Vol 11 No 5, May 2002
1009-1963/2002/11(05)/0419-06

Chinese Physics

© 2002 Chin. Phys. Soc.
and IOP Publishing Ltd

Monte Carlo simulation of the behaviour of
electrons during electron-assisted chemical
vapour deposition of diamond’

Dong Li-Fang(F j 7)), Chen Jun-Ying(F &),
Dong Guo-Yi(# [E ¥)*, and Shang Yong(}§j 5)P
a) College of Physics Science and Technology, Hebei University, Baoding 071002, China

b) Natural Science Foundation of Hebei Province, Shijiazhuang 050021, China

(Received 23 September 2001; revised manuscript received 14 January 2002)

The behaviour of electrons during electron-assisted chemical vapour deposition of diamond is investigated using

Monte Carlo simulation. The electron energy distribution and velocity distribution are obtained over a wide range of
reduced field E/N (the ratio of the electric field to gas molecule density) from 100 to 2000 in units of 17d=10"17Vcm?.

Their effects on the diamond growth are also discussed. The main results obtained are as follows. (1) The velocity

profile is asymmetric for the component parallel to the field. The velocity distribution has a peak shift in the field

direction. Most electrons possess non-zero velocity parallel to the substrate. (2) The number of atomic H is a function
of E/N. (3) High-quality diamond can be obtained under the condition of E/N from 50 to 8007'd due to sufficient

atomic H and electron bombardment.
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1. Introduction

The technology of electron-assisted chemical
vapour deposition (EACVD) has been developed
substantially in recent years for the fabrication
of diamond films, such as polycrystalline diamond
films, textured diamond films, oriented diamond and
nanocrystallite diamond films.'=% Tt is well known
that electron-assisted technology can increase the nu-
cleation density and growth rate, make the charged
radicals aligned in a certain direction, and thus pro-
mote the oriented growth.?!

Although the detailed growth mechanism is still
not clear, the key role that electrons accelerated by the
dc electric field play in EACVD has long been recog-
nized. In the gas phase, the dissociation of Hy and
hydrocarbons was enhanced due to the impact with
energetic electrons, thus the deposition rate of the di-
amond film was effectively enhanced.!] The electrons
emitted from hot filament and accelerated by the bi-
ased field bombard the substrate surface. This can
strongly affect the oriented growth of diamond par-
ticles. The electron bombardment can also provide
kinetic energy to the atomic species residing on the
substrate surface and enhance their surface mobility,
which may result in an improvement in the growth of

facets of diamond crystallites.®] It is worth emphasiz-

ing that the processes mentioned above are directly
related to electron behaviour for the following rea-
sons. The atomic H near the substrate, which plays
an important role during the CVD process, is gener-
ated mainly by dissociation of Hy resulting from elec-
tron impact. The dissociative collisions are directly
related to electron energy. On the substrate surface,
a series of effects of electron bombardment, such as
improving nucleation density and initializing oriented
growth, are dependent upon the electron incident an-
gle as well as their energy. Thus, it is very important
to clarify the behaviour of the electrons accelerated by
the dc electric field in the gas phase during EACVD
for a better understanding of the diamond reaction

process.

Saitoh et all”) have described a semi-quantitative
electron energy distribution in the diamond deposi-
tion process using the results of Monte Carlo com-
puter simulation. However, quantitative calculation
of electron behaviour, especially its variation with the
applied electric field, gas pressure and gas tempera-
ture, is still lagging.

In this paper, we investigate the behaviour of elec-
trons during EACVD of diamond using Monte Carlo
simulation. The electron velocity distribution and en-
ergy distribution changing with the reduced field E/N
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(the ratio of the electric field to gas molecule density
in units of 17d=10"1"Vcem?) are obtained, and their

effects on the diamond growth are discussed.

2.Model

The EACVD process is studied using a straight-
forward Monte Carlo method. The feed gas is a mix-
ture of Hy and CH4. The total gas pressure is varied
between 0.1 and 10kPa. A positive voltage is applied
to the substrate with respect to the filament. The ap-
plied voltage is varied from 0 to 300V. The distance
from the filament to the substrate is 1cm. The ther-
mal source is assumed to consist of several strands of
uncoiled filaments at least 5cm in length to approxi-
mate the idealized infinitely large planar hot-filament
geometry.'! The filament temperature is 2273K. The
potential between the filament and the substrate is
thus roughly a linear function of the distance from the
hot filament. The collisions between electrons and hy-
drocarbons can be neglected due to the much smaller
volume fractions for the hydrocarbons compared with
that of Hy (about 1:99) in the filling gas. Thus only e-
H, collision processes are considered for studying the
behaviour of electrons.

Because of the deficiency in memory and calcu-
lation speed of the personal computer we used, 10°
electrons are provided for the computer simulation.
The electrons are emitted from the hot filament and
accelerated towards the biased substrate. The initial
velocity distribution of electrons follows a Maxwell—
Boltzmann energy distribution function. A simplified
three-dimensional model is selected for calculating the
kinetic energy and velocity of electrons. Two direc-
tions parallel to the substrate are defined as the z-
and y-axes. The z-axis is the direction perpendicu-
lar to the substrate surface. Three components of the
electron velocity v,, v, and v, were computed. Very
few electrons can get rid of the electric field because
the displacement along z (dz) is larger than that along
r (dr) within a mean free path since the electric field
drives the electrons along the direction of —z and the
possibility of sustained increase in dr after several col-
lisions is very small. Thus, the x and y boundaries can
be assumed to be infinite. So the electron position was
computed only in the direction of z.

According to statistical physics, the electron may
collide with a hydrogen molecule while it flies through
the mean free path A\.. The mean free path of electron

A is defined as )
- - 1
= S (1)

where St(¢) is the total cross section for electrons with
energy €, and N is the gas molecule density.

There are two basic types of collision between
electrons and hydrogen molecules: elastic collision and
inelastic collision. Considering the large mass differ-
ence between the electron and hydrogen molecule, no
energy transfer occurs in an elastic collision, implying
no energy loss of the electron. In the case of inelas-
tic collision, further consideration should be given. On
the basis of a general survey of the cross sections of the
electron and hydrogen molecule, four types of inelas-
tic process have been considered, namely the vibra-
tional excitation, dissociation, electron excitation and
ionization. Inelastic collisions involve energy transfer
from the electron. In the case of vibrational excita-
tion, 20% energy loss from the electron is supposed.!”]
Other processes require transfer of the threshold en-
ergy for each process. The threshold energy is 8.8eV
for dissociation reaction and 15.4eV for ionization and
electron excitation. All the cross sections of e-Hy are
taken from Saelee.!”]

The scattering angle 6 of the electron after an

elastic collision is given by

0
/ o(0,¢)sin6dd
0

/ o(0,¢)sin6d0
0

=¢  (0<€=1), (2

where ¢ is a random number, and o (6, £) is the elastic
differential scattering cross section for electrons with
energy e.10:11]

For inelastic scattering, the differential cross-
section data are incomplete. However, the limited re-
sults of Opal et al.l'?! have shown that the scattering is
not so pronounced in the forward direction as in the
scattering due to elastic collisions. We thus assume
that the scattering by inelastic collision is isotropic
for all electron energies. So, after an inelastic colli-

sion, the scattering angle 6 is given by

cosf=1-2¢ (0<¢&<1). (3)

The angle ., of the electron velocity with respect

to the z-axis after the mth collision is given by

COS Qp, = COS A —1 €08 0 + sin a1 sinfcosy, (4)

where x is the azimuth, and «,,_; is the angle be-
tween the electron velocity and the z-axis after the
(m — 1)th collision. The electron flies to the next A.
with the angle «,,, and velocity determined by the type

of collision.
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3. Results and discussion

Figure 1(a) shows the electron velocity distribu-
tion p(v,v|) (contour diagram) at the substrate sur-
face for E/N=236.7Td. (The bias voltage is 200V,
the gas pressure is 1.6kPa and the gas temperature is
1373K. The gas temperature decreases with the dis-
tance from the filament. In order to simplify the cal-
culation, we chose 1373K as an average temperature
in the gas phase.!'?]) p(vz,v)) is the electron number
normalized by the maximum value. It is drawn as
= ,/v2 —I—vg in units of veV.
It is clear that the velocity profile is asymmetric. The

functions of v, and |

effect of the field on the velocity distribution is no-
ticeable between the component in accelerated elec-
trons (o < m/2) and that in decelerated electrons
(a > m/2). The electron velocity distribution has a
peak shift in the field direction at o ~ 57/12. As a re-
sult, most electrons possess non-zero velocity parallel
to the substrate. When the energetic electrons bom-
bard the substrate surface, they can provide kinetic
energy to the atomic species residing on the substrate
surface and enhance their surface mobility, which may
result in an improvement in the growth of facets of di-
amond crystallites. Moreover, the kinetic energy of
particles on the substrate surface is raised and these
particles become a nucleation centre, therefore the nu-

cleation density is improved.
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Fig.1. Electron velocity distribution (contour dia-

gram) at the substrate surface for (a) E/N=236.7Td
and (b) F/N=602.3T4d.

The velocity distribution is more asymmetric and
the peak also shifts to a smaller angle with increas-
ing E/N (as shown in Fig.1(b)). The deflection of
the peak velocity from the field direction is due to the
fact that electrons moving along the —E direction gain
higher energy and have a higher collision rate per unit
time than the electrons released perpendicular to the
field.

In order to test the reliability of the model, we
calculate the electron drift velocity using the velocity

distribution as a function of E/N with the following

equation:
/vzf(v)dv
= (5)
/f(v)dv
108 1
T, ]
;
g
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102 10%
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Fig.2. Electron drift velocity as a function of E/N in

hydrogen: e, Saelee[14]; +, Schlumbohm![5],

As shown in Fig.2, the calculation results are in
good agreement with the experimental data reported
previously,[*15] suggesting that our model is feasible
and can be used to evaluate electron behaviour and
its effects on diamond growth.

Figure 3 shows the mean energy of electrons as a
function of E/N at the substrate surface. Curve a rep-
resents the mean electron energy, and curve b repre-
sents (1/2)mvﬁ, where || is the velocity in a direction
parallel to the substrate surface. The mean energy of
electrons increases from 5eV to about 20eV with in-
creasing E/N from 100 to 5007'd. Furthermore, the
mean energy of electrons increases rapidly under the
condition of high E/N. The (1/2)m1}ﬁ changes more
slowly than the mean energy and reaches about 10eV
at 8007'd.
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A common feature of most diamond deposition
techniques is the abundance of molecular hydrogen in
the gas phase. Atomic H is particularly important as
it plays several roles including: (1) selective etching of

[16]

graphic deposits!®! and stabilization of the sp® bonds

necessary for the formation of diamond;!'”l (2) react-
ing with hydrocarbons to form species such as CHgs
and CoHs that are considered important for diamond

18:19] and (3) stabilizing the diamond sur-

[20]

depositions;!
face during growth. So first we consider the disso-

ciation collision process.
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Fig.3. Electron energy as a function of E/N at the
substrate surface. Curve a represents the mean en-

1 .
ergy, and curve b represents the 7mvﬁ, where v is

the velocity parallel to the substrate.

In conventional hot filament systems, most of
the Hy dissociation is catalytic, that is, occurring
on the filament surface. But atomic H concentra-
tion is decreased rapidly and down to 25% near the
substrate.[?1] Therefore, a sufficient amount of atomic
H cannot be provided on the substrate under some
conditions. By applying bias voltage, additional H
atoms are generated by dissociation of Hy resulting
from electron impact in the gas phase, thus the depo-
sition rate of the diamond film is effectively enhanced.
So dissociation of Hy resulting from electron impact
during EACVD is the main process for atom H gen-
eration, especially near the substrate surface.

Figure 4 shows the energy distribution of elec-
trons as a function of E/N at the substrate surface.
The solid curves represent the energy distribution of
total electrons. The grey diagrams represent the en-
ergy distribution of electrons experiencing dissociative
collisions. It can be seen that the maximum electric
energy increases with increasing E/N. Electrons with
energy less than 100eV can be obtained with E/N up
to 464.5Td (Fig.4 a—e). A further increase of E/N

leads to electrons with energy over 100eV (Fig.4 f-I).

From Fig.4, one can also notice that the number
of dissociations changes with E/N. This can be ex-
plained as follows. The mean free path of electrons
is proportional to 1/N, and the energy gain after an
electron flying through the mean free path increases
with the rise of applied biased voltage. Consequently,
the kinetic energy of electrons is approximately pro-
portional to E/N. The cross section for dissociation
collision is a function of electron energy. The number

of dissociations thus changes with E/N.
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Fig.4. Energy distribution of electrons as a function
of E/N at the substrate surface. Solid curves represent
the energy distribution of total electrons, and grey di-
agrams represent the energy distribution of electrons

which have undergone dissociative collisions.

The E/N dependence of the number of dissocia-
tive collisions Ny is depicted in Fig.5. The peak is at
E/N=150Td. This can be explained using the rela-
tionship between the cross section of e-H; and elec-
tron energy for inelastic collisions. The mean elec-
tron energy is increased with increasing E/N. More
and more electrons possess energy over 8.8eV (the

threshold energy of dissociative collision), so the num-
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ber of dissociative collisions are increased. When the
electron energy reaches 17eV, the dissociation cross
section reaches a maximum. Moreover, the scope
of electron energy contributing to the dissociation
is widened. Thus the dissociative collisions reach a
maximum. Once most electrons possess energies of
more than 20eV, ionization collisions become domi-

nant instead of dissociation collisions. Therefore Ny

decreases.
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Fig.5. The number of dissociative collisions as a func-
tion of E/N at the substrate surface.

During the EACVD process, the electrons bom-
barding the substrate with energies of several tens
of eV produce vacancies on the substrate surface.
Plenty of carbonaceous species arriving at the sur-
face move and add to the oriented or misoriented sp®
and sp? bond carbon clusters. Consequently, they are
grown to stable nuclei due to adding the carbona-
ceous species. At the same time, the carbon clus-
ters are intensively etched away by abundant atomic
H prepared by electron impact. The non-diamond car-
bon components are especially preferentially etched
away because the etching rate is 50 times higher than
that of diamond.[??23] So plenty of atomic H are re-

On the other hand, the

value of (1/ 2)mvﬁ is also important because electrons

quired during the process.

with parallel velocity can push carbonaceous species

to move, thus enhancing the growth of oriented di-
amond. So high-quality diamond film with a high
growth rate can be deposited by choosing an appro-
priate E/N value, for which not only sufficient atomic
H but also a larger value of (1/2)mvﬁ can be reached.
From the experimental reports, 23 highly oriented di-
amond has been deposited at E/N ranging from 50
to 2007'd under the substrate temperature of 1000K.
One can see in Fig.5 that high-quality diamond film
can be deposited at E/N=50Td with Nq=1.5x10°.
Moreover, the number of dissociation collisions over
1.5x10° can be obtained with F/N ranging from 50
to 8007'd, implying that highly oriented diamond can

be obtained in this range.
4.Conclusion

In summary, we have investigated the behaviour
of electrons during EACVD of diamond using Monte
Carlo simulation. The electron energy distribution
and velocity distribution were obtained over a wide
range of E/N. Their effects on the diamond growth
were also discussed. The main results obtained are as
follows. (1) The velocity profile is asymmetric for the
component parallel to the field. The velocity distri-
bution has a peak shifted in the field direction. Most
electrons possess non-zero velocity parallel to the sub-
strate. (2) The number of atomic H is a function of
E/N. (3) High-quality diamond can be obtained un-
der the condition of E/N from 50 to 8007'd due to suf-
ficient atomic H and electron bombardment. We be-
lieve that these results will be helpful to understanding
the growth mechanism in EACVD and plasma CVD
processes. It is also important for the research on elec-
tron swarm motion in a dc electric field.

In future work, we will consider the shape of the
electric field and the temperature gradient to improve

the accuracy of the simulation.
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