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Atomistic simulation of chemical vapor
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a kinetic Monte Carlo method
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Chemical vapor deposition (CVD) of (111)-oriented diamond film is modeled using a kinetic
Monte Carlo atomic scale method. The method is parameterized by the rates of the
accompanying surface chemical reactions and permits one of these reactions to take place
at each simulation step. The effect of local surface structure and morphology on the rates
of surface reaction is examined. Film growth at two different chemical compositions of the
feed gas and two substrate temperatures is studied in order to determine the effect of these
process parameters on (a) the quality of the deposed film and (b) the rate of deposition. The
quality of the film is judged by concentration of the point defects (vacancies and H atoms
embedded in the film) and by surface roughness. The results obtained show that the
parameters that increase the deposition rate, primarily the substrate temperature and the
concentration of CH4 in the feed gas, also increase the defect content and surface
roughness. C© 1999 Kluwer Academic Publishers

1. Introduction
The CVD of diamond from a precursor gas mixture
containing a small amount of hydrocarbon (usually
methane CH4, acetylene C2H2, and so on) in hydro-
gen at subambient pressures (typically 1–200 torr)
has become commercially viable over the last decade
[1–3]. The gas mixture is typically heated using hot fila-
ments, plasmas, combustion flames, and other means to
promote the dissociation of some of the molecular hy-
drogen, H2, into atomic hydrogen, H, and formation of
various hydrocarbon radicals. Although under standard
CVD processing conditions graphite is the stable form
of carbon, H atoms bond with the surface carbon atoms
and passivate it by converting the graphite-type sp2-
bonded surface C atoms into the sp3-bonded diamond-
type C atoms [2, 3]. Whereas it is well-established
that deposition of diamond occurs by the incorpora-
tion of chemisorbed hydrocarbon radicals, the details
of the diamond growth mechanism are still not well-
understood. This is primarily caused by the fact that
the atomic-scale events that lead to diamond growth
are difficult to studyin situ. Hence, the current under-
standing of diamond growth has been primarily gained
through the use of computer modeling and simulations
or from the interpretation ofex situexperimental data,
or both.

There are several different modeling approaches used
to analyse diamond growth process. Calculations of the
surface energetics are primarily used to determine ki-
netic parameters of individual surface reactions [4–7]
and examine the stability of various surface configu-
rations [8–14]. Several one-dimensional models have

been developed to analyse the deposition of diamond,
but they fail to incorporate the effects of surface mor-
phology and local atomic configuration on the growth
process [15–18]. Molecular dynamics simulations are
used to model the deposition of diamond films but
only over a millisecond of growth time [19]. Recently,
Dawnkaski et al. [20] and Battaileet al. [21] car-
ried out three-dimensional atomic-scale simulations of
the (100) and (111) diamond surface growth, respec-
tively.

In the present work, the three-dimensional atomistic
simulation method for CVD proposed by Battaileet al.
[22] is used to study the (111) growth of diamond. This
method allows the effects of surface chemistry, local
atomic coordination, and surface structure to be incor-
porated into simulation and is capable of simulating
hours of the deposition process under commonly used
processing conditions. The original model of Battaile
et al. [22] has been further developed in the present
work to take into account the fact that the rate of the
same chemical reaction is dependent on whether the
reaction takes place at the step edges or on the surface
terraces.

The organization of the paper is as follows: In sec-
tion 2.1, the procedures used to construct the diamond
lattice and the (111) substrate are discussed. Basic ki-
netics of surface reactions and a brief overview of the
kinetic Monte Carlo method are presented in sections
2.2 and 2.3, respectively. The results obtained in the
present work are shown and discussed in section 3.
Main findings resulting from the present study are sum-
marized in section 4.
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2. Procedure
2.1. Generation of diamond lattice and

(111) substrate
The growth of diamond film by CVD has been sim-
ulated using a rigid diamond-type lattice. In other
words, the atomic relaxations and vibrations are not
considered. The orientation of the lattice is defined as
x= [112̄], y= [11̄0], andz= [111]. The film is allowed
to grow in z direction; the periodic boundary condi-
tions are applied in thex and y directions in order to
avoid the film edge effects. The size of the computa-
tional lattice in thex–y plane is 90d(112)× 40d(110),
where d(uvw) is the spacing of the (uvw) diamond
planes. Initially, six (111) planes of the diamond lat-
tice are filled with carbon atoms to form a substrate
six layers thick. To passivate the top layer of the
substrate, the substrate is terminated with a layer of
atomic H. A small segment of the substrate is shown in
Fig. 1.

The growth of diamond requires that the H-
terminated substrate surface be activated, which can
take place by either desorption or abstraction of the
chemisorbed atomic H. Once a substrate surface site
is activated, it can be repassivated by chemisorption of
either an atomic H or a hydrocarbon molecule. The
chemisorbed hydrocarbon molecule can desorb and
thus reactivate the site. Conversely, the hydrocarbon
molecule may take part in one of the possible surface
reactions that leads to the incorporation of carbon atom
from the hydrocarbon molecule into the diamond lattice
and thus to film growth.

Figure 1 A section of the diamond substrate for chemical vapor deposition of a diamond film. Diamond atoms are represented by open circles and
hydrogen atoms by filled circles.

The film deposition is simulated by allowing the sub-
strate to interact with a hot filament–heated process gas
containing various concentrations of H, H2, CH3, and
C2H2 in accordance with the set of surface chemical
reactions reported by Battaileet al. [22] (Table I).

2.2. Surface reaction kinetics
The kinetics of surface reactions is represented using
the general formalism as used in the Surface ChemKin
computer program [23]. Within this formalism, the for-
ward rate constant for reactioni, k fi , is assumed to be
given by the following Arrhenius-type relation:

k fi = Ai T
βi exp

(
− Ei

RT

)
, (1)

where the pre-exponential factorAi , the temperature
exponentβi , and the activation energyEi for all the
surface reactions considered here (listed in Table I),R
is the universal gas constant, andT is the absolute tem-
perature. A schematic of the atomic rearrangements ac-
companying the surface reactions treated in the present
work is given in Fig. 2. The dashed lines are used in
Fig. 2 to indicate the location of the surface. It should be
noted that the atomic rearrangement accompanying the
reaction shown in the second column of Fig. 2 pertains
to when that reaction takes place on surface terraces;
the atomic rearrangement shown in the third column
corresponds to when the same chemical reaction takes
place at surface steps.
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TABLE I Reaction rate coefficients for the chemical reactions accompanying CVD of diamond as reported. 3–5A is in units of mol, cm3, and s;
E and1H are in units of kcal/mol; and1S is in units of cal/(mol·K). Cd—surface diamond atom,∗—surface biradical

Reaction A n E 1H 1S

1 CdH+ H↔ Cd + H2 1.3× 1014 0 7.3 −9.9 5.3
2 Cd + H↔ CdH 1.0× 1013 0 0.0 −96.9 −32.8
3 CdCH2 + H↔ Cd + CH3 3.0× 1013 0 0.0 −24.6 7.9
4 Cd + CH3↔ CdCH3 5.0× 1012 0 0.0 −70.9 −42.0
5 Cd + C2H2↔ CdC2H2 8.0× 1010 0 7.7 −19.0 −10.7
6 CdCHy + H↔ CdCHy−1 + H2 2.8× 107 2 7.7 −11.3 6.6
7 CdCHy + H↔ CdCHy+1 1.0× 1013 0 0.0 −83.0 −34.1
8 CdC2Hy + H↔ CdC2Hy−1 + H2 9.0× 106 2 5.0 −8.9 8.7
9 CdC2Hy + H↔ CdC2Hy+1 2.0× 1013 0 0.0 −47.7 −36.2

10 CdCHy + CH3→CdC2Hy+3 5.0× 1012 0 0.0 — —
11 Cd–Cd↔ Cd + ∗ + Cd 1.0× 1013 0 0.0 4.9 0.4
12 Cd + ∗ + CdCxHy→Cd + CdCx−1Hy + Cd 2.0× 1013 0 8.8 — —

Figure 2 Atomic rearrangements accompanying each of the 12 surface reactions listed in Table 1. The reaction number is given in the first column.
The dashed line indicates the location of the film surface.
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Figure 2 (Continued).
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Figure 2 (Continued).
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The reverse reaction rate constant is related to the
forward reaction rate constant via the following equa-
tion:

kri =
k fi

KCi

, (2)

whereKCi is the equilibrium constant expressed in con-
centration units and is related to the equilibrium con-
stant expressed in pressure units,K Pi as

K Pi = KCi

(
Patm

RT

)−∑Kg
k=1vki N1

s∏
n=N f

s

(
00

n

)−∑Kl
s(n)

k=K
f

s (n)
vki

×
K l

s(n)∏
k=K f

s (n)

σ
vki

k (3)

where Patm is the pressure of 1 atm;00
n the standard

state density of the surface sites of typen; σk(n) the
number of sites of typen occupied by speciesk; Vkis
are the stoichiometric reaction coefficients associated
with speciesk and reactioni ; Kg the total number of
gas species;K f

s (n) andK l
s(n) the first and the last sur-

face species residing onn-type sites, respectively; and
N f

s andNl
s the first and the last surface site types, re-

spectively.
K Pi can be computed from the standard state enthalpy

change1H0
i and the standard state entropy change1S0

i
accompanying reactioni as

K Pi = exp

(
1S0

i

R
− 1H0

i

RT

)
(4)

1H0
i and1S0

i for the set of surface reactions used in
the present work are listed in Table I.

For the reactions, 1, 3, 6, 8, 11, and 12 listed in Table I,
the sum

Kg∑
k=1

vki = 0 and hence

(
Patm

RT

)∑Kg
k=1vki

= 1.

For the remaining reactions listed in Table I (reac-
tions 2, 4, 5, 7, 9, and 10) the sum

Kg∑
k=1

vki = −1 and hence

(
Patm

RT

)∑Kg
k=1vki

= 0.0122
K

cm3
× 1

T
.

As mentioned earlier, the rate of each reaction is al-
lowed to depend on whether the reaction takes place
at surface steps or on surface terraces. To obtain the
ratio of the reaction rate constants for a reaction taking
place at surface steps and for the same reaction tak-
ing place on surface terraces, the energetics of the two
modes of reaction are determined using the molecular
statics method [25]. This approach is demonstrated by
applying it to reaction 12.

Fig. 3a shows the atomic configuration correspond-
ing to the unreacted state of reaction 12 for when this
reaction takes place on surface terraces. The potential
energy of this configuration is minimized relative to

Figure 3 Equilibrated atomic configurations of (a) the initial (unreacted)
and (b) the final (reacted) states associated with reaction 12 taking place
on surface terraces.

the spatial coordinates of the atoms using the conju-
gate gradient method [26]. The atomic interactions are
quantified using the interatomic potential developed by
Brenner [4]. The Brenner potential accounts for both
intramolecular chemical bonding in a wide range of
hydrocarbon molecules as well as carbon–carbon bond-
ing and defect energies in diamond and graphite. The
potential is based on the bond order formalism and in-
cludes the corrections for non-local effects, inherent
overbinding of radicals and conjugation of the carbon–
carbon bonds. Fig. 3b shows the atomic configuration
after energy minimization associated with the reacted
state of reaction 12 when this reaction takes place on
surface terraces. The main feature of reaction 12 is for-
mation of the C–C bond between carbon atoms marked
1 and 2. Since the distance between the two carbon
atoms changes by less than 20% between the unreacted
and the reacted states, a unique reaction path is defined
in the following way. The trajectory of each of the two
carbon atoms between their initial (unreacted) and fi-
nal (reacted) positions is assumed to be straight line.
The two atoms are next displaced along their trajectory
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Figure 4 Equilibrated atomic configurations of (a) the initial (unreacted)
and (b) the final (reacted) states associated with reaction 12 taking place
at surface steps.

in equal increments (normalized relative to the total
displacement of the carbon atom in question) and the
potential energy minimized relative to the position of
the remaining atoms in the system. The initial and the
final atomic configurations for reaction 12 taking place
at surface steps are shown in Fig. 4a and b, respec-
tively. In this case, the reaction is considered to take
place in two steps: (a) hydrogen abstraction from CH2
and the formation of a C–C bond between the carbon
atoms marked 1 and 3 and (b) formation of a C–C bond
between the carbon atoms marked 1 and 2.

The variation of the potential energy along this reac-
tion path for reaction 12 taking place both on surface
terraces and at surface steps is shown in Fig. 5. The
results shown in Fig. 5 are used to determine the force
constants (aterr andastep) proportional to the curvature
of the energy versus reaction path curve at the initial
(unreacted) state and the activation energies (Eterr and
Estep) for the two modes of reaction 12. The ratio of the
reaction rate constants of the terrace mode and of the

step mode of each of the reactions listed in Table I is
calculated as

Rrxn =
(

aterr

astep

) 1
2

exp (−(Eterr− Estep)/RT) (5)

This procedure yields a value ofRrxn = 3.2 for reac-
tion 12.

2.3. Kinetic Monte Carlo method
The temporal evolution of the diamond film during
growth is simulated using the version of the kinetic
Monte Carlo method recently developed by Battaile
et al. [22]. Within this method, one surface reaction is
allowed to take place at one surface site during each
time step. The occurrence of one of the reactions at one
of the sites is termed an event. At each time step, a list
of all possible events is constructed, and the probabil-
ity for each event is set proportional to the rate of the
associated surface reaction relative to the rates of the
surface reactions associated with all the other possi-
ble events. In other words, at each time step, a random
numberα uniformly distributed in the range (0, 1) is
generated to select the eventm from M possible events
in accordance with the relation

m−1∑
j=0

r j

/
M∑

j=0

r j < α <

m∑
j=0

r j

/
M∑

j=0

r j (6)

r j in Equation 6 is the rate of surface reaction associated
with event j , andr0 = 0.

After an event has occurred, the total number of
possible eventsM and the sequence in which the
events are listed are updated and the aforementioned
procedure is repeated.

The Monte Carlo method used in the present work
uses a variable time step to account for the fact that
different events take place at different rates. At each
simulation step the time increment1t is computed as

1t = −ln(β)

/
M∑

i=1

ri , (7)

whereβ is a random number uniformly distributed in
the range (0, 1), and the denominator in Equation 7
represents the sum of the reaction rates of all the events
that can occur at the given simulation step.

The time increment given by Equation 7 is adjusted
dynamically and stochastically to accommodate the
fastest possible event at each simulation step, greatly
reducing restrictions associated with the conventional
fixed time increment methods. In other words, when
fast reactions are possible in a given step, the denomi-
nator in Equation 7 is large and1t is small (i.e. the time
scale is fine). Conversely, when only show reactions are
possible at a given simulation step, the time increment
is large (i.e., the time scale is coarse).

3. Results
3.1. Qualitative analysis of various stages

of deposition
The atomic structure of the (111) diamond surface at
three different stages of deposition under the CVD
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Figure 5 Variation of the potential energy along the reaction path for reaction 12 taking place on surface terraces and at surface steps.

conditions typical for a hot filament reactor—the feed
gas consisting of 0.9% CH4, 7% Ar, and 92.1% H2 and
the gas temperature equal to 1720 K and the substrate
temperature equal to 1500 K—are shown in Fig. 6.
At short simulation times, the atomic surface structure
is dominated by isolated islands of new (111) layers
formed on the initially atomically flat substrate sur-
face (Fig. 6a). As the deposition process proceeds, film
growth enters the second stage, characterized by the
lateral growth of islands (Fig. 6b), which occasionally
leads to their coalescence. At long deposition times
(Fig. 6c), the atomic structure reaches the state of dy-
namic equilibrium, in which the existing incomplete
(111) layers are being filled by carbon adatoms while
new (111) layers are being formed. The details of the
dynamics of evolution of the surface atomic structure
in the third stage of deposition are discussed in the next
section.

3.2. The standard case
In order to establish the effect of process parameters
(primarily the concentrations of CH4 and H2 in the
feed gas and the gas and substrate temperatures) on
the atomic surface structure of the diamond film pro-
cessed by chemical vapor deposition, the case of the
feed gas consisting of 0.4% CH4, 7% Ar, and 92.6%
H2, gas temperatureTg= 1720 K, substrate tempera-
tureTs= 1500 K, and pressureP= 20.25 torr has been
termed the standard case (Case I) and considered first.

Case I is first analysed using the SPIN computer pro-
gram originally developed by Dandy and Coltrin [24] to

determine the concentrations (partial pressures) of vari-
ous species in the gas next to the substrate (film) surface.
The program simulates diamond deposition in a hot fil-
ament reactor system using the continuum approach to
the species and heat transport and to the gas phase and
surface reaction kinetics. The configuration analysed
consists of a disk-shaped filament mesh heater lying in
a plane parallel to a disk-shaped substrate (the heater to
substrate distance= 1.3 cm, infinitely large heater and
substrate radii) with reaction gases passing through the
heater uniformly in the direction perpendicular to the
substrate. Under these conditions the following concen-
trations of the gas species at the gas–substrate interface
are obtained: 0.2% H, 88.9% H2, 0.02% CH3, and 0.2%
C2H2.

The top view of the (111) diamond surface and the
evolution of its morphology during the deposition pro-
cess under the aforementioned processing conditions
for Case I are shown in Fig. 7. Large circles are used
in Fig. 7 (and Fig. 8) to indicate the surface atoms, de-
fined as the atoms with less than four diamond bonds. In
other words, these atoms have active bonds that allow
them to take part in one of the surface reactions listed
in Table I. The atoms represented by dark dots in Fig. 7
(and Fig. 8) correspond to the bulk diamond atoms that
have four carbon bonds and, therefore, cannot take part
in any surface chemical reactions. To further help the
analysis of the surface morphology, different shades of
grey are used to designate the relative magnitude of
thez coordinate of the atoms. The white (the brightest
shade of grey) atoms are located on the very top of
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Figure 6 Typical atomic surface structure during CVD of diamond: (a) In the early stages of deposition isolated islands of diamond adatoms dominate
surface structure; (b) growth and coalescence of the islands at intermediate stages of deposition, and (c) the surface structure reaches a dynamic
equilibrium at longer deposition times.

surface asperities; the black (the darkest shade of grey)
ones are located on the bottom of surface valleys. To
improve the clarity of the top view of atomic configura-
tions, only the top six to eight (111) planes (depending
on the stage of deposition, i.e., the deposition time)
are displayed in Fig. 7. Consequently, the hole seen in
Fig. 7a does not represent a vacancy in the deposited
film but rather pertains to a surface atom located below
the top six to eight (111) surface layers.

The atomic surface configuration shown in Fig. 7a
corresponds to the third stage of film growth and is
obtained after 3.7 s. The top six (111) layers in this
configuration are marked using numbers 1 through 6,
with layer 1 being on the very top. A close examination
of this configuration reveals several important features.
A number of islands containing layers 1 and 2 are ob-
served. Some of these islands (A) contain only one atom
of layer 1 and two or three atoms of layer 2. The others
(B) are significantly larger in size. Layers 3 through 6
are all incomplete, with the extent of completeness in-
creasing with the layer number. In fact, layer 6 is almost
completely filled. In order to identify the main events
taking place during film deposition, the deposition time
is increased in small increments, and the resulting con-
figurations are compared with the one shown in Fig. 7a
(the reference configuration).

The surface atomic configuration obtained after 3.8 s
(Fig. 7b) shows that several carbon adatoms (F) have
been appended to layer 6. As a result, layer 6 becomes
completely filled. In addition, because the edges of the

incomplete layers act as favorable sites for carbon de-
position, layers 3, 4, and 5 have expanded considerably
and at several places (D) layers 3 and 4 cover layer
5 almost entirely. Small isolated islands, marked A in
Fig. 7a, have undergone a considerable growth in the
lateral directions in the 3.7- to 3.8-s time period and are
designated as B in Fig. 7b. Meanwhile, only one new
island (A) has formed.

The atomic surface configuration obtained after 4.3 s
of simulation time is shown in Fig. 7c. Several newly
nucleated islands containing layer 1 (A) can be ob-
served. In addition, several pre-existing islands, marked
B in Fig. 7b, have grown in the lateral directions. Few
such islands (E in Fig. 7c) have extended to the point
that they merged with their neighbors. Lower layers
have continued to grow (D), and, consequently, layer 5
is approaching the condition of complete filling.

When simulation time reached 4.6 s (Fig. 7d), two
new (111) layers (C) started to form via the nucleation
of a new island. Since the new (111) layers are on the
very top of the surface, they had to be assigned the
brightest shades of grey and, consequently, the colors
of the previously existing surface layers had to be
rescaled. The new layers are designated as 0 and−1. A
comparison of Fig. 7b and d shows that the pre-existing
layers have continued to grow and merge. The most
prominent feature of the configuration shown in Fig. 7d
is the presence of a vacancy (V), however. The carbon
atom that would normally be present in the center of the
tetrahedron centered at V is missing. Further analysis of
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Figure 7 Evolution of the (111) surface morphology in a diamond film during chemical vapor deposition under the following conditions: hot filament
reactor; feed gas (0.4% CH4, 7% Ar, 92.6% H2, Tg= 1720 K), substrate temperature (Ts= 1500 K). Deposition times: (a) 3.7 s, (b) 3.8 s, (c) 4.3 s,
(d) 4.6 s, (e) 5 s, and (f ) 5.3 s.

Fig. 7d reveals that a new island (A) has formed and
that the pre-existing layers have continued to grow (D).

The surface atomic configuration after 5 s (Fig. 7e)
shows that layers 3, 4, and 5 have continued to grow and
approach the state of complete filling (D). In addition,
several islands containing layers 0 and−1 (A) have
formed on the surface top.

After 5.3 s of deposition time (Fig. 7f), the growth
of layer 5 has been completed (F). Several new islands
containing layers 0 and−1 (A) have formed. The pre-
existing islands (B) have expanded and few of them
have merged (E).

In addition to the standard case (Case I), three ad-
ditional cases were analysed: Case II, 0.4% CH4, 7%
Ar, 92.6% H2, Tg= 1720 K, Ts= 1073 K; Case III:
7% CH4, 7% Ar, 86% H2, Tg= 1720 K,Ts= 1073 K;
and Case IV: 7% CH4, 7% Ar, 86% H2, Tg= 1720 K,
Ts= 1500 K. The four cases allow the effects of the
substrate temperature (1073 K versus 1500 K) and the
CH4 concentration in the feed gas (0.4% versus 7%) to
be explored.

A close examination of the surface atomic structure
and its evolution in the third stage of film deposition
for Cases II and III (both withTs= 1073 K) reveals the
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Figure 8 Evolution of the (111) surface morphology in a diamond film during chemical vapor deposition under the following conditions: hot filament
reactor; feed gas (7% CH4, 7% Ar, 86% H2, Tg= 1720 K), substrate temperature (Ts= 1500 K). Deposition times: (a) 3.7 s, (b) 3.8 s, (c) 4.3 s,
(d) 4.6 s, (e) 5 s, and (f ) 5.3 s.

presence of similar morphological features and similar
surface deposition events as the ones observed in Case I,
and hence the corresponding atomic surface configura-
tions are not shown. An additional new feature is found
for Case IV (the highTs/high CH4 percentage case),
however. In particular, H atoms are found embedded in
the diamond film. The evolution of the atomic surface
configuration for Case IV at the same deposition times
as those for Case I is shown in Fig. 8. To help interpret
the atomic surface configurations for Case IV, the top
six (111) layers are designated using numbers 1 through
6, and various events marked as following: A, nucle-

ation of a new island; B, lateral growth of the existing
islands; C, formation of a new (111) layer; D, filling of
the lower (111) layers; E, merging of the islands; F, layer
completion; and V, a vacancy. Hydrogen atoms embed-
ded in the film are marked H in Fig. 8 and are charac-
terized by the fact that bulk carbon atoms with four car-
bon neighbors (represented by dots in Fig. 8) are located
above surface carbon atoms with less than four diamond
bonds (represented with circles). Careful analysis of the
film structure obtained after 10 s revealed the presence
of hydrogen atoms embedded in the film for Case III.
No such defects are found in Cases I and II. This finding

17



P1: GNK/PNI P2: ATI-SUK/PNI P3: ATI-SUK-MHL/RCK-PJM QC: SUK 5234-98 December 18, 1998 15:14

appears to be related to the fact that the surface concen-
tration of hydrogen is relatively high for Cases I and
II (0.2%) and significantly lower for Cases III and IV
(0.016%). The average concentrations of the hydrogen
atoms in the film for Cases III and IV are determined as
0.2 and 1.8%, respectively. This difference should be
attributed to the effect of the substrate or film temper-
ature (1073 K for Case III and 1500 K for Case IV).

The average concentrations of vacancies in the de-
posited film for the four cases are determined as fol-
lows: Case I, 0.8%; Case II, 0.1%; Case III, 0.3%; and
Case IV, 1.4%. This finding suggests that the substrate
temperature (1500 K for Cases I and IV and 1073 K for
Cases II and III) has the largest effect on the concen-
tration of vacancies in the deposited film.

The effect of process conditions on the atomic sur-
face configuration and the film quality in general is
further quantified by determining the roughness of the
film surface. Two measures of roughness are used in
the present work: the root mean square average (Rq)

Figure 9 Variation of the mean root square average roughness (a) and maximum height roughness (b) with deposition time for the four cases analysed.

roughness defined as

Rq =
((

N∑
i=1

(zi − C)2

/
N

))1/2

(8)

and the maximum roughness height defined as

Rt = zmax− zmin, (9)

wherezi is thez-coordinate of surface atomi , N the
total number of surface atoms,zmax and zmin the z-
coordinates of the atoms residing on the top of surface
asperities and the ones at the bottom of surface valleys,
andC is defined as

C =
N∑

i=1

zi

/
N (10)

The variation of the root mean square average and the
maximum height roughness for the four cases anal-
ysed in the present work are shown in Fig. 9a and b,
respectively. To help the interpretation of the results
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Figure 10 Variation of the film deposition rate with deposition time for the four cases on process parameters and the average deposition rates for
Cases I and II as reported by Chuet al. [27].

shown in Fig. 9b, a schematic of the diamond crystal
structure is included. The results shown in Fig. 9a and b
show that both the substrate temperature and the feed
gas chemical composition affect the surface roughness.
For the same chemical composition of the feed gas, the
higher the temperature, the higher the roughness (Case I
versus Cases II and IV versus Case III). Also, the higher
the concentration of CH4 in the feed gas, the higher the
roughness (Cases I and II versus Cases II and IV).

The effect of process parameters on the film depo-
sition rate for the four cases analysed here is also ex-
amined. The film deposition rate is computed by divid-
ing the product of the number of atoms deposited in a
given time interval and the average (111) interplanar
spacing by the product of the number of carbon atoms
in a completely filled (111) layer and the time interval.
The time interval of 0.1 s was used to compute the film
deposition rate in the present work, and the results of
this calculation are shown in Fig. 10. For comparison,
the experimental results of Chuet al. [27] for the low
CH4 percentage cases (Cases I and II) are also given in
Fig. 10.

In each of the four cases, the deposition rate is ini-
tially lower as the film deposition takes place on the
substrate passivated by a larger amount of hydrogen.
Once the film is in the third stage of deposition, the
deposition rate oscillates around an average value. The
average deposition rates for the four cases are assessed

as follows: Case I, 0.60µm/h, Case II, 0.20µm/h,
Case III, 0.21µm/h, and Case IV, 0.95µm/h. The de-
position rate is thus not significantly affected by the
chemical composition of the feed gas at lower tem-
peratures (Case II versus Case III) but becomes quite
sensitive to the feed gas chemical composition at high
temperatures (Case III versus Case IV). The higher de-
position rate for Case IV relative to Case I can be at-
tributed to the higher concentration of CH4 in the feed
gas in the former. As far as the effect of substrate tem-
perature on the deposition rate is concerned, it is sig-
nificant for both chemical compositions of the feed gas
analysed. High deposition rates achieved at high sub-
strate temperatures (Case I versus Case II and Case IV
versus Case III) confirm the thermally activated nature
of surface chemical reactions. The activation energies
calculated as−(1/R)d ln vd/d(1/T), wherevd is the
deposition rate, are found to be 8.3 kcal/mol for the
two low CH4 cases (Cases I and II) and 11.7 kcal/mol
for the two high CH4 cases (Cases III and IV). These
values are consistent with the value of 12.0 kcal/mol
obtained experimentally by Chuet al. [27].

4. Summary
A kinetic Monte Carlo program based on a transitional
probability of one and a variable time increment is
employed to study the deposition of (111)-oriented
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diamond films at two substrate temperatures (1073 K
and 1500 K) and two chemical compositions of the feed
gas typical for a hot filament CVD process. The depo-
sition rates obtained fall in a range between 0.1 to 1.0
µm/h, which is in general agreement with the one deter-
mined experimentally. The activation energies obtained
fall into a range between 8.3 and 11.7 kcal/mol and
are consistent with their experimental counterparts. The
study shows that higher deposition rates are achieved
by increasing the substrate temperature and the con-
centration of hydrocarbons (CH4 in the present case) in
the feed gas. The quality of the deposited film judged
by the concentration of point defects (vacancies and
hydrogen atoms embedded in the film) and by surface
roughness, however, worsens as the deposition rate in-
creases. Therefore, for each specific application of dia-
mond films for which the maximum level of defects is
specified, one can determine the appropriate substrate
temperature and the feed gas chemistry that would re-
sult in a maximum deposition rate.
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