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Theoretical analysis of the diffusive ion in biased plasma enhanced
diamond chemical vapor deposition
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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 of- 100 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. 2601 American Institute of Physics.
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I. INTRODUCTION heteroepitaxial growth:!? A variety of the interface struc-
tures between the Si substrate and diamond layers formed
Abias pretreatment as an initial process prior to the crysquring the bias pretreatment, such as ¢ amorphous
tal grOWth of diamond is known to be very effective for the Carbon:!-5 and nanographit& are direcﬂy observed by h|gh-
enhanced nuclei formation in the plasma chemical vapofesolution transmission electron microscopfRTEM).>’
deposition (PCVD) of diamond:™® The bias voltage of The formed structures may essentially depend on the kinetic
around—100V applied to the substrate relative to a coun-energy of the ions on the substrate surface which is depen-

termetal electrode in the plasma is known to form diamondjent on the plasma parameters. In a recent CVD experiment
nuclei on the substrate at a density of¥6n?, which is six  of carbon nanotud&!® and cubic boron nitridé° the bias

orders larger than that obtained without bias pretreatment. Iahancement of the nucleation is observed.
additiort, the bias pretreatment is effective for the aligned | order to get a clear understanding of the effect of bias
nucleation of nuclei on the substr&t. pretreatment and reproducible results for the nucleation of
In spite of the significant enhan_cement of the nucleationgiamond nuclei or other materials, we need a simple but a
the role of the bias pretreatment is not clearly understoodyniyersal relationship between the kinetic energy of ions and
For example, it is speculated that the energetic carbon ion&lasma parameters, for example, gas pressure, distance be-
may form C—Cs p’ bonds as diamond nuclei or amorphous yyeen the substrate and the counterelectrode, etc. The present
carbon on Si substrate where the number of diamond nuclgheqretical analysis is useful for understanding the nuclei for-
increases with increasing the ion enet@yHowever, the mation and crystal growth in the plasma.
bond energy of C-Gp’ is in several eV, and we do not In the bias pretreatment, the bias is applied between a
know why such a high bias voltage-(100V) is needed for  y,ngsten needle counterelectrode and a substrate in the
the enhanced nucleation of diamond nuclei. It is consrdereg|asma as shown in Fig.(d. A typical value of the bias
qualitatively that ions are strongly decelerated due to Scatte(ioltage on the substrate for the enhanced nucleation of the
ing in the ion sheath region of plasma and that the energy ofiamond nuclei is— 100 V.2 At a pressure of about 20—40
ions impinging upon the substrate surface may become muchy,r of the mixture gas with a ratio of GHH,=7%, the
lower than that expected directly from the applied bias volt-nean free path of molecules is estimated much smaller than
age. _ _ _the width of the ion sheath. For example, the mean free path
In this article, we make a theoretical analysis of the bi- ¢ 4 H, molecule at a pressure of 30 Torr at 900 °C is esti-
ased plasma and calculate the relationship between a carbgibiaq to be 1Qum, while the width of the ion sheath is
ior1 energy impingirtg on the substrate surfaee and the apsyculated to be 300-500m?+22when the degree of ioniza-
plied bias voltage in the plasma as a function of plasmgjon of the molecules at the temperature of 1000 °C is esti-
perameters. We compare the results with experiments andsied to be 10%. Due to such a low ionization rate, the
discuss the role of bias pretreatment on the enhanced nuclgrasma s considered to consist mainly of neutral molecules
ation ,Of dlamqnd nuclei. with a small portion of ions and electrons. The kinetic energy
Microscopically, Sternberget al. have performed the ¢ jons obtained by the bias voltage is limited by the energy
theoretical treatment of molecular dynamics of the diamond{,q que to scattering mostly by neutral molecules.
silicon interface and show an essential role of the internal 1o main part of the plasma is electrically neutral due to
strain of carbon chemical bonds for the formation of they, equal density of electrons and ions, and the bias voltage
is applied only in the ion sheath region and a quasineutral
dElectronic mail: rsaito@ee.uec.ac.jp (QN) region near the negatively biased substiatee Fig.
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the calculated results with our experimental ones, and show a
consistent relation between them. In Sec. IV a summary is

given.
# Il. POISSON’'S EQUATION FOR THE ION SHEATH
"Plasma” -V The electric potential of the plasma is calculated by solv-

ing the Poisson’s equation for the ion sheath. The width of
the ion sheathd, is a function of the bias voltage; V,
<0, and an additional equation is necessary for determining
the electric potentialy(x), andd simultaneously. As is dis-
cussed in Sec. |, we consider the case that the mean free path
of ions in the ion sheath is much smaller than the width of
the ion sheath. The average velocity of ions which is known
as a drift velocity, is a function of the positior, in the ion
sheath. Here we define the position in the ion shegtfrom
the end of the plasma neutral regigs 0 to the substrate
x=d, whereV(x) changes from/(0)=0 toV(d)=—-V, as
: shown in Fig. 1b). Here we assume that the plasma potential
- : without bias voltage can be neglected compared with that in
0 d x applied bias vol i |
pplied bias voltage. Further we consider the ion sheath
"Plasma" ["QN'""lon Sheath“ "Substrate’ shown in Fig. 1a) as a one-dimensional system for simplic-
ity. In fact electrostatic potential of the plasma is constant in
FIG. 1. (a) Schematic view of the bias pretreatment. A bias voltage is ap-the plasma since plasma is a good conductor consisting of
plied between needle and substrat®. The electrostatic potentiat V(x) free ions and electrons. Further. we can assume that the elec-
and electron densityp;(x) is plotted as a function of the distance from the . . . P .
edge of the neutral plasma region. “QN” denotes quasineutral regiordand trostatic _pOten_tlaI of S'_SUb_Strate '_S constant, too, since the
is the depth of the ion sheath. voltage is mainly applied in the ion sheath. Thus a one-
dimensional model is a good model for describing the poten-
tial over the touching area of plasma on the substrate

1(b)]. The ion sheath which appears between the neutra'lzlg' La]

. . . First we define the drift velocity of ions;(x), in a gas
plasma and the negatively biased substrate is composed Rfixture of H, and CH,. v;(x) is proportional to the electric
neutral molecules and ions. The ion sheath is formed even ip Co

the unbiased plasma due to a large difference of mobilityleld’ E(), as
between electrons and ions. vi(X)=uE(X), (1)

In the biased plasma, ions are accelerated in the directiop, | hich 4, is the mobility of ions. When we neglect three
. . . . 1 .
of t.he substratg by the electr_lc p_otenual n .the lon SheatrE)ody scattering or ion—ion reactions, the mobility of ions in
region, but the ions lose the kinetic energy given by scatterg, . gas mixture is estimated by

ing with other neutral molecules and ions in the sheath. On
the other hand, electrons can hardly enter the ion sheath re- 1 _ f(Hp) =~ f(CHy) @
gion because of the electric potential. Since the average ther- u; w(H,)  u(CHy)’

24 - .
mal energy of electroR§?*[kgT/2 (0.5—1 eV}, T,: electron wheref(Hy) and u(Hy) [f(CHy) and .(CHy)] are the par-

temperaturg is much smaller than the electric potential . s
(3.7aT./e~4—8 VYL of the ion sheath under no bias volt- 12| Pressure and the mobility ofH{CH,) molecules, respec-
tively. Here we assume that mobility of an ion is approxi-

age, electrons exist only in a narrow region of the sheath o
known as the ON regiofisee Fig. )], between the ion mated by that of a neutral molecule at a low ionization rate,
: ' as discussed in Sec. |. In addition since the partial pressure of

sheath and the neutral plasma. In the QN region, both elecH2 is dominant in this system, the mobility of the gas mix-

trons and ions distribute inhomogeneously and make a pg-< ™.
; . . S . " ture is close to that of a hydrogen molecule. In fact when we
tential. This quasineutral region is found to be essential tQ

determine the electric potential in the sheath. perform an experiment with only Hnolecules, the electric

In this article, we present a theoretical formulation of ion current as a function of the bias voltage shows similar be-
' P havior to that for the case of GifH,=7%. Since the kinetic

energy and ion current versus bias voltage with the plasma : : .
conditions as parameters. We calculate the electric potemlaelnergms_obtamed by the bias v_oltage_ are the same fo_rzthe H
) . . : . —and CH, ions, we assume for simplicity that the kinetic en-
in the ion sheath of the biased plasma, taking the quasineu- . .
o . . .ergies of the Hand CH, ions at the substrate are the same as
tral region into consideration. We show that the average ki- . .
netic enerav of ions imoinaing on the substrate surface iSeach other, too, even after many scattering processes in the
gy pinging .mixed gas. In the following the ions means bf CH, ions.

proportional o the bias voltage, whose factor is expressed I[fhe electric current density, consists of the ionic and the

terms of the plasma parameters. ; -
: I . . __electronic contributions denoted by
In Sec. Il we introduce a Possion’s equation for the ion

sheath in the diffusive gas pressure. In Sec. Il we compare J=qg{n;(X)u;+ Ne(X) ue} E(X), (€]
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in which g, n;(x), ne(x), andu. are the charge of ion®r x10
—q for electron, the number density of ions and electrons,
and the mobility of electrons, respectively. It is clear from
the time-independent equation of continuity for the current

3.
n,[m’]
S =
"o °
1

(divJ=0) that the one-dimensional current densitis con- x10 | | | |

stant for any position in the sheath. Since the electron mo- — 8 (b) -
bility is much larger than that of ions, we assume that the "’E 2 ]
voltage drop in the electron sheath at the positive needle can ‘;‘» 52 i |

be neglected and that the bias voltaggis applied only to x10 N S E—
the ion sheath.

Further we assume that the density of electng(x) in
the electric potential/(x) <0 is in thermal equilibrium and
thatng(x) is given by the Boltzmann distribution as

E[Vim]
SMvroO®

[9%]
(=]

ne(x) = nOeQV(X)/kae’ (4) E 200 I
whereng, k,, andT, are the density of electrortsr iong in = 100 [
the plasma, the Boltzmann constant, and the electron tem- L
perature, respectively. This assumption is valid wkgh, is 00 01 02 03 04 05
much larger thamgE(x)\p, Where Ap=eokpTe/NeG? iS x [mm]

the Debye 'e”,gth- Here, is the dielectric qonStant of FIG. 2. (a) Density of ion,n;(x), (b) density of electronn.(x), (c) electric
vacuum. At a high temperature of 900 °C and in a low presfield, E(x), and(d) electric potential for electronV(x). The parameters
sure of 30 Torr compared with the ambient pressure, th@sed are as follows: the temperature of electfbyrs 20 000 K, the mobility
dielectric constant of vacuum can be used as that of the gagf ions ui=0.5nf/V's estimated by the condition ¢1 Torr, 1173 K, the
s A typical value of the Debye Shielding Iength f@@ZZ mobility of electrons u,=17.5n%/Vs (1 Torr, 20000 K, pressureP

. o =30 Torr, and density of plasmaxi10'* m~3. Several lines in each figures
— 0/ 3
x10'K and Ne=1.0x 10°m* is 1.0 pm, which is much corresponds to the different densities of curreht 20, 40, 60, 80, and

smaller than the width of the ion sheath. 100 A/n?, respectively, from the bottom to the top line @, (c), and(d),
The Poisson’s equation for the electric fiele{x) is  and from the top to the bottom ib).
given by
dE(x) q o o -
ax g{ni(x)—ne(x)}. (5) plained in Sec. |, the region in whial,(x) has a finite value
is called the quasineutral regiom(x) has a maximum in the
When we put Eqs(3) and (4) into Eq. (5) we get quasineutral region of the plasma in order to keep the total
dE(X) 1 3 M electric current constant, as shown in Figa)2 The maxi-
:_[ 1+ 2 qnoeqv(x)/kae]‘ (6) mum value ofn;(x) increases with increasing. With an
dx e[ mEX) Mi increase inJ, n(x) decreases in the region of smalwhere

We solve Eq(6) with V’(x) = — E(x) and the boundary con- ions are not yet accelerated, as shown in Figs) @nd 2d).

ditions at x=0: V(0)=0, n;(0)=ng(0)=ny, and E(0) Thus a larger value ofi;(x) is needed in order to keep

=J/[gno(ui+ me)]. We integrate Eq(6) from x=0 to x  constant.

=d such thatv(d)= -V, for a givenV,. The constants in The maximum value ofi;(x) for a givenJ is important

the calculation are), ky, Te, i, te, J, andVy. for determining the width of the ion sheath, which is shown
In Fig. 2 we plot(a) the density of ionn;(x), (b) the  below. Here we define that the ion sheath starts at the point at

density of electrom(x), (c) the electric fieldE(x), and(d) ~ whichng(x) becomes 1% ofi,. In the ion sheath region, the

the electric potential for electrons; V(x) as functions of second term of the Poisson equation of E8). can be ne-

positionx. The physical parametérsused in Fig. 2 are as glected by puttingne(x) =0, and then the equation can be

follows: the temperature of electrofig=2x 10*K, the mo-  solved as

bility of ions u;=0.5nf/Vs estimated for 1 Torr, 1173 K,

the mobility of electrongs,=17.5nf/V's (1 Torr, 2x 10¢ K), E(x)=

the pressuré®=30 Torr, and the density of plasmg=1

x10**m~3. It is noted here that the mobility of ions and Here the ionic mobility is scaled by the pressure of the gas,

electrons do not depend on the pressure much for pressur®s u;= ui, /P, which will be used when the theoretical re-

lower than 50 Torr. Thus we simply use the known values ofsults are compared with the experiment. We can €

mobility at 1 Torr. Several lines in each figure correspond toxx'? in Fig. 2(c). Strictly speakingx=0 of Eq.(7) should

the different current densitiesJ]=20, 40, 60, 80, and be different from that of Eq(6). However, we can put the

100 A/n?, respectively, from the bottom to the top of Figs. same position fok=0. This assumption is justified since the

2(a), 2(c), and 2d), and from the top to the bottom in Fig. quasineutral region is much smaller than the ion sheath. In

1/2
xl/2' (7)

EMi1

2(b). the quasineutral region we can see a deviation fifRr)
When the electric potentid-qV(x)| is larger than the o«x2 at smallx as shown in Fig. @).
kinetic energy of electronk(T./2=1 eV), ny(X) decreases Using Egs.(1), (3), and(7), the density of ionsp;(x), is

quickly from the valueng as shown in Fig. @). As is ex-  given by
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J 1/eJP\¥?
ni(x)= = —( ) x 12 (8)
' quiE(X)  a\2uiy

This relation ofn;(x)<x 2 is seen in Fig. @) for largex.

This expression shows thaf(x) diverges ax=0 if we do
not consider the electron contribution to the Poisson’s equa-
tion [Eq. (6)].

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

8PJ |12
V(x)=— x32, 9
> (98Mi1) ®
The width of the ion sheattd, is defined byv(d)=—V,, 5
which is a function ofV, and J. When we putV(d) 0 . . .
= —V, we get the following relationship betwedrandVy: 0 50 100 150 200
9 s V3 et
J=— "= —. (10 _ . . ,
8 P d FIG. 3. (a) The electric current density, (b) ion sheath widthd, and(c)

the kinetic energy of the ion at the substrdig,,(d) as functions of the bias
voltageV,. The parameters used are the same as that in Fig. 2.

In the following we will showd=V3? and thus we gef

« Vg from Eq. (10). An essential difference of the present
result of JxV&2 from the well-known result of the space fact that the current flows from the plasma to the substrate

charge limited current in a vacuum tube mvglz comes Without a bias voltage, which is observed in the experiment,

from the fact that(1) ions are scattered by other moleculest00. The plasma generates the electric_voltage between the
and that(2) d in the present case is variable while the dis-¢enter and the edge of the plasma as is known the plasma

tance between the cathode and the anode of the vacuum tuBgtential whose value is estimated-30V for the present
is constant. case. Since the present system has two electrodes, one at the

Since V(x)=x32 the electric field at the substrate Ccenter of the plasma and the other at the substrate, the elec-
—d, E(d), is given by tric current flows without a bias voltage if the two electrodes
are connected electrically outside the plasma. Thus we can
_ d_V understand that the calculated value-o¥, is a sum of the
dx self-generated voltage of the plasma and the bias voltage.
Finally let us discuss a scaling law for the properties of
the plasma. When we see the calculated results of Fig. 2, all
physical parameters excepi(x) obey power laws ok for
large values ok, which are given by the analytical expres-
sions of Egs(7), (8), and(9). Thus it is reasonable to con-
sider a scaling law for such properties. When we assume that
the width of the ion sheath is proportional ¢ ,

3V
E(d)= —2—d°. (11)

x=d
When we putx=d andng(d)=0 in Egs.(1) and(3) and
eliminateJ in Eq. (10), we obtain
3 1/2
0= o] v
4 qni(d)
Thus d=V3? if the density of ions at the substrate,(d),
does not depend oy which will be further given below. goc\/2 14
Although E(x), V(x), andd are calculated by Eq6) *Vor (14
for given values ofl andV,, the relations betweehandV,  where « is a constant, all the other physical values show
cannot be determined, sinckis a variable. In other words, similar power law dependence;
the values ofl, V, andd are not determined simultaneously 234 1-a 1-a
only by Egs.(6) and (10). JoeVo 7, Bld)=Vo %, vi(d)Vg 7,
In order to getd numerically, we connect the micro- gnd
scopic loss of the ion energy to the macroscopic dissipation. 12w
The macroscopic dissipation is the Joule heat which is given  Ni(d)=Vg =7,

The microscopic dissipation of energy is the loss of the ki-(1) and(3). From Eq.(15) the Joule healV, is proportional

netic energy of ionsW., by scattering with the neutral g Vg_3“. When we sed.s of Eq. (13), the first term is
molecules of the gas which is given in the same unit Ofproportional to ngSa but the second term gives

€ 12

0 -

12

(15

energy per unit area and per unit time, by
Wiose=[aVo— zmuf(d)Ini(d)v;(d),

wherev;(d) is the velocity of ions at the substrate which is
defined by Eq(1). We getd from JVy=W,,ss numerically.

In Fig. 3 we plot(a) J, (b) d, and(c) kinetic energy of
ions, Ejon(d) =mu?(d)/2, as functions o¥/,. As seen in Fig.
3(a), J has a finite value a¥,=0. This corresponds to the

13

mo?(d)n;(d)v;(d)/2=V§~>“. In order to satisfy the power
law dependence for any value &f,, we get 3-3a=4
—5a, which givesa=1/2.

The result ofa=1/2 provides a fundamental property of
biased CVD plasma. First, the density of ions at the substrate
n;(d)=V3 2* does not depend on the bias voltayg,
which is assumed in Eq12). Second, the kinetic energy of
ions at the substratenviz(d)/z, is proportional toV,. Al-
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tional to P, which is consistent with Eq10). At largeV, in

Fig. 4 we can see a small upshift of thes V curves from

a linear relation a¥,=60, 90, and 130 V for 19, 26, and 41
Torr, respectively. The upshift is relevant to the secondary
electron emission, whose threshold bias voltage increases
with increasing the pressuféWhen the pressure of the gas
increases, the highé&r, are needed for the secondary elec-
tron emission. When ions have larger kinetic energy than the
energy gap of diamond, 5.5 eV, at the substrate, the valence
electrons of diamond can be excited to the conduction band
whose electron affinity is known to be negatfieThus the
threshold energy of the kinetic energy of ions for the second-

ary electron emission is nearly equal to the energy gap.

' ' ' Here we estimate the kinetic energy of ions at the sub-
0 50 100 150 strateE;,,(d) for the given values of the bias voltage for the
VoIV upshift as above. Using the formula in the previous section

FIG. 4. The observed bias current for the gas pressures of 19, 26, and 4/€ get the following relationship for the kinetic energy

Torr, as a function of the bias voltadk . The inset shows the bias current
multiplied by the gas pressurkp, as a function ofv32.

200

Eion(d)=AV,/P. (16)

though the plasma gas is diffusive, the bias pretreatment iShe fitting parameteA depends on the power of the micro-
effective for giving the kinetic energy of molecules which is Wave and other plasma parameters. Under the present experi-

proportional to the bias voltage. Third, the ion sheath widthMental conditions we obtaith=1.95 from the values of
1/2 Eion(d)=5¢V, Vy=77V, andP=30Torr in Fig. 3c). The

d is proportional toVy“. i . : .
The width of the ions sheatth and the kinetic energy of corresponding kinetic energies of ions for the secondary
electron emission arg,(d)=6.2, 6.8, and 6.3 eV for 19, 26,

ions at the substratgé;,,(d) seem to satisfy the scaling law i
and 41 Torr forVy=60, 90, and 130 V, respectively. These

as shown in Figs. ®) and 3c¢) since no ion sheath is formed
for the positive substratev,>0). When we use the experi- threeE,(d) values are nearly the same and close to 5.5 eV,
the band gap of diamond. The deviation from the band-gap

mental value of the bias voltageV,=—70 to — 100V, the -
kinetic energy of ions becomes 5—7 eV, which is the sam&@lue enzgght be due to the hydrogen coverage effect of the
face’

order of energy for the carbon ions to break C—C or Si—SpUMace.” o _ ,
It is important that the kinetic energy is proportional to

covalent bondings and to forsp® bonds in the semiempir- ) - .
ical calculation of the dynamic reaction coordin@&C),2 the b|gs voltage and mvgrsely proportional to the pressure.
which will be reported elsewhere. T_he bias enhancement is obser_ved_ for thosg selections of
bias voltage and pressure that give ion energies of 1-5 eV.

Similar values ofVy/P will give similar ion energies, thus
similar enhancement of nucleation. A largég value at a

In order to check the validity of the present theory wefixed value ofV,/P may lead to faster crystal growth.
have observed the curreinin the plasma as a function of the Using Eq.(10) and the observed values biandV, for
bias voltageV,. Here we adopt three different pressurés, each pressure, the width of the ion shedtls plotted as a
=19, 26, and 41 Torr, of the mixture gas with a volume ratiofunction ofV, andvé’z, respectively, in Fig. 5 and the inset
of CH,/H,=7%. The 2.45 GHz microwave power is 500 W. of Fig. 5. Here the area of the plasma for convertirtg J is
The distance between the top of the needle and the substrateken as 5 cthmeasured from the diamond nuclei distribu-
is set to be 40 mm. We did the experiments for differenttion of the substrate. We have used the value of the mobility
distances of 20 and 30 mm but we could not find any subef the CH; ion, 0.5 n?/V s for the gas pressure of 1 Torr and
stantial differences of the phenomena. The contact area &00°C. The calculated ion sheath clearly shows that the
the plasma on the substrate is almost constant for the thraeidth of the ion sheath does not depend on the gas pressure
pressures which is checked from the spatial distribution obut only on the bias voltage. Although the effect of second-
the synthesized diamond nuclei. The top of the needle is seiry electron emission is included in the observed valuds of
in the center of the plasma which is checked by eye. TheandV,, d is proportional toV(l)’2 for higher values ofV,.
relative position of the substrate to the plasma position isThis result suggests that the secondary electrons do not affect
important to discuss the appropriate condition of the temthe width of the ion sheath very much.
perature of the plasma which determines the density and the It is desirable to measur¥(x) experimentally. Yugo
velocity of ions in the plasma. et al. measured a floating potential of the plasma by inserting

In Fig. 4 we plot the observed bias currdnas a func-  a probe needI&’ However, they did not measure the electric
tion of the bias voltageY,, for P=19, 26, and 41 Torr. In potential as a function of. Since the electronic temperature
the inset, the bias current multiplied by the gas presdRire, s relevant to the electric potential of the quasineutral region
is plotted as a function of3’2. It is clear from the figure that and the ion sheath, the measuremenv(£) will give im-

the currentl is proportional toV(l)’2 and inversely propor- portant information orT, too.

IIl. EXPERIMENTAL RESULTS AND DISCUSSION
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0.6 T . . These theoretical results are consistent with the bias pretreat-

% 19 Torr @@$ ment experiments with reasonable values of plasma param-
A 26 Torr %@@@ eters.
O 41 Torr g@
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