shown in Fig. 6. From Fig. 6, it is known that the ion ener
increases with increasing negative bias. The energy of C3

1

and H1 ranges from 55.5 to 143.9 eV and 61.8 to 173.3 e
respectively, when the negative bias changes from 100
300 V, and it is in agreement with experimental results.6 The
minimum energy of CH3

1 sputtering silicon is about 38 eV
according to the formula34
2-4
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E57.7
~Mi1Ms!

2

4MiMs
Wf ,

where Mi and Ms are the mass of active ion and silico
atom, respectively, and E andWf are the ion energy and
surface bond energy of silicon, respectively. The energ
CH3

1 ions strike the silicon substrate and cause the silico
be sputtered. As a result, microdefects are produced on
silicon surface. Figure 7 shows the surface morphology
the substrate bombarded by ions under negative bias
nucleation for 15 min, after which some diamond nuc
~white points! appear on the pits. The energy of H1 must
reach about 271 eV for the sputtering of silicon to be re
ized. But the energy of H1 is 173.3 eV when the negativ
potential is 300 V, and thus H1 does not bring about sput
tering. Because the negative bias employed in diam
nucleation is usually about 300 V, the energy of active io
falls in a low-energy range. For ions of low energy, the sp
tering yield is expressed by35

FIG. 6. Distribution of ion energy vs negative bias:~a! energy of
CH3

1 vs negative bias;~b! energy of H1 vs negative bias.

FIG. 7. AFM morphology of substrate surface bombarded
ions under bias~deposition time: 15 min!.
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3

4p2 c
4MiMs

~Mi1Ms!
2

E

Wf
, ~5!

where c is a constant related toMi andMs , Mi andMs are
the mass of active ion and silicon atom, respectively, an
andWf are ion energy and surface bond energy of silicon

From Eq.~3!, the sputtering number of silicon by ions

N15E
Eth

Ec
S~E!dN5

3

4p2 c
4MiMs

~Mi1Ms!
2

N0Ec

Wf
f ~Ec! , ~6!

f ~Ec!5
1

exp~Lc /l! H F12S l

Lc
D 2

2S l

Lc
2A12

Eth

Ec
D 2G

3expS Lc

l
A12

Eth

Ec
D 12S l

Lc
D 2

21J , ~7!

where Eth is the threshold energy of ions resulting in th
sputtering of silicon. Figure 8 illustrates the relationship
f (Ec) versusUc( j 5150 mA/cm2) and shows that it increase
with increasing negative bias, which reaches a maxim
value when the negative bias is about 275 V. It is clear t
sputtering is strengthened with increasing negative bias
it is predicted that the pit density will have a maximum val
with incremental negative bias.

To determine the relationship between the number of
and negative bias conveniently, it is assumed that ion bo
bardment producesNd pits with homogeneous size per un
area of the substrate, as shown in Fig. 9. The volume of a

y

FIG. 8. Relationship curve off (Ec) vs Uc .

FIG. 9. Shape of a pit.
2-5
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is

V15 1
3 pR3~12cosa!2~21cosa!. ~8!

Given the mass density of siliconr, the total mass inNd pits
is

m5NdrV1 , ~9!

and the number of silicon atoms inNd pits is

n5
m

M
NA , ~10!

where M is the molecular mass of silicon andNA is the
Avogdro number. Because the number of silicon atoms in
pits equalizes the number of sputtering silicon atoms,
implies the relationship that n is equal toN1 . From the equa-
tions above, the number of pits per unit area of the subst
surface is

Nd5
N1M

rNA

1
1
3 pR3~12cosa!2~21cosa!

. ~11!

The experimental results indicated that the size of pits ha
changed with variation of the bias. Equations~6! and ~11!
indicate that the number of pits increases with increas
negative bias. This is in concordance with experimental
sult as shown in Fig. 10. From Fig. 10, the pit density ten
to a maximum when the negative bias is about 300 V,
accordance with prior predictions

Our experimental evidence showed that diamond nu
ates on the pits. Georgeet al. found that diamond nuclei buil
up on the defects.36 So pits play an important role in th
process of diamond nucleation. Owing to ion bombardme
the surface morphology of the substrate became roughe
and the energy of critical nuclei became varied. Figure
shows the nucleus on the pit, which was observed by ato
force microscopy after a deposition of 15 min. From Fig. 1
it is known that the diamond nucleus could be approxima

FIG. 10. Relationship curve between the number of pits a
bias.
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as a spherical cap. The experimental result showed tha
ratio of width to height of diamond nuclei increased wi
increasing bias as shown in Fig. 12, in which more than 1
particles were measured. This means that the diamond nu
approach the shape of a spherical cap with an increas
bias; therefore, capillary theory can be applied in diamo
nucleation. We assume that a diamond nucleus on a pit ta
the form of a spherical cap of radius r, as displayed in F
13. Neglecting the contribution of the system arising fro
the distribution of adatoms along the possible absorpt
sites on the surface, we find the formation energy of
nucleus to be

d

FIG. 11. AFM image of diamond nucleus on pit~deposition
time: 15 min!.

FIG. 12. Diamond nucleus ratio of width to height vs the bia
2-6
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DG5DGvV1DGs , ~12!

whereDGv is the supersaturation free energy available
unit volume of the nucleus,DGs is the variation of surface
energy after building up the nucleus, andV is the volume of
the nucleus. From Fig. 13, the relationship between R an
is

R sina5r sinu. ~13!

Before forming the nucleus, the contact area between
gaseous phase and the substrate surface is

A152pR2~12cosa!. ~14!

The surface area of the spherical cap after forming
nucleus is

A252pr 2~12cosu!. ~15!

Therefore, the variation of the surface free energy a
building up the nucleus is

DGs5snsA11snvA22ssvA15~sns2ssv!A11snvA2 ,
~16!

wheresns is the free energy of the interface between su
strate and nucleus,ssv is the free energy of the interfac
between substrate and vapor, andsnv is the free energy of
the interface between nucleus and vapor. It is noted that
relationship amongsns , ssv , andsnv is

ssv5snv cosb1sns , ~17!

whereb is the contact angle between the substrate and
vapor, andb5u1a. From Eqs.~14!–~17!, DGs becomes

DGs5snv@2pr 2~12cosu!22pR2~12cosa!cosb#

5snv2pr 2F ~12cosu!2
sin2 u

11cosa
cosbG . ~18!

The volume of the nucleus is

FIG. 13. Nucleus of a spherical cap on the pit.
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V5 1
3 pr 3~12cosu!2~21cosu!

1 1
3 pR3~12cosa!2~21cosa!

5
1

3
pr 3F ~12cosu!2~21cosu!

1~12cosa!2~21cosa!
sin3 u

sin3 aG . ~19!

Upon the substitution of Eqs.~17! and ~19! in Eq. ~12!, the
formation energy of the nucleus is

DG5snv2pr 2f 11DGv
1
3 pr 3f 2 , ~20!

f 15~12cosu!2
sin2 u

11cosa
cosb, ~21!

f 25~12cosu!2~21cosu!1~12cosa!2~21cosa!
sin3 u

sin3 a
.

~22!

From differentiation of Eq.~20! with respect to r, we can se
that the critical radius of the nucleus is

r * 52
4snv

DGv

f 1

f 2
. ~23!

Substituting r in Eq.~20! with Eq. ~23!, the critical energy of
building up the nucleus is

DG* 52
1

6
DGvpr * 3f 2 . ~24!

Because the surface area of the substrate taken up by
is S5p(R sina)2, the number of pits on per unit surface o
the substrate is also expressed by

Nd5
1

p~R sina!2 . ~25!

From Eqs.~13! and ~25!, another expression ofr * is found
to be

r * 5A 1

pNd

1

R sinu
. ~26!

with substitution of Eqs.~22! and~26! in Eq. ~24!, the energy
of forming the critical nucleus becomes

DG* 52
p

6
DGvS 1

pNd
D 3/2F ~12cosu!~21cosu!

~11cosu!sinu

1
~12cosa!~21cosa!

~11cosa!sina G . ~27!

We should note thatDGv is negative.
To ensure that Eq.~27! is correct in the course of calcu

lation, let us see Fig. 12 and Eqs.~21!–~24!. If a50 ~contact
angle,b5u), there are no pits on the substrate surface. Fr
Eqs.~21!–~24!, Eq. ~24! becomes further
2-7
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DG* 5
16psnv

3

3DGv
2 2S 223 cosu1cos3 u

4 D . ~28!

Equation~28! is the critical energy of a nucleus forming o
the plane substrate surface.

Let

F ~a!5F ~12cosu!~21cosu!

~11cosu!sinu
1

~12cosa!~21cosa!

~11cosa!sina G
andu5p/3; then the relationship curve ofF (a) versusa is
shown as in Fig. 14. Figure shows thatF (a) is incremental
with increasinga and it will further increase whena tends to
p/2. Differentiation of Eq.~27! with respect toNd gives

dDG*

dNd
5 1

4 DGvS 1

p D 3/2S 1

Nd
D 5/2F ~12cosu!~21cosu!

~11cosu!sinu

1
~12cosa!~21cosa!

~11cosa!sina G .
If the angle factor is positive andDGv is negative,
dDG* /dNd,0, the critical energy for forming a nucleus re
duces with pit density. Ifa50 or Nd50, which means tha
there are no pits on the surface, Eq.~27! is `, which is
invalid. The critical energy of forming a nucleus on a pla
substrate surface should be calculated by Eq.~28!.

On the other hand, from Eq.~18!, if a, u, and b are
interrelated as

11cosu

11cosa
cosb.1, DGs,0,

which results from the incremental interface area betw
the substrate and the nucleus, thenDG,0 in Eq.~12!. Thus,
stable diamond nuclei will spontaneously grow, similar
the growth of diamond from its seeds. The above analy
show that the production of pits is significant for diamo
nucleation and the pits are nucleation points.

FIG. 14. Relationship curve ofF (a) vs a.
08541
n
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Owing to the application of negative bias, energetic i
bombardment of the substrate produces pits on the surf
which results in an increase of the contact interface betw
substrate and nuclei. The energy required to build up nu
reduced, showing that diamond nucleation is enhanced
negative bias.

The nucleation density is expressed by37

Nn5Nc expS 2
DG*

kT D , ~29!

whereNc is the number of single absorbed atoms per u
area of the substrate surface. From Eqs.~27! and~29! and the
analysis above the nucleation density is enhanced with
creasing negative bias and has a maximum value sinceNd
has a maximum value. This trend in line with the experime
results.7

C. Ion diffusion enhancement by application of negative bias

Owing to the effect of negative bias, active ions obta
energy from the electrical field, resulting in enhancement
ion bombardment. As a result, in addition to producing t
pits, ion bombardment brings about an increase of the s
strate temperature, thereby leading to diffusion enhancem
of active ions on the silicon surface. In this section, the
lationship between diffusion and bias is investigated.

In Sec. III B, the distribution of ions with energy in th
cathode sheath was discussed. Based on Eq.~3!, similar to
calculation of Eq.~6!, the total energy of all ions is

Et5E
0

Ec
E dN

5
N0qUc

exp~Lc /l! F2
l2

Lc
22112S l

Lc
2

l2

Lc
2DexpS Lc

l D G .
~30!

In the course of ion bombardment, only a part of the ene
is transferred to the substrate surface because part of the
is reflected. With the assumption that the ratio of the ene
transferred to the substrate surface to total energy isg, the
energy obtained by the substrate surface isgEt . The ions
whose energy is larger than the threshold value of the s
tering of silicon lead to the sputter, and the number of silic
atoms sputtered isN1 . But the sputtered silicon atom carrie
away an energy32 kTs , wherek is Boltzmann’s constant and
Ts is the temperature of the substrate surface after it is b
barded by ions. Thus the energy that the substrate rece
from impingement is

E05gEt2
3

2
kTsN1 . ~31!

If the area over which ions bombard the substrate isAt
and the thickness through which bombarding ions trave
Ls , the number of silicon atoms which that are not sputte
during the impingement process is
2-8
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n5
rAtLs

M
NA2N1 . ~32!

According to the solid theory,38 the energy of atom is
approximately 3kTs at high temperature. The temperature
the silicon substrate was about 1123 K, and it is larger t
the Debye temperature, 640 K.39 By energy conservation
law, we get the following expression:

3kT01
E0

n
53kTs , ~33!

whereT0 is initial temperature of the substrate. From Eq
~31!–~33!, Ts is expressed by

Ts5
1

3k

gEt2
3
2 kT0N1

~rAtLs /M !NA2 1
2 N1

1T0 . ~34!

The diffusion coefficient of active ions on the substrate s
face is

D5a2n i expS 2
Ed

kTs
D , ~35!

where Ed is the active energy of ion diffusion,n i is the
vibration frequency of ions, anda is the distance between th
two positions of nucleation.

Based on collision theory,40 each H1 ion loses about 5%
of its energy after it impinged on the silicon atom, i.e., ea
H1 ion gives the silicon substrate an energy of several
because H1 has over 100 eV~see Fig. 6!. From Sec. III B,
CH3

1 ions mainly cause silicon sputter, but the number
CH3

1 ions is rather lower than the number of H1 ions since
their density was only 1%–3.5%. Therefore H1 ions mainly
cause the increase of the silicon surface temperature.
well known that sputter depends on the ion mass: the la
the ion mass, the higher the sputter yield. The sputter yiel
silicon by Ar1 bombardment is from 0.11 to 0.18 when i
energy changes from 100 to 200 eV.41 For CH3

1, the sputter
yield should be lower than the preceding values becaus
mass is less than the mass of Ar1. Then, according to the
current-voltage relationship given in Sec. III A, Fig. 6, a
Eq. ~34!, the change of substrate surface temperature w
bias is shown in Fig. 15~a!. Figure 15~a! shows that the sur
face temperature increased from 850 to 948 °C when the
was raised from 0 to 250 V, in agreement with experimen
results@Fig. 15~b!#. From Eq.~35!, the diffusion coefficient
increases exponentially with temperature, and ion diffus
on the substrate surface is greatly enhanced.

Analyses indicategEt.
3
2 kT0 whenT051123 K, and Eq.

~34! becomes

Ts5
1

3k

gEt20.15N1

~rAtLs /M !NA2 1
2 N1

1T0 . ~36!

From Eq.~36!, the temperature of the substrate surface
creases with increasingN1 , and it will reduce whenN1 in-
creases to a particular value. From differentiation of Eq.~34!
with respect toN1 ,
08541
f
n

.

-

h
V

f

is
er
of

its

th

as
l

n

-

dTs

dN1
5

1

6k

gEt23~rAtLs /M !NAkT0

@~rAtLs /M !NAk2 1
2 kN1#2

. ~37!

If Eq.(37)50, then

Et5
3

g
kT0

rAtLs

M
NA . ~38!

When Eq.~38! holds true, the surface temperature can att
the highest value. Generally, the sputter time is shorter
the sputter yield is low, and therefore Eq.~38! does not hold.
As a result,Ts increases with increasingN1 so that ion dif-
fusion on the surface is improved by negative bias.

In addition, the increase of the substrate temperature
result in the formation of an amorphous structure.42 There-
fore, it is inevitable that there are amorphous structures
diamond films. A number of experiments have demonstra
amorphous structures created during diamo
nucleation.43–46

D. Influence of negative bias on the adhesion force between
diamond nuclei and the substrate

In the experimental results mentioned above, it is kno
that diamond nucleation is enhanced under application
negative bias. This implies that the adhesion force betw
diamond nuclei and the substrate is enhanced. A lot of
periments showed that silicon carbide was formed in the p
cess of diamond nucleation.2,15,47 Silicon carbide has two
effects during diamond nucleation. First, silicon carbide a
as a transient layer between the substrate and diamond
because it reduces the mismatch of lattice constant betw
diamond and silicon as the lattice constant of silicon carb
lies between diamond and silicon. Second, silicon carb
strengthens the adhesion force between diamond nuclei
the substrate. Reference 42 shows that the atoms of the
strate undergo displacement due to incidental ion bomb
ment when the energy of incidental active ions reaches
threshold value of displacement of the substrate atoms,
the incidental ions interact with the displaced substrate

FIG. 15. Relationship curve betweenTs with negative bias:~a!
theoretical results;~b! experimental results.
2-9
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oms. Simultaneously, Refs. 42 and 48 also indicate tha
compound layer on the substrate surface results in enha
ment of the bond strength of the film on the substrate. In
process of growing diamond films, the compound is silic
carbide. According to Kujinov’s theory,49 the adhesion force
between diamond nuclei and the substrate,F, is proportional
to the amount of interaction between incident ions and s
con,Nint :

F}Nint . ~39!

The amount of interaction between incidental ions a
silicon atoms includes the amount of silicon carbide~silicon
atoms! with which the incidental ions directly react and th
amount of silicon carbide deposited on the substrate sur
again after the sputtered silicon atoms react with ion in
gaseous phase. We assume that the threshold value o
displacement of a silicon atom isEp and the minimum en-
ergy of incidental ions causing displacement of a silic
atom isEm . According to the collision theory,36 the energy
that the silicon atom obtains from the process of impin
ment is

Es5E
4MiMs

~Mi1Ms!
2 cos2 f, ~40!

wheref is the scattering angle of the silicon atom after it
impinged. The maximum energy that the silicon atom
ceives is

Esm5E
4MiMs

~Mi1Ms!
2 . ~41!

From this formula, the minimum energy of ion leading to t
displacement of silicon atoms is

Em5Ep

~Mi1Ms!
2

4MiMs
. ~42!

Incidental ions interact with displaced silicon atoms a
form silicon carbide. The amount of this silicon carbide is

N25E
Em

Eth
dN5

N0

exp~Lc /l! H expFLc

l
A12

Ep

Ec

~Mi1Ms!
2

4MiMs
G

2expS Lc

l
A12

Eth

Ec
D J . ~43!

When the energy of incidental ions is larger than the thre
old value of sputtering of silicon, the number of sputter
silicon atoms isN1 , and some of the sputtered silicon atom
take part in the reaction with incidental ions. Provided t
ratio is p, then the amount of the interacting silicon is

N35pN1 ~44!

and the total amount of silicon carbide is

Nint5N21N3 . ~45!

From Eqs.~6! and ~43!–~45!, F is expressed by
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F}
N0

exp~Lc /l! H expFLc

l
A12

Ep

Ec

~Mi1Ms!
2

4MiMs
G

2expS Lc

l
A12

Eth

Ec
D J

1p
3

4p2 c
4MiMs

~Mi1Ms!
2

N0Ec

Wf
f ~Ec! . ~46!

From Eqs.~7! and~46!, it is obvious that the adhesion forc
between diamond nuclei and the substrate is strengthe
with increasing negative bias. This conclusion is in acco
with the experimental result. The adhesion force betwe
diamond films and the WC substrate was measured by
method of the scratch test, which is similar to that of Ref. 5
The results are shown in Fig. 16, which shows the adhes
force between diamond films and WC substrate with te
perature. From the figure, it can be seen that the adhe
force was found to be higher than 60 N with bias treatm
@see Fig. 16~a!#, but was lower than 20 N without bias@see
Fig. 16~b!#.

E. Heteroepitaxial growth of diamond by substrate negative
bias

Substrate bias pretreatment not only led to a high nu
ation density of diamond on untreated silicon substrate
was also a crucial step in growing heteroepitaxial diamo
films.22,51–53Figure 11 shows the threefold symmetry of th
diamond particle after 15 min deposition, which suggest
~111! silicon orientation of the crystal. The diamond partic
was grown on ap-type ~111! silicon substrate under a bia
pretreatment of 15 min. From the AFM surface image, it
known that the crystallite is~111! textured with a~111!-
oriented silicon substrate, i.e., diamond (111)iSi(111) plus
diamond ^11̄0&iSî 11̄0& for ~111!. However, the role of
negative bias in the heteroepitaxial nucleation of diamo
has given rise to controversy.

In fact, the epitaxial growth mode in a given system d
pends on interfacial free energy and lattice mismatch. In g
eral, heteroepitaxial growth is best achieved by Frank–V
der Merwe54 layer-by-layer growth. But, the higher surfac
energy of diamond relative to silicon favors island formati
of diamond on silicon~VM mode! and local epitaxial growth

FIG. 16. The adhesion force between diamond film and W
substrate vs temperature,~a! with bias pretreatment;~b! without
bias.
2-10
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due to the large lattice mismatch between diamond and
con. The bias pretreatment plays two important roles in
heteroepitaxial nucleation. First, ion bombardment of
substrate under negative bias greatly decreases the form
energy of diamond on silicon substrate~see Sec. III B!. Sec-
ond, the contact area of nuclei with the substrate increa
with the negative-bias voltage~see Fig. 11!. On the other
hand, studies based on semiempirical molecular orbital
culations and molecular mechanics have shown that it is p
sible to grow oriented textured diamond films on a Si~111!
surface.55,56

IV. SUMMARY

In summary, the process of diamond nucleation was th
retically investigated. The results showed that negative b
played an important role in the process of diamond nuc
ation in the hot filament CVD system and indicated that
negative bias enhanced the number of active ions. Simu
neously, it reduced the formation energy of critical nuclei
diamond owing to the production of pits by ion bombar
ment and improved ion diffusion enhancement on the s
strate surface due to the increase of the substrate su
temperature by ion bombardment under negative bias.
negative bias also strengthened the bond strength of diam
nuclei on the substrate surface. These are all key factors
influence diamond nucleation. Therefore, diamond nuc
ation is enhanced by negative bias in a hot filament C
system.
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APPENDIX: CALCULATION OF EQS. „6… AND „7…

From Eqs.~1! and ~5!, we get
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N15E
Eth

Ec
S~E!dN5E

Eth

Ec 3

4p2 c
4MiMs

~Mi1Ms!
2

E

Wf

N0

2Ec

Lc

l

3S 12
E

Ec
D 21/2

expH 2
Lc

l F12S 12
E

Ec
D 1/2G J dE

5
3

4p2 c
4MiMs

~Mi1Ms!
2

N0Ec

Wf exp~Lc /l!
E

Eth

Ec E

Ec

Lc

2l

3S 12
E

Ec
D 21/2

expFLc

l S 12
E

Ec
D 1/2GdS E

Ec
D . ~A1!

Let

f ~Ec!5
1

exp~Lc /l!
E

Eth

Ec E

Ec

Lc

2l S 12
E

Ec
D 21/2

3expFLc

l S 12
E

Ec
D 1/2GdS E

Ec
D , ~A2!

x5E/Ec , andx15Eth /Ec , then Eq.~A2! becomes

f ~Ec!5
1

exp~Lc /l!
E

x1

1

x
Lc

2l
~12x!21/2expFLc

l
~12x!1/2Gdx.

~A3!

In Eq. ~A3!, let t5(12x)1/2 and t15(12x1)1/2, then Eq.
~A3! is expressed by

f ~Ec!5
1

exp~Lc /l!
E

0

t1
~12t !2expS Lc

l
t DdS Lc

l
t D . ~A4!

After integration of Eq.~A4!, f (Ec) is expressed by@Eq. ~7!#

f ~Ec!5
1

exp~Lc /l! H F12S l

Lc
D 2

2S l

Lc
2A12

Eth

Ec
D 2G

3expS Lc

l
A12

Eth

Ec
D 12S l

Lc
D 2

21J
and Eq.~A1! becomes@Eq. ~6!#

N15
3

4p2 c
4MiMs

~Mi1Ms!
2

N0Ec

Wf
f ~Ec! .
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