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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
Department of Applied Physics, College of Science, Chongging University, Chongging, 400044, People’s Republic of China
(Received 5 April 2000; revised manuscript received 25 July 2000; published 6 Februapy 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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[. INTRODUCTION Many researchers studied nucleation enhancement by nega-
tive bias and proposed various mechanisms. Yugo and his
Because of its outstanding physical and chemical propereolleagues speculated that negative bias increased the hydro-
ties such as high hardness, high temperature resistance, wigen content of amorphous carbon and the bond strength of
optical transmission range, and chemical inertia, diamond igiamond nuclei with the substrat®Jiang, Schiffmann, and
an important strategic material for applications ranging fromKlages claimed that ion bombardment under negative bias
tribological, thermal, optical, to active electronic !ncreased adatom d|ffu3|o!"|.. Storedral .~ proposed 'Fhat bias
applications:? Therefore, syntheses of diamond films by increased the flux_of positively charged_carbon ions to the
chemical vapor depositiofCVD) have attracted enormous surface and that _hlgher energy transferring frqr_n ions to the
interest in the past few decad&$The most important step S(l;:];)aecg srezgilg?sd Ig]osgrtlggge;ﬁgi usurfeict:gdn:ﬁgillitgngf ggﬁl ;b—
of synthesizing diamond films is diamond nucleation becausg™ .~ pecies. : 99 )
of its influence on growth rate, morphology, and other quali- e injected |nto_ the sgbstrate surface, forr_n_mg a layer of na-
ties of diamond films and their application® Thus an un- nometer graphite, which acts as the transition layer between

. . NN . diamond and substrate. McGinnis, Kelly, and Hagstrom
derstanding of diamond nucleation is very important for the1‘irm|y believed that the bombardment of the substrate sur-
growth of diamond films.

. X . face by energetic species was critical for nucleation
Diamond nucleation depends on the substrate materials,nancement Wang et al. indicated that the nucleation

and is affected by the pretreatment of the substrate surfacgensity could reach a maximum when negative substrate bias
To date, silicon has been used as the substrate for depositigihq electron emission simultaneously occuffé@hen and

of diamond films owing to its low cost and compatibility in co-workerd®? found that electron emission could enhance
electronic device applications. However, few diamond nuclegiamond nucleation and they believed that electron emission
were nucleated on a mirror-polished substrate surface bgjayed a key role during diamond nucleation. Wang
cause of the large lattice mismatch between diamamgl ( et al?!?2 applied a negative bias relative to the filament to
=0.3657nm) and silicon g§,=0.5431nm), and a much the electrode set between the filament and substrate. They
higher surface energy of diamond relative to silid@-9  found that diamond nucleation was also improved and put
JIn? for diamond(111) surfaces, 1.5 J/ffor silicon (111) forward the mechanism of electron-emission-enhancement
surface$’® The nucleation density only reached*dh? on  (EEE) nucleation. These mechanisms elucidated different as-
the pristine silicon surfacéin order to enhance the nucle- pects of negative-bias-enhanced diamond nucleation.

ation of diamond, the substrate surface was pretreated with The mechanisms mentioned above were proposed accord-
diamond powder, deposition of transient lay¥¥s'? ion  ing to their experimental results, and each of the mechanisms
implantation™® and application of negative substrate bids. only emphasized some aspects of the enhancement of dia-
The pretreatment of the surface has improved diamonehond nucleation by negative bias. Therefore, diamond
nucleation. Among these methods, negative bias greatly emucleation has not completely been explained. In fact, dia-
hanced diamond nucleation, and nucleation density up tenond nucleation is a complicated process that involves com-
10'%cn? was achieved on the pristine silicon surfae. plex physical and chemical processes. It is impossible for
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diamond nucleation to be completely explained by a single

mechanism. The physical effects of negative bias on dia-

mond nucleation involve ion energy, ion bombardment of the

substrate, reactions between ions and the substrate, ion dif-
fusion on a substrate surface, etc.

When negative bias was applied to the substrate, the bias
electrical field resulted in an increment of the ionization de-
gree of neutral gas molecules, the energy of ions, and ion
bombardment to the substrate surface. It is easily understood
that Jiang, Schiffmann, and KlagésStoner et al,'® and
Wang et al'® proposed mechanisms that negative bias and
electron emission enhanced diamond nucleation. However,
these mechanisms did not take into consideration the effects
caused by ion bombardment nor were these mechanisms in-
vestigated theoretically. Further research on diamond nucle-
ation under negative bias was restricted.

In the process of diamond nucleation by biased hot fila- £ 1. SEM image of diamond nucleation for 35 min without
ment CVD, a purple glow was observed when the negativg)ss
bias increased to a critical valdé which meant that a glow

discharge appearéd.At the onset of glow discharge, the . . . . '
physical process of diamond nucleation by biased hot filgfeached 850 °C, a negative bias relative to the filament was

ment CVD was theoretically studied after the phenomena&PPlied to the substrate, starting the nucleation of diamond.
and experimental results were analyzed. The relationship The process of diamond nucleation was investigated by
among factors influencing the diamond nucleation was givef§¢anning electron microscog$$EM) and atomic force mi-

in some reasonable analytic formulas, and the results of thig"0SCOpPY(AFM). The microscopy was operated in the tap-

study were in agreement with the experimental results. ~ Ping mode by commercial microfabricated silicon cantilevers
with a tip diameter of approximately 20 nm. The scanning

area ranged from 1@mx1um to 10umXx10um, and
lower scanning areas were used to obtain the image of the pit
Il. EXPERIMENT AND RESULTS and the diamond nucleus with very high definition. Figures 1

The experiment was carried out in a conventional hot fila-2Nd 2 show the SEM images of the nucleation of diamond

ment CVD system. Mirror-polished>88 mn? silicon (100 for 35 min without and with negative bias. It is clear that

and(111) were used as substrate material. The reaction ga%:catrr?gnk;jiar;uC_Iriaet'?lzc\f;\sﬂgr:eggxsﬁnhraer;(é?]de (;/f;:%:zifl)ﬁgﬁanon
was a mixture of Ciiland H,. The concentration of CHin ' Y

H, ranged from 1% to 3.5%. The total flow of gases was Zodmhg1 ?:33 d'gcggrise;;g fc??h\a/& \?vri]ticl)tu tmgi;esség ir?raiir;\ Iorfe-
sccm (standard cubic centimeter per minytevhich was 9 P - EXP

monitored by a mass flow meter. The total work pressureS ults also showed that a number of pf_ntslcrO(_jefect?ﬁ were
was 4.0¢ 10 Pa. The temperature of the tungsten filament 1produced on the substrate surface owing to ion bombardment

S R under negative bias and the diamond nucleus built on the pit.
mm in diameter was about 2000 °C. It was measured by a} \was found that the number of pits i . o

. pits increased with an in
optical pyrometer. The temperature of the substrate Wag oo of negative bias
heated to 850°C by a heater, and it was monitored by & '
thermocouple, which touched the substrate. The distance be-
tween the filament and the substrate was about 8 mm. The
negative bias relative to the filament was applied to the sub-
strate through a graphite holder, and the resistance of the bias
circuit was larger than 10 K to avoid current leakage. The
silicon wafer covered the graphite holder completely so that
the electronic field could be accumulated on the silicon wafer
rather than the holder.

Before nucleation, the silicon wafer was chemically
cleaned with acetone and sequential methanol in an ultra-
sonic bath for 20 min, followed by a 1-min rinse in 50% HF
to remove oxide. After the wafer was rinsed with methanol
and deionized water again, it was put into the reaction cham-
ber quickly to avoid recontamination. When the chamber
was pumped up to a pressure of about 1 Pawhis fed into
the chamber and the tungsten filament was heated to about
2000 °C. After the wafer was pretreated by fidr 5—10 min,

CH, was fed in. When the temperature of the substrate FIG. 2. SEM image of diamond nucleation for 35 min with bias.
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IIl. THEORETICAL ANALYSIS

The experimental results above indicated that diamond
nucleation was enhanced with applied negative substrate
bias. From the results, it was recognized that bias played an
important role in diamond nucleation. In the process of dia-
mond nucleation by biased hot flament CVD, an appreciable
current was detected accompanied by a small drop of volt-
age, and a purple glow was observed when the negative bias
relative to the filament applied to the substrate increased to a
critical value. This critical value is defined &g, and signals
the onset of the emission current or glow. It is related to
gaseous pressure, temperature, and distance from the sub-
strate to the filamerft® This meant that glow discharge ap-
peared and the purple glow was negative glow because the FIG. 3. The cathode sheatte) filament, (b) covered plasma
negative glow was bright It is with the occurrence of the sheath near substrate) holder.
glow discharge that negative bias plays the most importa
rqle in diamond nucleation. W.'th the appearance of a glo n the cathode sheath leads to a heterogeneous distribution of
discharge, a cathode sheath, i.e., the cathode zone fr_om Whs with the potential. The distribution of ions in the cath-
substrate surface to the edge of the negative glow, builds UBde sheath &
near the substrate, and the electrons multiply in the cathode
sheatl?* From Ref. 23, it was known that the electrons could dN N, Lc( U )1’2 p[ Lc[l ( U )1’2”

exp ——|1-
X ,

rBecomes highly nonunifor®. The highly nonuniform field

1T,

collide with gas molecules in the pressure range of 0.1-1055 = 2.
torr. The pressure employed in the process of diamond ¢
nucleation generally ranges from 20 to 40 torr; therefore, the ) . ,
electrons would effectively impinge with the gas moleculesWhereNo is the total number of ions entering the cathode
owing to the fact that the mean free path of electrons wa§heath from the negative glow abtandU. are the potential
shortened by the increased pressure. The temperature of eldg-the sheath and the negative substrate bias relative to the
trons in H-CH, plasma was (1.0-1.K10°K,? i.e., the substrate (J. adopts the a_bso_lute yal),lerespectlvely.)\ is
energy of electrons was 13-14.2 eV. The first ionizationthe mean free path of active ions in the cathode sheath and

energy of CH and H, is 12.7 and 13.6 e¥ respectively. Lc IS the thickness of the cathode sheath, which depends on
Thus H, and CH, could be ionized by electron impact to the negative bias. Reference 28 indicated that the ion flow to

bring about a greater number of ions. The ions obtain energghe substrate is mobility limited for the low-pressure range; it
from the electrical field to strike the substrate surface. Baself

Uc

on the analyses above and the experimental results, it is re- U2
alized that there are four possible effects that negative bias J=C—§,
has on diamond nucleation in the hot filament CVD system: Le

(i) Negative bias increases the flux of active iofis.Nega-  \yhereC is constant related to the characteristic of ions. So,
tive bias strengthens ion bombardment to the substrate sur-

face, thus resulting in the change of the surface morphology uz\»
of the substrate and a decrease of the formation energy of the Le=|C J

critical nucleus of diamondiii) lon bombardment enhanced ] ) ]
by negative bias leads to diffusion enhancement of activd ne pressure employed in the process of diamond nucleation
ions on the substrate surfac&:) lon bombardment strength- 1S in the low-pressure range. Hence, the relationship between
ened by negative bias enhances the adhesion force betwel}¢ thickness of the cathode sheath and the negative bias

diamond nuclei and substrate. They are discussed in the foghould comply with the ion-mobility-limited current-voltage
lowing. relationship.

After integration of Eq.(1), the number of ionN; pro-

duced after forming the cathode sheath is
. . _ NO 4 Lc Uth)

As mentioned above, a glow discharge appears when the N=————|exg —\/1-—]|—-1
negative bias relative to the filament applied to the substrate exp(Le/A) A Ue
exceeds a critical value. The glow discharge results in thét is known that when the glow discharge occurs, it is fol-
formation of a cathode sheath near the substrate and the priowed by a small collapse of the voltage. However, experi-
duction of a number of ions. The cathode sheath observed iments showed that the purple glow disappeared if the nega-
the process of diamond nucleation is shown in Fig. 3. In theive bias was reduced to a particular value, the disappearance
event of glow discharge, great changes take place in the eleof the negative glow also meaning the disappearance of glow
trical field owing to space-charge distortion. These changedischarge. Therefore, a minimum voltage is required to
mainly are concentrated in the cathode sheath so that its fielsaintain the glow discharge. Sindg is the number of ions

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

. (2
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increase of bias voltage. This implies that the probability of

= 50f A producing CH and CH™" was enhanced with an increase of
‘E —A—CHg / bias voltage. The experimental results indicated that over
£ 40 90% of reactive gases were ionized into ions or chemical
i —y—CHs g radicals, but few chemical radicals or ions were created by
Té‘ 30l / v the heated tungsten filament. Reference 33 indicated that the
8 —e—CaoHa s / chemical species produced in gH, plasma are CHf',
= / v CHs*, CH,", CH*, C*, H*, Hy", CHg', and H" as well
p 3 2 2 5
S 20 A / as CH, CH,, CH, C, and H. It is known that CHs easily
s A/'/' ionized into CH" because the formation energy ¢His
8 10./ o—® lower than that of producing other ions. References 21 and
< — 22 demonstrated that GH takes a critical role in diamond

0 ' L, nucleation. Hence, the bias increases the flux of active ions.

0 50 100 150 200 250
Negative Bias (V) B. Influence of ion bombardment on surface morphology of
the substrate and formation energy of the critical

FIG. 4. Absorption intensity vs negative bias. nucleus of diamond under negative bias

Application of negative bias causes glow discharge and
he electrical field mainly concentrates in the cathode sheath.
he electrical field is very strong for the majority of voltage
|z)?rops in the cathode shedthThe active ions obtain energy

rom the strong electrical field and the energetic ions arrive
pn the substrate to vigorously bombard the substrate surface.

infrared spectrometer. Figure 4 shows a variation of ir ab- 1€ €nergy that an active ion obtains from the sheath is

sorption intensity versus the negative substrate bias near =au (q is the ion charge and the maximum energy of

substrate surface. Apparently, the absorption intensity of1€ 10N iSWe=qU.. From Eq.(1), the distribution of ions

CHy(606 cn?) and GH,(730 cn?) was enhanced with in-  With €neray is

entering the cathode sheath from the negative gloky,
should be the minimum voltage needed to maintain the neg
tive glow. From Eq(2), it is obvious that the number of ions
increases with increase of negative bias. In order to testi
this verdict, in situ infrared absorptidir) was carried out by

creasing bias. The ir absorption intensity directly reflects the AN Na L W —1/2 L W12
concentration of adsorberft$3° Owing to a weak sensitivity - — 9 =¢ ( 1— _) exp{ _ e { 1— ( 1— _) H _
to detect ions by ir absorption, the optical emission spectrédd W 2We A We A We

were used to determine the concentration of the reactive spe- ©)

cies in the center of the reaction region and vicinity of theyith integration of Eq.(2), the mean energy of the active
substrate surfac®. The emission line of Ar at 750 nm was igns is

employed as an actinomet®r Figure 5 shows the optical

mately 2.25% 10" ° and 5.1 10" °m in light of the data in
Ref. 26. According to the data in Ref. 18 and the ion-
mobility-limited current-voltage relationshf}3, the ion en-
0.4 ®) ergy (current density is 150 mA/cfh can be calculated by
Eq. (4). The distribution of ion energy versus negative bias is
shown in Fig. 6. From Fig. 6, it is known that the ion energy
increases with increasing negative bias. The energy of CH
50 -100 -150 200 250  -300  -350 and H' ranges from 55.5 to 143.9 eV and 61.8 to 173.3 eV,
respectively, when the negative bias changes from 100 to
300V, and it is in agreement with experimental resfilthe

FIG. 5. Emission intensity ratio of GHand CH,* as a function ~minimum energy of CH" sputtering silicon is about 38 eV
of negative bias(a) CH,*; (b) CH,. according to the formuf4

emission intensity ratio of CH431 nm) and CH' (422 nm w, dN
to Ar (750 nm as a function of negative bias voltage. It can f WvdW
be seen that the intensity of Cldnd CH ™" increased with an (W)= 0 5
We dN
1.0 0 aw
(1—2\/Lo)exp(Lc/N) 2\?
c 1-7=/. @
0.8 1—exp(L./N) L.
2 (a) The ratio of electron temperature to ion temperature in
2 plasma,T./T;, is 20—100?® so the ion temperature is about
£ 06 5% 10° K. The mean free path of Cfi and H" is approxi-

0.2

Bias Voltage (V)
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FIG. 6. Distribution of ion energy vs negative biga} energy of FIG. 8. Relationship curve dfig ) vs Uc.

CH;" vs negative bias(b) energy of H vs negative bias.
’ 3  4AMM, E

M+ M2 SE =227 S M+ Mg? W, ©

amm, Ve :
ils where c is a constant related k&, andMg, M; andMg are
where M; and My are the mass of active ion and silicon the mass of active ion and silicon atom, respectively, and E
atom, respectively, and E and/; are the ion energy and andW; are ion energy and surface bond energy of silicon.
surface bond energy of silicon, respectively. The energetic From Eq.(3), the sputtering number of silicon by ions is
CHs" ions strike the silicon substrate and cause the silicon to

be sputtered. As a result, microdefects are produced on the \ _ fECS dN= ic 4M;M Noch ®
silicon surface. Figure 7 shows the surface morphology of L E 47?7 (Mi+Mg? W, (&)

the substrate bombarded by ions under negative bias after

nucleation for 15 min, after which some diamond nuclei 1 ANV En)>
(white pointg appear on the pits. The energy of" Hnust f(EC)_ m 1_(|__C) - L_c_ 1- E_c)
reach about 271 eV for the sputtering of silicon to be real-

ized. But the energy of His 173.3 eV when the negative L Ew A2

potential is 300 V, and thus Hdoes not bring about sput- ><ex;<r V1i- E. +2 L_c) -1 @)

tering. Because the negative bias employed in diamond
nucleation is usually about 300 V, the energy of active iongvhere Ey, is the threshold energy of ions resulting in the
falls in a low-energy range. For ions of low energy, the sputsputtering of silicon. Figure 8 illustrates the relationship of
tering yield is expressed By f(Ec) versusU,(j =150 mA/cnf) and shows that it increases
with increasing negative bias, which reaches a maximum
value when the negative bias is about 275 V. It is clear that
sputtering is strengthened with increasing negative bias and
it is predicted that the pit density will have a maximum value
with incremental negative bias.

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

FIG. 7. AFM morphology of substrate surface bombarded by
ions under biagdeposition time: 15 min FIG. 9. Shape of a pit.
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FIG. 10. Relationship curve between the number of pits and

bias.
is
V;=17R3(1—cosa)?(2+ cosa).

8

Given the mass density of silicgn the total mass ifN4 pits
is

m=NgpV4, 9
and the number of silicon atoms My pits is
m
n= MNA, (10)

where M is the molecular mass of silicon ai, is the
Avogdro number. Because the number of silicon atoms in al

PHYSICAL REVIEW B 63 085412

Section Analysis

FIG. 11. AFM image of diamond nucleus on gideposition
time: 15 min.

as a spherical cap. The experimental result showed that the
ratio of width to height of diamond nuclei increased with
increasing bias as shown in Fig. 12, in which more than 100
particles were measured. This means that the diamond nuclei
approach the shape of a spherical cap with an increase of
bias; therefore, capillary theory can be applied in diamond
nucleation. We assume that a diamond nucleus on a pit takes
the form of a spherical cap of radius r, as displayed in Fig.
3. Neglecting the contribution of the system arising from

pits equalizes the number of sputtering silicon atoms, thighe distribution of adatoms along the possible absorption

implies the relationship that n is equally . From the equa-

sites on the surface, we find the formation energy of the

tions above, the number of pits per unit area of the substrateucleus to be

surface is

CN;M 1
¢ pNa L 7R3(1—cosa)?(2+cosa)

11

12

10

CH/H, 1.5%

The experimental results indicated that the size of pits hardly
changed with variation of the bias. Equatiof@® and (11)
indicate that the number of pits increases with increasing
negative bias. This is in concordance with experimental re-
sult as shown in Fig. 10. From Fig. 10, the pit density tends
to a maximum when the negative bias is about 300 V, in
accordance with prior predictions

Our experimental evidence showed that diamond nucle-
ates on the pits. Georgd al.found that diamond nuclei built
up on the defect®® So pits play an important role in the
process of diamond nucleation. Owing to ion bombardment,
the surface morphology of the substrate became roughened
and the energy of critical nuclei became varied. Figure 11
shows the nucleus on the pit, which was observed by atomic
force microscopy after a deposition of 15 min. From Fig. 11,

it is known that the diamond nucleus could be approximated FIG. 12. Diamond nucleus ratio of width to height vs the bias.
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csv 0 Vapor V:%Wrg(l_COSO)Z(Z'F COSﬁ)

+ 2 7R3(1—cosa)?(2+ cosa)

1
= =713 (1—cosh)?(2+ cosb)

nucleus 3
’ +(1 22+ sire 19
s P (1—cosa)“(2+cosa) sfal (19
" R Substrate
"; , Upon the substitution of Eq$17) and (19) in Eq. (12), the
"0 formation energy of the nucleus is
FIG. 13. Nucleus of a spherical cap on the pit. AG= o-nv277r2f1+AGU%7Tr3f2, 20)
AG=AG, V+AGq, (12
fi=(1—cosh)— mcosﬂ, (21

where AG, is the supersaturation free energy available per
unit volume of the nucleusA G, is the variation of surface

energy after building up the nucleus, avids the volume of fo=(1—cos#)2(2+cosh) + (1— cosa)?(2+ cosa) S"nB 0_
the nucleus. From Fig. 13, the relationship between R and r Si®

is (22
From differentiation of Eq(20) with respect to r, we can see
Rsina=r siné. (13 that the critical radius of the nucleus is
Before forming the nucleus, the contact area between the o 4o, f1 23

gaseous phase and the substrate surface is ~AG, f,

Substituting r in Eq(20) with Eq. (23), the critical energy of

Ay=2mR*(1-cosa). (14 puilding up the nucleus is

The surface area of the spherical cap after forming the 1 5

nucleus is AG*=—EAGuwr* fy. (24)
A,=27r?(1—cos#). (15) Because the surface area of the substrate taken up by a pit

is S=7(Rsina)?, the number of pits on per unit surface of

Therefore, the variation of the surface free energy aftethe substrate is also expressed by
building up the nucleus is

1
Ng=—=——3- (25
AGs=0on A1+ 0n, A= 05A1= (05— 05 A1t 0, Az, m(Rsina)
(16) From Egs.(13) and(25), another expression af is found

to be
where o5 is the free energy of the interface between sub-

strate and nucleusrg, is the free energy of the interface 1 1

between substrate and vapor, amg, is the free energy of *= 7N.Rsing’

the interface between nucleus and vapor. It is noted that the d

relationship amongr,s, og,, ando, is with substitution of Eqs(22) and(26) in Eq. (24), the energy
of forming the critical nucleus becomes

(26)

Osy = Ony COSB+ Ons» (17) 1 3/2]

7TNd

(1—cosh)(2+cosh)
(1+cosh)sind

a
_ AG*=—— AGU<
where B is the contact angle between the substrate and the 6

vapor, andB= 6+ «. From Eqs.(14)—(17), AGs becomes (1-cosa)(2+ cosa)

(1+cosa)sina

(27)

AGg=0p,[27r2(1—cosh) — 2wR?(1— cosa)cosp]
We should note thaA G, is negative.

=0 273 (1= cosd) — cosa|. 18 To ensure that Eq27) is correct in the course of calcu-
w277 ( ) 1+cosa s (18 lation, let us see Fig. 12 and Ed21)—(24). If =0 (contact
angle,B= 6), there are no pits on the substrate surface. From
The volume of the nucleus is Eqgs.(21)—(24), Eq. (24) becomes further
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235 Owing to the application of negative bias, energetic ion
bombardment of the substrate produces pits on the surface,
which results in an increase of the contact interface between
substrate and nuclei. The energy required to build up nuclei
reduced, showing that diamond nucleation is enhanced by
1.95 negative bias.

The nucleation density is expressed by

2.15

8 1.78
Fx

AG*
), (29)

Np=N¢ ex;{ - W

where N, is the number of single absorbed atoms per unit
1.35 area of the substrate surface. From Eg%) and(29) and the
analysis above the nucleation density is enhanced with in-
creasing negative bias and has a maximum value diice

1.55

115 has a maximum value. This trend in line with the experiment
15 30 45 60 75 7
results.
a(degree)
FIG. 14. Relationship curve d¥ ) vs a. C. lon diffusion enhancement by application of negative bias
3 Owing to the effect of negative bias, active ions obtain
AGH = 16m0y,,° (2—3cosh+cos’ 0 (28  €neray from the electrical field, resulting in enhancement of
3AG,° 4 ' ion bombardment. As a result, in addition to producing the

) ) » , pits, ion bombardment brings about an increase of the sub-
Equation(28) is the critical energy of a nucleus forming on gyate temperature, thereby leading to diffusion enhancement
the plane substrate surface. of active ions on the silicon surface. In this section, the re-

Let lationship between diffusion and bias is investigated.

In Sec. Il B, the distribution of ions with energy in the
cathode sheath was discussed. Based on(Egsimilar to
calculation of Eq(6), the total energy of all ions is

E _(1—c030)(2+c050) (1—cosa)(2+ cosa)
(@™ (1+cos6)sing (1+cosa)sina

and 6= m/3; then the relationship curve &, versusa is £
shown as in Fig. 14. Figure shows tHag, is incremental Et:J ‘E dN
with increasinge and it will further increase whea tends to 0

7/2. Differentiation of Eq.(27) with respect toNy gives

NoqU, 2>\2 Lio A )@) p(LC)
- " - —— —|exg —||.
0AG* _, (1] 1)%3(1-cos0)(2+coso) exp(L/N) | “L2 Lo L2
dNg T ) INg (1+cos)sin @ (30)

(1—cosa)(2+cosa)
(1+cosa)sina

In the course of ion bombardment, only a part of the energy
is transferred to the substrate surface because part of the ions
) . . . is reflected. With the assumption that the ratio of the energy
If the angle factor is positive and\G, is negative, yansferred to the substrate surface to total energy the
dAG*/dNy<0, the critical energy for forming a nucleus re- gnergy obtained by the substrate surfacg. The ions
duces with pit density. ltx=0 or Ng=0, which means that \yhose energy is larger than the threshold value of the sput-
there are no pits on the surface, E@7) is =, which is  tering of silicon lead to the sputter, and the number of silicon
invalid. The critical energy of forming a nucleus on a plane;¢oms sputtered i, . But the sputtered silicon atom carries

substrate surface should be calculated by ). away an energ¢kTs, wherek is Boltzmann’s constant and
_On the other hand, from Eq18), if «, 6, and B are T g the temperature of the substrate surface after it is bom-
interrelated as barded by ions. Thus the energy that the substrate receives
from impingement is
1+cosé

—_— > <
1+COSacos,B 1, AG<O,

_ . . Eo=0E — SKTNy. (31)
which results from the incremental interface area between 2

the substrate and the nucleus, te@<0 in Eq.(12). Thus,

stable diamond nuclei will spontaneously grow, similar to If the area over which ions bombard the substratéis
the growth of diamond from its seeds. The above analyseand the thickness through which bombarding ions travel is
show that the production of pits is significant for diamondL, the number of silicon atoms which that are not sputtered
nucleation and the pits are nucleation points. during the impingement process is
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A.L 980
= PR Ny, 32)
M 960} .
According to the solid theor§ the energy of atom is g 940! -
approximately &Tg at high temperature. The temperature of o * @ .
the silicon substrate was about 1123 K, and it is larger than 290 O .
the Debye temperature, 640 °R.By energy conservation i .
law, we get the following expression: E 9001 .
=
Eo 8 880}
3kTy+ — =3kT;, (33 £ :
n @ 860}
where T, is initial temperature of the substrate. From Eqgs. 840 _ . . . .
(3D—(33), Ts is expressed by 0 50 100 150 200 250
Negative Bias (V)

1 gE— 3kToN;
3K (pALs/M)NA— 3N,

s +To. (34 FIG. 15. Relationship curve betwedn with negative bias(a)

theoretical results(b) experimental results.
The diffusion coefficient of active ions on the substrate sur-

face is dTs 1 gE—3(pAlLs/M)NAKT, 37
, Eq ANy Bk [(pALS/MINak=ZKN, >
D=a“v; ex Wt (35
Ts If Eq.(37)=0, then
where E4 is the active energy of ion diffusiony; is the
vibration frequency of ions, aralis the distance between the E =§kT PALs N (38)
two positions of nucleation. ! oM A

Based on collision theodf each H ion loses about 5% ,
of its energy after it impinged on the silicon atom, i.e., eachWhen Eq.(38) holds true, the surface temperature can attain

H* ion gives the silicon substrate an energy of several e\ihe highest \_/alug. Generally, the sputter time is shorter and
because H has over 100 e\(see Fig. 6. From Sec. Il B, the sputter yield is low, and therefore E§8) does not hold.

CH; ions mainly cause silicon sputter, but the number o S @ resultT; increases with increasing, so that ion dif-
CHg ions is rather lower than the number of Hbns since fusion on the surface is improved by negative bias.

; . . : In addition, the increase of the substrate temperature can
04—3 59 . ! .
b densny was only 1% 3'.5./0' Thereforé fibns mainly result in the formation of an amorphous structtfr&here-
cause the increase of the silicon surface temperature. It

well known that tter depends on the ion mass: the lar elr%re, it is inevitable that there are amorphous structures in
€ 0 at sputter gepends : 9 giamond films. A number of experiments have demonstrated

the ion mass, the higher the sputter yield. The sputter yield o : :
silicon by Art bombardment is from 0.11 to 0.18 when its morphou53_46 structures created during diamond
energy changes from 100 to 200 &VFor CH;, the sputter
yield should be lower than the preceding values because its
mass is less than the mass of "ArThen, according to the
current-voltage relationship given in Sec. lll A, Fig. 6, and
Eq. (34), the change of substrate surface temperature with In the experimental results mentioned above, it is known
bias is shown in Fig. 1®). Figure 1%a) shows that the sur- that diamond nucleation is enhanced under application of
face temperature increased from 850 to 948 °C when the biasegative bias. This implies that the adhesion force between
was raised from 0 to 250 V, in agreement with experimentatliamond nuclei and the substrate is enhanced. A lot of ex-
results[Fig. 15b)]. From Eq.(35), the diffusion coefficient periments showed that silicon carbide was formed in the pro-
increases exponentially with temperature, and ion diffusiorcess of diamond nucleatidrt>*’ Silicon carbide has two

nucleatiort*

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

on the substrate surface is greatly enhanced. effects during diamond nucleation. First, silicon carbide acts
Analyses indicatg E,> 3k T, whenT,=1123K, and Eq. as a transient layer between the substrate and diamond films
(34) becomes because it reduces the mismatch of lattice constant between
diamond and silicon as the lattice constant of silicon carbide
1 gE—0.13N; LT (36) lies between diamond and silicon. Second, silicon carbide
S 0

strengthens the adhesion force between diamond nuclei and
the substrate. Reference 42 shows that the atoms of the sub-
From Eq.(36), the temperature of the substrate surface instrate undergo displacement due to incidental ion bombard-
creases with increasiny,, and it will reduce wherN; in- ment when the energy of incidental active ions reaches the
creases to a particular value. From differentiation of @4)  threshold value of displacement of the substrate atoms, and
with respect taN, the incidental ions interact with the displaced substrate at-

3K (pAL/M)NA— N,
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oms. Simultaneously, Refs. 42 and 48 also indicate that a 70
compound layer on the substrate surface results in enhance- z 6 i e—
ment of the bond strength of the film on the substrate. In the :@'_‘ Z
process of growing diamond films, the compound is silicon & 59
carbide. According to Kujinov's theord?, the adhesion force = 1
between diamond nuclei and the substr&tes proportional g 40 F
to the amount of interaction between incident ions and sili- £ 34 L
con, Ny < A
20 L

F o Nint . (39) J M 1 2 1 a J " [l A F

_ . o ] 300 350 400 450 500 550 600

The amount of interaction between incidental ions and
silicon atoms includes the amount of silicon carbidiicon

atomg with which the incidental ions directly react and the FIG. 16. The adhesion force between diamond film and WC

amc_)unt of silicon carbide d_e_pOSited on the sub§tr§te S_urfacﬁjbstrate vs temperaturé) with bias pretreatment(b) without
again after the sputtered silicon atoms react with ion in theyjz.

gaseous phase. We assume that the threshold value of the

Temperature (K)

displacement of a silicon atom B, and the minimum en- No L. \/ E, (M{+My)?
ergy pf incidental ions causing 'd!splacement of a silicon FM—GXF(LC/X) ex N _E_c—4MiMs
atom isE,,. According to the collision theorif the energy
that the silicon atom obtains from the process of impinge- L. E
ment is —exp Vi E.

4M;Mq 3 AM;Mg NoE,

ESZEWCOSZ(,{), (40) +me(Mi+MS)2 Wf f(Ec)' (46)

where ¢ is the scattering angle of the silicon atom after it is From Egs.(7) and(46), it is obvious that the adhesion force
impinged. The maximum energy that the silicon atom re-Peétween diamond nuclei and the substrate is strengthened

ceives is with increasing negative bias. This conclusion is in accord
with the experimental result. The adhesion force between
AM;Mg diamond films and the WC substrate was measured by the
Esm= Em. (41)  method of the scratch test, which is similar to that of Ref. 50.
|

The results are shown in Fig. 16, which shows the adhesion
From this formula, the minimum energy of ion leading to theforce between diamond films and WC substrate with tem-
displacement of silicon atoms is perature. From the figure, it can be seen that the adhesion
force was found to be higher than 60 N with bias treatment
(M;+M)2 [see Fig. 16)], but was lower than 20 N without bidsee
=E,——— —— Fig. 16b)].
E. Heteroepitaxial growth of diamond by substrate negative

Incidental ions interact with displaced silicon atoms and bias

form silicon carbide. The amount of this silicon carbide is

Ny [ "dN= —0 Loy 5\/1—5—('\/““\/'5)2
2 exp(Lc/N) A E. 4M;Mq

Substrate bias pretreatment not only led to a high nucle-
ation density of diamond on untreated silicon substrate but
. was also a crucial step in growing heteroepitaxial diamond

m films.2251-%3Figure 11 shows the threefold symmetry of the

L. = diamond particle after 15 min deposition, which suggests a
—exp I-= (43 (11D silicon orientation of the crystal. The diamond particle
c - )

was grown on g-type (111) silicon substrate under a bias
When the energy of incidental ions is larger than the threshpretreatment of 15 min. From the AFM surface image, it is
old value of sputtering of silicon, the number of sputteredknown that the crystallite i$111) textured with a(111-
silicon atoms iN;, and some of the sputtered silicon atomsoriented silicon substrate, i.e., diamond (11Si{111) plus
take part in the reaction with incidental ions. Provided thediamond(lTo)HSKlTO) for (111). However, the role of

ratio isp, then the amount of the interacting silicon is negative bias in the heteroepitaxial nucleation of diamond
has given rise to controversy.
N3=pN; (44) In fact, the epitaxial growth mode in a given system de-

pends on interfacial free energy and lattice mismatch. In gen-

and the total amount of silicon carbide is o . )
eral, heteroepitaxial growth is best achieved by Frank—Van

Nip=Ny+Nj. (45) der Merwé‘_1 Iayer-by-lay_er grov_v_th. But, the_higher surfape
energy of diamond relative to silicon favors island formation
From Egs.(6) and (43)—(45), F is expressed by of diamond on silicolVM mode) and local epitaxial growth
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L E
TR

Let

Ec

due to the large lattice mismatch between diamond and sili- jEc E. 3 AMM; E Np L.

i i i N, = Sie)dN j c —_—
con. The bias pretreatment plays two important roles in the Nji t (E) - - W W; 2E, N
substrate under negative bias greatly decreases the formation
energy of diamond on silicon substratee Sec. Il B. Sec-
with the negative-bias voltagesee Fig. 11 On the other 3 4M; Mg NoE¢ Ec E L,
hand, studies based on semiempirical molecular orbital cal- = WC(MWL Mg)2 Wy exp(Lo/N) Je, Ec 21
sible to grow oriented textured diamond films on &1%0)
surface>>°°

£ —-1/2
IV. SUMMARY A 1 cE LC( E)
(B ™ awn | _/\) E on
In summary, the process of diamond nucleation was theo- © explc/N) Je,Ec 2N
played an important role in the process of diamond nucle- —Sl1- = E—), (A2)
ation in the hot filament CVD system and indicated that the ¢ ¢
neously, it reduced the formation energy of critical nuclei of L
diamond owing to the production of pits by ion bombard- —f 12ay] —€ (1 — x)1/2
f(Ec> expL/N) 2)\ (1—x)" ““ex X (1—x)~“|dx.

strate surface due to the increase of the substrate surface (A3)
temperature by ion bombardment under negative bias. Thg, Eq. (A3), let t=(1- x)Y2 and t;=(1—x,)2 then Eq.
nuclei on the substrate surface. These are all key factors that
influence diamond nucleation. Therefore, diamond nucle-

heteroepitaxial nucleation. First, ion bombardment of the h
E —-1/2 L E 1/2
X 1—E—) exp[—f[l—(l—E—) HdE
ond, the contact area of nuclei with the substrate increases ¢ ¢
culations and molecular mechanics have shown that it is pos-
-1/2 1/2
L 1 E d E Al
ex - E_c E_C . ( )
retically investigated. The results showed that negative bias L E\2 [ E
<om{1-g] Jd
I
negative bias enhanced the number of active ions. Simulta¢<=E/E., andx;=E/E., then Eq.(A2) becomes
ment and improved ion diffusion enhancement on the sub-
negative bias also strengthened the bond strength of diamon@3) is expressed by
ation is enhanced by negative bias in a hot filament CVD (B0~ exp(Lc/N) fo (1-1? p(ft)d( A ) (Ad)

system. After integration of Eq(A4), (g is expressed bjEq. (7)]
1 SR Ep)?
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APPENDIX: CALCULATION OF EQS. (6) AND (7) 3 AMM  NoE,
N c .
From Egs.(1) and(5), we get 477" (M + Ms)z (B
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