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Atomistic simulation of chemical vapor
deposition of (111)-oriented diamond film using
a kinetic Monte Carlo method

M. GRUJICIC, S. G. LAI
Department of Mechanical Engineering, 241 Flour Daniel Building, Clemson University,
Clemson, SC 29634-0921

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 CH, in the feed gas, also increase the defect content and surface
roughness. © 1999 Kluwer Academic Publishers

1. Introduction been developed to analyse the deposition of diamond,
The CVD of diamond from a precursor gas mixture but they fail to incorporate the effects of surface mor-
containing a small amount of hydrocarbon (usuallyphology and local atomic configuration on the growth
methane Clj, acetylene @H,, and so on) in hydro- process [15-18]. Molecular dynamics simulations are
gen at subambient pressures (typically 1-200 torrpused to model the deposition of diamond films but
has become commercially viable over the last decadenly over a millisecond of growth time [19]. Recently,
[1-3]. The gas mixture is typically heated using hot fila- Dawnkaski et al. [20] and Battailet al. [21] car-
ments, plasmas, combustion flames, and other meanstied out three-dimensional atomic-scale simulations of
promote the dissociation of some of the molecular hythe (100) and (111) diamond surface growth, respec-
drogen, H, into atomic hydrogen, H, and formation of tively.
various hydrocarbon radicals. Although under standard In the present work, the three-dimensional atomistic
CVD processing conditions graphite is the stable formsimulation method for CVD proposed by Battaéteal.
of carbon, H atoms bond with the surface carbon atom§?2] is used to study the (111) growth of diamond. This
and passivate it by converting the graphite-typé- sp method allows the effects of surface chemistry, local
bonded surface C atoms into the’dpnded diamond- atomic coordination, and surface structure to be incor-
type C atoms [2, 3]. Whereas it is well-establishedporated into simulation and is capable of simulating
that deposition of diamond occurs by the incorpora-hours of the deposition process under commonly used
tion of chemisorbed hydrocarbon radicals, the detailprocessing conditions. The original model of Battaile
of the diamond growth mechanism are still not well- et al. [22] has been further developed in the present
understood. This is primarily caused by the fact thatwork to take into account the fact that the rate of the
the atomic-scale events that lead to diamond growtlsame chemical reaction is dependent on whether the
are difficult to studyin situ. Hence, the current under- reaction takes place at the step edges or on the surface
standing of diamond growth has been primarily gainederraces.
through the use of computer modeling and simulations The organization of the paper is as follows: In sec-
or from the interpretation aéx situexperimental data, tion 2.1, the procedures used to construct the diamond
or both. lattice and the (111) substrate are discussed. Basic ki-
There are several different modeling approaches usedgetics of surface reactions and a brief overview of the
to analyse diamond growth process. Calculations of th&inetic Monte Carlo method are presented in sections
surface energetics are primarily used to determine ki2.2 and 2.3, respectively. The results obtained in the
netic parameters of individual surface reactions [4—7present work are shown and discussed in section 3.
and examine the stability of various surface configu-Main findings resulting from the present study are sum-
rations [8-14]. Several one-dimensional models havenarized in section 4.
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2. Procedure The film deposition is simulated by allowing the sub-
2.1. Generation of diamond lattice and strate to interact with a hot filament—heated process gas
(111) substrate containing various concentrations of Hp,HCHs, and

The growth of diamond film by CVD has been sim- C;H; in accordance with the set of surface chemical
ulated using a rigid diamond-type lattice. In otherreactions reported by Battaié al. [22] (Table ).
words, the atomic relaxations and vibrations are not
considered. The orientation of the lattice is defined as
X =[112],y =[110],andz=[111]. Thefiimisallowed 2.2. Surface reaction kinetics
to grow in z direction; the periodic boundary condi- The kinetics of surface reactions is represented using
tions are applied in th& andy directions in order to the general formalism as used in the Surface ChemKin
avoid the film edge effects. The size of the computa-computer program [23]. Within this formalism, the for-
tional lattice in thex—y plane is 9Ql112) x 40d110), ~ ward rate constant for reactionky,, is assumed to be
where d..) is the spacing of the (uvw) diamond given by the following Arrhenius-type relation:
planes. Initially, six (111) planes of the diamond lat-
tice are filled with carbon atoms to form a substrate ke — ATH exp(—5>
six layers thick. To passivate the top layer of the fi =5 RT /)’
substrate, the substrate is terminated with a layer of
atomic H. A small segment of the substrate is shown invhere the pre-exponential factdy, the temperature
Fig. 1. exponents;, and the activation energly; for all the

The growth of diamond requires that the H- surface reactions considered here (listed in TabIRI),
terminated substrate surface be activated, which cais the universal gas constant, ahds the absolute tem-
take place by either desorption or abstraction of theperature. A schematic of the atomic rearrangements ac-
chemisorbed atomic H. Once a substrate surface sittompanying the surface reactions treated in the present
is activated, it can be repassivated by chemisorption ofvork is given in Fig. 2. The dashed lines are used in
either an atomic H or a hydrocarbon molecule. TheFig. 2 toindicate the location of the surface. It should be
chemisorbed hydrocarbon molecule can desorb andoted that the atomic rearrangement accompanying the
thus reactivate the site. Conversely, the hydrocarboneaction shown in the second column of Fig. 2 pertains
molecule may take part in one of the possible surfaceéo when that reaction takes place on surface terraces;
reactions that leads to the incorporation of carbon atonthe atomic rearrangement shown in the third column
from the hydrocarbon molecule into the diamond latticecorresponds to when the same chemical reaction takes
and thus to film growth. place at surface steps.

1)

® u

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.

8



TABLE | Reaction rate coefficients for the chemical reactions accompanying CVD of diamond as reportéds 3a-5inits of mol, crd, and s;
E andAH are in units of kcal/mol; and\ Sis in units of cal/(mol K). Cq—surface diamond atoni;,—surface biradical

Reaction A n E AH AS
1 CgH+H < Cq+Ha 1.3 x 10* 0 7.3 -99 5.3
2 Ca+H < CgH 1.0 x 108 0 0.0 -96.9 -328
3 C4CHz + H <> Cq+ CHs 3.0x 1013 0 0.0 —246 7.9
4 Cd + CH3 <> C4CHg 5.0 x 102 0 0.0 -709 -420
5 Ca + CoHp <> CqCoH2 8.0 x 100 0 7.7 -19.0 -107
6 CdCHy + H < C4CHy_1 + Hy 2.8 x 10 2 7.7 -113 6.6
7 C4CHy + H <> Cy4CHyy1 1.0 x 108 0 0.0 -830 -341
8 CaCoHy + H <> CqCoHy_1 + Ha 9.0 x 10° 2 5.0 -89 8.7
9 CaCoHy + H <> CqCoHy41 2.0 x 103 0 0.0 —-47.7 -36.2
10 C4CHy + CHz — CqCoHy.3 5.0 x 102 0 0.0 — —
11 Ci—Cqd <> Cg+ * + Cq 1.0 x 108 0 0.0 4.9 0.4
12 Cy + * + C4CxHy — Cq + CyCx_1Hy + Cq 2.0 x 108 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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The reverse reaction rate constant is relatedtoth - ---_- T T ;
forward reaction rate constant via the following equa-
tion:

K,
K—C»’

ki, = )

whereKc, is the equilibrium constant expressed in con-

centration units and is related to the equilibrium con-
stant expressed in pressure unikg, as

—ZK:g Uki Ns1 kL) )
Kp = Ka(Patm) U Rt

' RT .
n=Nsg
Ki(n)
x [] o @ @® H
k=Kd (n) O Cin CiHy

where Py, is the pressure of 1 atni;? the standard Cin film

state density of the surface sites of typeok(n) the
number of sites of typa occupied by specids; Vs
are the stoichiometric reaction coefficients associate: (b)
with species and reactiori; K4 the total number of

gas specie< (n) and KL(n) the first and the last sur-
face species residing antype sites, respectively; and
Nd and N/ the first and the last surface site types, re-
spectively.

Kp canbe computed from the standard state enthalp
changea H? and the standard state entropy chang®
accompanying reactionas

AS  AH?
Kp =expl — — —- 4
A= - ) @
AH? and A for the set of surface reactions used in
the present work are listed in Table I.
Forthereactions, 1, 3,6,8,11,and 12 listedin Table |,

the sum

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

Kg ZkK:glvki
< Patm) -1 on surface terraces.

vki = 0 and henc
1

= RT

For the remaining reactions listed in Table | (reac-the spatial coordinates of the atoms using the conju-

tions 2, 4, 5, 7, 9, and 10) the sum gate gradient method [26]. The atomic interactions are
. quantified using the interatomic potential developed by

Kq Patm Y Brenner [4]. The Brenner potential accounts for both

kai = —1and henc intramolecular chemical bonding in a wide range of

— RT

k=1 hydrocarbon molecules as well as carbon—carbon bond-
K 1 ing and defect energies in diamond and graphite. The

- 0'0122ﬁ T potential is based on the bond order formalism and in-

cludes the corrections for non-local effects, inherent
As mentioned earlier, the rate of each reaction is aloverbinding of radicals and conjugation of the carbon—
lowed to depend on whether the reaction takes placearbon bonds. Fig. 3b shows the atomic configuration
at surface steps or on surface terraces. To obtain thafter energy minimization associated with the reacted
ratio of the reaction rate constants for a reaction takingtate of reaction 12 when this reaction takes place on
place at surface steps and for the same reaction talsurface terraces. The main feature of reaction 12 is for-
ing place on surface terraces, the energetics of the twmation of the C—C bond between carbon atoms marked
modes of reaction are determined using the moleculat and 2. Since the distance between the two carbon
statics method [25]. This approach is demonstrated bgtoms changes by less than 20% between the unreacted
applying it to reaction 12. and the reacted states, a unique reaction path is defined

Fig. 3a shows the atomic configuration correspondin the following way. The trajectory of each of the two

ing to the unreacted state of reaction 12 for when thisarbon atoms between their initial (unreacted) and fi-
reaction takes place on surface terraces. The potentiakl (reacted) positions is assumed to be straight line.
energy of this configuration is minimized relative to The two atoms are next displaced along their trajectory
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el step mode of each of the reactions listed in Table | is
calculated as

aem 2 terr _ =ste
Ron = (Z5) ©P(EST—ESH/RT) (9

This procedure yields a value &, = 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
O ¢ of the sites is termed an event. At each time step, a list
Cin CHy 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
(b) numbera uniformly distributed in the range (0, 1) is
generated to select the evemfrom M possible events
in accordance with the relation

m-—1 M m M
2 2ri<a<) /) ©
=0 =0 i / =

rj in Equation 6 is the rate of surface reaction associated
with eventj, andrg = 0.

After an event has occurred, the total number of
possible eventdM 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 incremeat is computed as

Cin film

()

and (b) the final (reacted) states associated with reaction 12 taking place

Figure 4 Equilibrated atomic configurations of (a) the initial (unreacted)
At=—Ing) [ > i,
at surface steps. i=1

whereg is a random number uniformly distributed in

in equal increments (normalized relative to the totalthe range (0, 1), and the denominator in Equation 7
displacement of the carbon atom in question) and theepresents the sum of the reaction rates of all the events
potential energy minimized relative to the position of that can occur at the given simulation step.
the remaining atoms in the system. The initial and the The time increment given by Equation 7 is adjusted
final atomic configurations for reaction 12 taking placedynamically and stochastically to accommodate the
at surface steps are shown in Fig. 4a and b, respedastest possible event at each simulation step, greatly
tively. In this case, the reaction is considered to takeeducing restrictions associated with the conventional
place in two steps: (a) hydrogen abstraction frompCH fixed time increment methods. In other words, when
and the formation of a C—C bond between the carborfiast reactions are possible in a given step, the denomi-
atoms marked 1 and 3 and (b) formation of a C—C bondhator in Equation 7 is large ansk is small (i.e. the time
between the carbon atoms marked 1 and 2. scaleisfine). Conversely, when only show reactions are

The variation of the potential energy along this reacpossible at a given simulation step, the time increment
tion path for reaction 12 taking place both on surfaceis large (i.e., the time scale is coarse).
terraces and at surface steps is shown in Fig. 5. The
results shown in Fig. 5 are used to determine the force
constantsg®®" anda®®P) proportional to the curvature 3. Results
of the energy versus reaction path curve at the initiaB.1. Qualitative analysis of various stages
(unreacted) state and the activation energi€8"(and of deposition
ES®P) for the two modes of reaction 12. The ratio of the The atomic structure of the (111) diamond surface at
reaction rate constants of the terrace mode and of thiiree 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 determine the concentrations (partial pressures) of vari-
gas consisting of 0.9% CH17% Ar, and 92.1% hbland  ous speciesinthe gas nextto the substrate (film) surface.
the gas temperature equal to 1720 K and the substrafene program simulates diamond deposition in a hot fil-
temperature equal to 1500 K—are shown in Fig. 6.ament reactor system using the continuum approach to
At short simulation times, the atomic surface structurethe species and heat transport and to the gas phase and
is dominated by isolated islands of new (111) layerssurface reaction kinetics. The configuration analysed
formed on the initially atomically flat substrate sur- consists of a disk-shaped filament mesh heater lying in
face (Fig. 6a). As the deposition process proceeds, filna plane parallel to a disk-shaped substrate (the heater to
growth enters the second stage, characterized by theubstrate distance 1.3 cm, infinitely large heater and
lateral growth of islands (Fig. 6b), which occasionally substrate radii) with reaction gases passing through the
leads to their coalescence. At long deposition timedeater uniformly in the direction perpendicular to the
(Fig. 6¢), the atomic structure reaches the state of dysubstrate. Under these conditions the following concen-
namic equilibrium, in which the existing incomplete trations of the gas species at the gas—substrate interface
(111) layers are being filled by carbon adatoms whileare obtained: 0.2% H, 88.9%.02% CH, and 0.2%

new (111) layers are being formed. The details of theC,H,.

dynamics of evolution of the surface atomic structure The top view of the (111) diamond surface and the
in the third stage of deposition are discussed in the nexavolution of its morphology during the deposition pro-

section. cess under the aforementioned processing conditions
for Case | are shown in Fig. 7. Large circles are used
3.2. The standard case in Fig. 7 (and Fig. 8) to indicate the surface atoms, de-

In order to establish the effect of process parameterned as the atoms with less than four diamond bonds. In
(primarily the concentrations of CHand H in the  other words, these atoms have active bonds that allow
feed gas and the gas and substrate temperatures) trem to take part in one of the surface reactions listed
the atomic surface structure of the diamond film pro-in Table I. The atoms represented by dark dots in Fig. 7
cessed by chemical vapor deposition, the case of théand Fig. 8) correspond to the bulk diamond atoms that
feed gas consisting of 0.4% GH7% Ar, and 92.6% have four carbon bonds and, therefore, cannot take part
H, gas temperaturgy = 1720 K, substrate tempera- in any surface chemical reactions. To further help the
tureTs = 1500 K, and pressure = 20.25 torr has been analysis of the surface morphology, different shades of
termed the standard case (Case |) and considered firgrey are used to designate the relative magnitude of
Case | is first analysed using the SPIN computer prothe z coordinate of the atoms. The white (the brightest
gram originally developed by Dandy and Coltrin [24] to 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\complete layers act as favorable sites for carbon de-
ones are located on the bottom of surface valleys. Tgosition, layers 3, 4, and 5 have expanded considerably
improve the clarity of the top view of atomic configura- and at several places (D) layers 3 and 4 cover layer
tions, only the top six to eight (111) planes (dependings almost entirely. Small isolated islands, marked A in
on the stage of deposition, i.e., the deposition time)ig. 7a, have undergone a considerable growth in the
are displayed in Fig. 7. Consequently, the hole seen itateral directions in the 3.7- to 3.8-s time period and are
Fig. 7a does not represent a vacancy in the depositedesignated as B in Fig. 7b. Meanwhile, only one new
film but rather pertains to a surface atom located belowsland (A) has formed.
the top six to eight (111) surface layers. The atomic surface configuration obtained after 4.3 s
The atomic surface configuration shown in Fig. 7aof simulation time is shown in Fig. 7c. Several newly
corresponds to the third stage of film growth and isnucleated islands containing layer 1 (A) can be ob-
obtained after 3.7 s. The top six (111) layers in thisserved. In addition, several pre-existing islands, marked
configuration are marked using numbers 1 through 6B in Fig. 7b, have grown in the lateral directions. Few
with layer 1 being on the very top. A close examinationsuch islands (E in Fig. 7c) have extended to the point
of this configuration reveals several important featuresthat they merged with their neighbors. Lower layers
A number of islands containing layers 1 and 2 are obtave continued to grow (D), and, consequently, layer 5
served. Some ofthese islands (A) contain only one atons approaching the condition of complete filling.
of layer 1 and two or three atoms of layer 2. The others When simulation time reached 4.6 s (Fig. 7d), two
(B) are significantly larger in size. Layers 3 through 6 new (111) layers (C) started to form via the nucleation
are all incomplete, with the extent of completeness in-of a new island. Since the new (111) layers are on the
creasing with the layer number. In fact, layer 6 is almostvery top of the surface, they had to be assigned the
completely filled. In order to identify the main events brightest shades of grey and, consequently, the colors
taking place during film deposition, the deposition timeof the previously existing surface layers had to be
is increased in small increments, and the resulting conrescaled. The new layers are designated as G-dné
figurations are compared with the one shown in Fig. 7a&comparison of Fig. 7b and d shows that the pre-existing
(the reference configuration). layers have continued to grow and merge. The most
The surface atomic configuration obtained after 3.8 prominent feature of the configuration shown in Fig. 7d
(Fig. 7b) shows that several carbon adatoms (F) havis the presence of a vacancy (V), however. The carbon
been appended to layer 6. As a result, layer 6 becomestom that would normally be presentin the center of the
completely filled. In addition, because the edges of theetrahedron 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% GH7% Ar, 92.6% H, Tq = 1720 K), substrate temperaturg & 1500 K). Deposition times: (a) 3.7 s, (b) 3.8 s, (c) 4.3 s,
(d)4.6s,(e)5s,and (f) 5.3s.

Fig. 7d reveals that a new island (A) has formed and In addition to the standard case (Case 1), three ad-
that the pre-existing layers have continued to grow (D) ditional cases were analysed: Case Il, 0.4%CHMb6
The surface atomic configuration aftes (Fig. 7e)  Ar, 92.6% H, Tg=1720 K, Ts=1073 K; Case Il
shows that layers 3, 4, and 5 have continued to grow and% CH;, 7% Ar, 86% B, Ty =1720 K, Ts =1073 K;
approach the state of complete filling (D). In addition, and Case IV: 7% Cl 7% Ar, 86% H, Tq=1720 K,
several islands containing layers 0 ard (A) have Ts=1500 K. The four cases allow the effects of the
formed on the surface top. substrate temperature (1073 K versus 1500 K) and the
After 5.3 s of deposition time (Fig. 7f), the growth CH,4 concentration in the feed gas (0.4% versus 7%) to
of layer 5 has been completed (F). Several new islandbe explored.
containing layers 0 and 1 (A) have formed. The pre- A close examination of the surface atomic structure
existing islands (B) have expanded and few of themand its evolution in the third stage of film deposition
have merged (E). for Cases Il and Il (both witfTs = 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% CH7% Ar, 86% b, Tg=1720 K), substrate temperaturss & 1500 K). Deposition times: (a) 3.7 s, (b) 3.8 s, (c) 4.3 s,
(d)4.6s,(e)5s,and (f) 5.3 s.

presence of similar morphological features and similaation of a new island; B, lateral growth of the existing
surface deposition events as the ones observed in Casedlands; C, formation of a new (111) layer; D, filling of
and hence the corresponding atomic surface configurdhe lower (111) layers; E, merging of the islands; F, layer
tions are not shown. An additional new feature is foundcompletion; and V, a vacancy. Hydrogen atoms embed-
for Case IV (the highls/high CH, percentage case), ded in the film are marked H in Fig. 8 and are charac-
however. In particular, H atoms are found embedded inerized by the fact that bulk carbon atoms with four car-
the diamond film. The evolution of the atomic surfacebon neighbors (represented by dots in Fig. 8) are located
configuration for Case IV at the same deposition timesabove surface carbon atoms with less than four diamond
as those for Case | is shown in Fig. 8. To help interprebonds (represented with circles). Careful analysis of the
the atomic surface configurations for Case IV, the togfilm structure obtained after 10 s revealed the presence
six (111) layers are designated using numbers 1 througbf hydrogen atoms embedded in the film for Case IlI.
6, and various events marked as following: A, nucle-No such defects are found in Cases | and II. This finding
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appears to be related to the fact that the surface concemughness defined as

tration of hydrogen is relatively high for Cases | and N 172

Il (0.2%) and significantly lower for Cases Ill and IV _ A2

(0.016%). The average concentrations of the hydrogen Re = ( (; (@ —C) /N)) (8)
atoms in the film for Cases lll and IV are determined as . . )

0.2 and 1.8%, respectively. This difference should be2nd the maximum roughness height defined as
attributed to the effect of the substrate or film temper- R = Zmax — Zmin, 9)
ature (1073 K for Case Ill and 1500 K for Case V). . . .

The average concentrations of vacancies in the dev_vherezi is the z-coordinate of surface atom N the
posited film for the four cases are determined as foI—tOtaI r_1umber of surface alOMSax and zmin the z-
lows: Case |, 0.8%: Case II, 0.1%; Case IlI, 0.3%: anqcoord!nates of the atoms residing on the top of surface
Case IV, 1.4%. This finding suggests that the substrat@SPerities a_nd the ones at the bottom of surface valleys,
temperature (1500 K for Cases I and IV and 1073 K foranCIC is defined as
Cases Il and Ill) has the largest effect on the concen- N
tration of vacancies in the deposited film. C=Yz/N (10)

The effect of process conditions on the atomic sur- i=1
face configuration and the film quality in general is The variation of the root mean square average and the
further quantified by determining the roughness of themaximum height roughness for the four cases anal-
film surface. Two measures of roughness are used igsed in the present work are shown in Fig. 9a and b,
the present work: the root mean square averdyg ( respectively. To help the interpretation of the results
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Figure 9 Variation of the mean root square average roughness (a) and maximum height roughness (b) with deposition time for the four cases analysed.
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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 | and |l as reported by Chtal. [27].

shown in Fig. 9b, a schematic of the diamond crystalas follows: Case I, 0.6@m/h, Case I, 0.2Qum/h,
structure is included. The results shown in Fig. 9a and ICase I, 0.21um/h, and Case IV, 0.96m/h. The de-
show that both the substrate temperature and the feggbsition rate is thus not significantly affected by the
gas chemical composition affect the surface roughnesshemical composition of the feed gas at lower tem-
For the same chemical composition of the feed gas, thperatures (Case Il versus Case Ill) but becomes quite
higher the temperature, the higher the roughness (Casaénsitive to the feed gas chemical composition at high
versus Cases Il and IV versus Case lll). Also, the highetemperatures (Case Il versus Case V). The higher de-
the concentration of CiHn the feed gas, the higher the position rate for Case IV relative to Case | can be at-
roughness (Cases | and Il versus Cases Il and IV). tributed to the higher concentration of ¢k the feed
The effect of process parameters on the film depogas in the former. As far as the effect of substrate tem-
sition rate for the four cases analysed here is also experature on the deposition rate is concerned, it is sig-
amined. The film deposition rate is computed by divid-nificant for both chemical compositions of the feed gas
ing the product of the number of atoms deposited in aanalysed. High deposition rates achieved at high sub-
given time interval and the average (111) interplanastrate temperatures (Case | versus Case Il and Case IV
spacing by the product of the number of carbon atomsersus Case Ill) confirm the thermally activated nature
in a completely filled (111) layer and the time interval. of surface chemical reactions. The activation energies
The time interval of 0.1 s was used to compute the filmcalculated as-(1/R)d Invq/d(1/T), wherevy is the
deposition rate in the present work, and the results ofleposition rate, are found to be 8.3 kcal/mol for the
this calculation are shown in Fig. 10. For comparisontwo low CH, cases (Cases | and Il) and 11.7 kcal/mol
the experimental results of Chat al. [27] for the low  for the two high CH cases (Cases Ill and IV). These

CH, percentage cases (Cases | and Il) are also given walues are consistent with the value of 12.0 kcal/mol
Fig. 10. obtained experimentally by Chet al. [27].

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 hydroge. Summary
Once the film is in the third stage of deposition, theA kinetic Monte Carlo program based on a transitional

deposition rate oscillates around an average value. Tharobability of one and a variable time increment is
average deposition rates for the four cases are assessatiployed to study the deposition of (111)-oriented
19



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
um/h, whichisin general agreementwith the one deter-¢
mined experimentally. The activation energies obtained
fall into a range between 8.3 and 11.7 kcal/mol and 7
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 (Ghh the present case) in

the feed gas. The quality of the deposited film judgedLO.
by the concentration of point defects (vacancies and

hydrogen atoms embedded in the film) and by surface,

creases. Therefore, for each specific application of dia-

mond films for which the maximum level of defects is 14.

specified, one can determine the appropriate substrate
. 1
temperature and the feed gas chemistry that would rep;
sult in a maximum deposition rate.
17.
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