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This article investigates the role of substrate temperature in the deposition of diamond films using a newly
developed time-modulated chemical vapor deposition (TMCVD) process. TMCVD was used to deposit
polycrystalline diamond coatings onto silicon substrates using hot-filament chemical vapor deposition
system. In this investigation, the effect of (a) substrate temperature and (b) methane (CH4) content in the
reactor on diamond film deposition was studied. The distinctive feature of the TMCVD process is that it
time-modulates CH4 flow into the reactor during the complete growth process. It was noted that the
substrate temperature fluctuated during the CH4 modulations, and this significantly affected some key
properties of the deposited films. Two sets of samples have been prepared, in each of which there was one
sample that was prepared while the substrate temperature fluctuated and the other sample, which was
deposited while maintaining the substrate temperature, was fixed. To keep the substrate temperature
constant, the filament power was varied accordingly. In this article, the findings are discussed in terms of
the CH4 content in the reactor and the substrate temperature. It was found that secondary nucleation
occurred during the high timed CH4 modulations. The as-deposited films were characterized for mor-
phology, diamond-C phase purity, hardness, and surface roughness using scanning electron microscopy,
Raman spectroscopy, Vickers hardness testing, and surface profilometry, respectively.
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1. Introduction

Diamond is a unique engineering material, due to its supe-
rior combination of physical, optical, and chemical properties
(Ref 1, 2). As a result, the material has many potential uses in
numerous industrial and consumer applications (Ref 3, 4). The
difficulty in depositing truly superior diamond films is nearly
as extreme as its unique properties. Researchers throughout the
world have used a range of thin film-coating technologies to
deposit diamond onto a range of substrate materials (Ref 5-7).
However, the most successful method of deposition is chemical
vapor deposition (CVD), because it yields films with a high
degree of sp3 bonding. It is generally accepted that the mor-
phology, crystal size, crystal orientation, film quality, surface
roughness, and coating adhesion are critical in determining the
suitability of the coating being used for a particular application.
It is essential to be able to design the coating to suit the specific
application. Therefore, it is necessary to control film micro-
structure, morphology, and surface roughness, for example, to
produce films that will display superior properties for new
applications. Generally, CVD methods produce films that dis-
play rough surfaces, which become pronounced with the in-

crease in film thickness. This limits their potential for use in
mechanical, biomedical, and optical applications. It is highly
desirable to be able to produce smooth films at reasonable
growth rates. In addition, due to the nonuniform growth profile
of the conventional CVD diamond films, intrinsic stresses are
induced into the growing films during deposition (as high as 1
GPa). Intrinsic stresses are known to adversely affect a number
of key thin film properties. Furthermore, the grain-to-grain-
boundary ratio of the as-grown films changes along the depth
of the film. This again brings about variations in film properties.

The most widely used method for producing low-roughness
films is by polishing the deposited coatings after the film has
been deposited. However, some difficulties arise during film
polishing using standard polishing methods. As a result, tech-
niques such as chemical mechanical polishing, and inert and
oxygen ion-beam polishing have been developed to smooth the
films after growth (Ref 8-11). In recent years, more controlled
techniques, such as bias-enhanced nucleation and nanoparticle
seeding have been used to deposit smoother films (Ref 12-14).
Several researchers have tried pulse biasing during diamond
CVD to produce highly orientated diamond films, using dif-
ferent pulse-bias duty cycles (Ref 15, 16). However, more de-
tailed work is needed before the full potential of pulsed biasing
can be realized. An in situ method, which consists of sequential
in situ diamond deposition and planarization in an electron
cyclotron resonance plasma system, has also been developed to
produce smoother films (Ref 17). This method is believed to
have the advantage of reducing processing time and costs, as
well as maintaining a cleaner process environment. In addition
to these methods, researchers have introduced trace amounts of
gases, such as nitrogen, argon, and boron into the CVD reactor
during deposition to alter the plasma characteristics to produce
smoother films (Ref 18, 19).

Silva et al. (Ref 20) attempted to grow smooth diamond
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films at lower temperatures by employing a two-step growth
process. They proposed to promote non-diamond-phase nucle-
ation onto (111) faces. However, no significant progress con-
cerning the smoothness of the film was obtained. Difficulties
were encountered in promoting secondary nucleation on a par-
ticular facet at low deposition temperatures (∼550 °C). Sec-
ondary nucleation occurs more favorably on (111) and (100)
diamond facets (Ref 21, 22). Instead, they proposed using a
gold interlayer between two diamond layers to control the sur-
face roughness. Chen and Hong (Ref 23) and Kumar et al. (Ref
24) used a two-step growth process that was similar to that used
by Silva et al. (Ref 20) to produce diamond like carbon (C)
films. These workers used such processes to control the stress
and to improve the adhesion of the resultant films. In addition,
smooth nanocrystalline diamond films have also been depos-
ited using a range of methods (Ref 25-43).

Recently, a new time-modulated CVD (TMCVD) process
for depositing smooth diamond films was reported (Ref 44).
The key feature of the new process that differentiates it from
other conventional CVD processes is that it pulses CH4, at
different concentrations, throughout the growth process,
whereas, in conventional CVD, the CH4 concentration is kept
constant, for the full growth process, at one value. In TMCVD,
it is expected that secondary nucleation processes occur during
the stages of higher CH4 concentration pulses. This can effec-
tively result in the formation of a diamond film involving
nucleation stage, diamond growth, secondary nucleation, and
the cycle is repeated. The secondary nucleation phase can in-
hibit the further growth of diamond crystallites. The nuclei
grow to a critical level and then are inhibited when secondary
nuclei form on top of the growing crystals and fill up any
surface irregularities. This methodology of diamond deposition
presents a new regimen of film growth compared with the
traditional columnar growth mode observed with conventional
diamond CVD processes.

The process of dynamic film growth using CH4 modulations
constitutes an interesting concept in CVD diamond technology.
The first article on TMCVD was published in 2002 (Ref 44).
As a comparison, the process was also implemented for dia-
mond growth using both hot-filament CVD and microwave
CVD systems (Ref 45, 46). The authors then published the first
article highlighting the role of substrate temperature in time-
modulated diamond deposition (Ref 1). In this article, the au-
thors discuss the TMCVD process in depositing diamond films.
However, the TMCVD process is not yet fully understood; for
example, the mechanisms involved during film growth remain
uninvestigated.

2. Experimental

Diamond films were deposited onto silicon (Si) (100)
substrates (5 × 5 × 0.5 mm). The substrates were abraded

with diamond powder prior to film deposition to enhance the
nucleation density. A conventional hot-filament CVD sys-
tem (Ref 45) was used to deposit the diamond films. Prior to
the depositions, the filament was precarburized to prevent
filament poisoning. Before loading the samples in the CVD
reactor, the substrates were ultrasonically cleaned in acetone
for 10 min to remove any loose abrasive particles. In this
investigation, four types of samples (samples A-D) were
prepared. The conditions used during the growth of sam-
ples A to D are shown in Table 1. The variations in sub-
strate temperature with CH4 flow during the preparation of
samples A to D are shown schematically in Fig. 1(a) to (d).
The substrate temperature was measured using a K-type ther-
mocouple, which was kept close to the substrate during depo-
sition.

A scanning electron microscope (SEM) was used to char-
acterize the films for morphology. A surface profiler was used
to measure the surface roughness of the films. In addition, a
micro-Raman system with a 632 nm helium-neon laser was
used to characterize the diamond films for diamond-C-phase
purity. The hardness of the coatings was measured using a
Vickers hardness tester. The load applied during the hardness
testing was 5 N for 20 s.

3. Results

Figure 2 displays SEM micrographs showing the surface
morphologies of samples A, B, C, and D. It is evident that the
four samples displayed different morphologies from one an-
other. However, all the samples displayed good film uniformity
and coverage. For simplicity, samples A and C, and samples B
and D have been grouped, and from here onward these groups
are referred to as set I and set II, respectively. In set I, the
samples were prepared under conditions where the substrate
temperature was fluctuated during the timed CH4 modulations,
whereas set II samples were prepared using TMCVD, under
conditions where the substrate temperature was kept fixed, at a
constant value, throughout the total number of timed CH4

modulations. From the four samples, samples C and D con-
sisted of smaller-sized diamond crystallites, where the average
crystallite size was in the nanometer range. Although the av-
erage diamond crystallite size changed in each of the four
samples, the crystal orientation was found to be predominantly
(111).

Figure 3 displays the Raman sketches corresponding to the
samples: (a) A, (b) B, (c) C, and (d) D. The diamond charac-
teristic Raman peak, centered at 1332 cm−1, was observed with
all the samples except in the case of sample D. A broad band
corresponding to the nondiamond impurities also appeared at
around 1580 cm−1 in samples C and D. The slight broad band/
shoulder observed in Fig. 3(a) disappeared in the Raman sketch
for sample B. Generally, it was observed from the assessments

Table 1 Deposition conditions employed during preparation of samples A, B, C, and D

Sample
H2 flow,

sccm
CH4 flow,

sccm
CH4 modulation

times, min
Pressure,

torr
Growth

time, min
Substrate

temperature, °C

A 150 4.5, 3 8, 10 30 126 776-802
B 150 4.5, 3 8, 10 30 126 802
C 150 6, 3 8, 10 30 126 760-802
D 150 6, 3 8, 10 30 126 802
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of the intensities of the Raman diamond peaks and the nondia-
mond C-phase bands present on the Raman spectra that set I
samples displayed better film quality.

The promotion of secondary nucleation during the high CH4

modulations is an integral and distinctive feature of the
TMCVD process. Figure 4 displays SEM micrographs showing
secondary nucleation occurring after modulating CH4 at 4.5
sccm (Fig. 4a) and 6 sccm (Fig. 4b) for 10 min. It is important
to note that prior to the CH4 pulses, diamond deposition was
conducted under standard conditions (2% CH4, constant flow)
for 1 h using the hot filament chemical vapor deposition
(HFCVD) system. The SEM images showed that secondary
nucleation occurred, in both cases, during the CH4 bursts at 4.5
and 6 sccm. However, the secondary nucleation density is
greater after the CH4 burst at 6 sccm than after that at 4.5 sccm.
This can be expected, because at higher CH4 concentrations
C-containing radicals are present in the reactor in greater
amounts, which favors the growth process by initiating dia-
mond nucleation. The average secondary nucleation crystallite
size was in the nanometer range. The SEM image shown in Fig.
4(b1) was magnified and was shown in Fig. 4(b2) to allow
closer examination of the secondary nuclei. It is evident that
the generation of secondary nucleation has led to the successful
filling of the surface irregularities found on the film profile,
between the mainly (111) crystals with these newly formed
nanosized diamond grains. Figure 4(c) pictorially shows the

consequence of modulating CH4 on the production of second-
ary diamond crystallites on the surface of the diamond film.
The surface roughness values of the two samples (in Fig. 4)
were measured, and it was found that the 10 min CH4 pulse at
6 sccm produced a smoother surface, giving rise to a surface
roughness average (Ra) value of 0.25 �m, whereas the 10 min
CH4 burst at 4.5 sccm produced a less smooth film surface at
an Ra value of 0.28 �m.

Figure 5(a) shows the growth rates for samples A to D. The
growth rate values were generally higher for samples C and D
than for samples A and B. The average growth rates for
samples A, B, C, and D were found to be 0.70, 0.77, 1.20, and
1.58 �m/h, respectively. Figure 5(b) shows the graph repre-
senting the surface roughness of samples A to D. It can be seen
that set II samples displayed relatively lower surface roughness
values. The difference in the Ra values, as shown in Fig. 5(b),
for samples A and B was 0.05 �m. Further, the difference in
the Ra values for samples C and D was 0.11 �m. Figure 5(c)
displays the graph showing the Vickers hardness data for
samples A, B, C, and D. The variation in the data obtained with
each of the four samples is shown on the graph in Fig. 5(c). A
load of 500 g for 20 s was used to perform the indentations in
assessing the hardness of the four samples. The average hard-
ness values for samples A, B, C, and D were 685, 700, 840, and
1406 HV, respectively. The Vickers hardness values, displayed
in Fig. 5(c), show a linear relationship, as was observed with

Fig. 1 Variations in substrate temperature and CH4 flow during the TMCVD process for samples (a) A, (b) B, (c) C, and (d) D
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the growth-rate results (Fig. 5a). After the indentations, the
indented samples were closely examined using optical micros-
copy for any possible film delamination from the substrate. No
such delamination was observed in all of the four samples
tested, and the film coatings remained bonded to their respec-
tive silicon (Si) substrates. Si is a widely used substrate mate-
rial for diamond deposition, and because it is a strong carbide-
forming material good adhesion can be anticipated between the
film coating and the Si.

A previous investigation (Ref 47) has demonstrated that the
TMCVD process presents a different and new regimen of film
growth compared with the traditional columnar growth mode
observed with conventional diamond CVD processes. Because
the distinctive feature of the TMCVD process is the timed CH4

modulations, it was necessary and also timely to study the
influence of such CH4 modulations on the substrate tempera-
ture during film deposition. Substrate temperature is another
critical parameter in diamond CVD, which influences key film
properties.

Figure 6 displays the graph relating substrate temperature to
CH4 concentration (percent), in the vacuum chamber, under
standard diamond CVD growth conditions. The influence of
CH4 concentration in the vacuum reactor, during film growth,
was monitored at three different pressures: 10, 50, and 100 torr.
Generally, the substrate temperature decreased with increasing
CH4 concentration. It should be noted that the observed tem-

perature trend was obtained in the presence of two gases,
namely, CH4 and hydrogen, which were present in the reactor
chamber during diamond CVD. Although the trend remained
the same at the three different pressures (10, 50, and 100 torr),
on increasing the deposition pressure the substrate temperature
gradually decreased.

To monitor the changes in the substrate temperature when
the flow of CH4 into the chamber is stopped, at a certain point
in the growth process an experiment was performed in which
the CH4 flow was terminated at a certain point while maintain-
ing the constant, steady flow of hydrogen gas (Fig. 7). Two sets
of experimental runs were conducted to study the influence of
CH4 concentration in the reactor chamber on the substrate tem-
perature. Prior to CH4 termination, the reactor consisted of 2%
and 3% CH4, then subsequently in each of the two cases the
CH4 flow into the reactor was terminated, and the substrate
temperature was measured while the reactor pressure was (a)
kept constant (Fig. 7a) and (b) not kept constant (Fig. 7b). In
Fig. 7(a), it is worth noting that the pressure in the reactor
chamber was kept constant, at 30 torr, throughout this experi-
ment. It is interesting to note that the substrate temperature
increased exponentially and reached a steady state after ap-
proximately 60 s (Fig. 7a). It is clear from Fig. 7(a) that the
final measured temperature was the same in both of the ex-
perimental runs, and that at this point the CH4 had been evacu-
ated from the reactor and from here onward only hydrogen

Fig. 2 SEM images showing the surface morphologies of samples A to D
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plasma existed in the vacuum chamber. It can be seen from
both graphs in Fig. 7(a) and (b) that the substrate temperature,
at the beginning of the experiment, was noted to be relatively
high for lower CH4 concentrations. Figure 7(b) shows the sub-
strate temperature results obtained when the pressure was not
kept constant. Therefore, as the CH4 molecules were being
pumped out of the reactor, the pressure in the chamber de-
creased, as expected. When initially there was 2% CH4 in the
reactor at 30 torr pressure, prior to CH4 flow termination, the
final pressure noted at the end of the experiment was 25 torr.
However, when the initial CH4 concentration was 3% at 30 torr
pressure, the final pressure noted was 22 torr. Due to this 3 torr
difference in the final pressure reading, which alters the mean-
free-path (MFP) values of species in the reactor, there is a
difference in the steady-state temperature observed in both
cases. The final temperature values, noted after the complete
evacuation of CH4 from the chamber, when the initial CH4

concentration was 2 and 3% were 870 and 877 °C, respectively.
Therefore, the difference of 7 °C in the substrate temperature
corresponds to the 3 torr difference in reactor pressure, which
was noted.

To investigate the independent effect of CH4 on the sub-
strate temperature, only CH4, without any hydrogen flow, was
introduced into the vacuum chamber and the substrate tempera-
ture was measured. Figure 8 shows that the substrate tempera-
ture remained almost constant, at around 730 °C, with varying
CH4 flow at 25 torr pressure. The experiment was also repeated
for only hydrogen flow and no CH4 in the chamber (Fig. 9).
Once again, the substrate temperature remained constant, at a
value of approximately 810 °C, with the H2 flow rate. The
pressure was maintained at 30 torr at the different H2 flow

rates. The flow rate used in this experiment for H2 gas was
increased from 50 to 200 sccm in 50 sccm increments.

The variation in the substrate temperature with timed CH4

modulations can be noticed from Fig. 10. Two CH4 flow values
were used in this experiment, 4.5 and 3 sccm, which represent
3 and 2% of CH4 in the vacuum reactor, respectively. At 4.5
and 3 sccm CH4 flows, the substrate temperatures recorded
were 811 and 827 °C, respectively. In modulating the CH4 flow
from 4.5 to 3 sccm and vice versa (i.e., one modulation cycle),
the average stabilization time required was approximately 35 to
40 s. As the CH4 flow was reduced from 4.5 to 3 sccm, the
substrate temperature increased steadily and then stabilized to
a constant value. The steady temperature was attained only
after the CH4 reached a steady-state value.

In preparing film samples in set II, the substrate temperature
was kept constant during the CH4 modulation cycles by adjust-
ing the filament power accordingly. Figure 11 displays the
graph showing the relationship between filament power
(Watts) and CH4 flow (sccm) to keep the substrate temperature
at 800 °C. Generally, as the CH4 content increased in the cham-
ber at 30 torr pressure, more power was required to maintained
the 800 °C substrate temperature. At 1.5 sccm CH4 flow, the
filament power required to maintain the target temperature was
approximately 193 W, whereas, at 7.5 sccm CH4 flow, the
filament power used was 256 W.

4. Discussion

Again for simplicity, samples were prepared in which the
substrate temperature fluctuated during the CH4 modulation
cycles (samples A and C), which from here onward are referred
to as temperature-fluctuated films (TFFs), whereas samples
prepared under constant substrate temperature (samples B and
D) are referred to as temperature-controlled films (TCFs). Fur-
thermore, from this point onward, samples A and B are labeled
as set A, and samples C and D as set B. The principal differ-
ence in preparing set A and B is the different CH4 flow rates
used during the depositions. Set A samples were prepared us-
ing lower flows of CH4, whereas, set B samples were deposited
using relatively higher CH4 flows, as shown in Fig. 1.

In discussing the results of this investigation, it is reasonable
to attribute the experimental observations and findings related
to the morphological changes together with the variation in the
film properties displayed by TFF and TCF to two possible
factors, namely, (1) the concentration of CH4 in the vacuum
reactor and (2) the substrate temperature during film deposi-
tion. The results of this study are discussed with respect to
these two factors.

4.1 CH4 Concentration

Because the CH4 flow into the CVD reactor is modulated
during film deposition, it is important to have an understanding
about the quantity of C-containing species reaching the sub-
strate surface, where the effective chemical vapor reactions
take place to deposit the solid film. The number of molecules
colliding on the surface of the substrate (Sn), Knudsen flow, per
unit area, per unit time can be written as:

Sn =
1

4
P ��� (Eq 1)

Fig. 3 Raman spectra of samples (a) A, (b) B, (c) C, and (d) D
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where P is the pressure and (v) is the velocity of the molecules.
The MFP of the molecule, �, is given by:

� =
1

�2 �d 2 P
(Eq 2)

where d is the diameter of the gas molecule. Substituting for P
into Eq 1 gives:

Sn =
���

4�2 �d 2 �
(Eq 3)

From Eq 3, it can de deduced that the number of molecules
striking the substrate surface is inversely proportional to the
MFP. It can be deduced from Eq 2 that the MFP is inversely
proportional to the diameter of the molecule. The modulation
of CH4 from a low flow to a high flow will reduce the MFP (Eq
2), and, therefore, there will be an increase in the number of
molecules striking the substrate. This will effectively lead to
the formation of high-density diamond particle nucleation.

Therefore, in set B, it is expected that at the higher CH4 bursts,
the number of C-containing radicals arriving at the substrate
surface will be high compared with those in set A. Also, the
MFP value will be lower, during the higher CH4 bursts, and,
therefore, there will be more collisions with more C-containing
plasma species, which results in the generation of more dia-
mond grains leading to higher nucleation processes occurring
during the growth process. It has been shown (Ref 48) that the
TMCVD process is very effective and efficient in increasing
the homogeneous nucleation density of diamond crystallites on
cemented tungsten carbide (WC-Co) substrates.

Raman spectroscopy showed that the film quality, in terms
of diamond-C-phase purity, of set A samples was better than
that of set B samples. It should be noted that the total flow of
CH4 into the vacuum chamber during the growth process was
higher for depositing set B samples than for depositing set A
samples. The presence of increased an quantity of CH4 in the
CVD reactor generally has an adverse effect on the global film
quality (Ref 49). It is interesting to note that the slight shoulder
appearing at around 1580 cm−1 for sample A almost disap-
peared in sample B. This suggests that the degree of nondia-

Fig. 4 SEM micrographs showing secondary nucleation occurring after modulating CH4 at (a) 4.5 sccm and (b) 6 sccm for 10 min. (b2) is the
magnified view of image (b1). (c) is the pictorial representation of the consequence of modulating CH4 on the production of secondary diamond
crystallites on the surface of the diamond films
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mond C phases in sample B decreased in magnitude compared
with the non-diamond-phase levels in sample A. The SEM
analysis and the Raman results support the authors’ claims
concerning the superiority of the film quality of sample A to
that of sample B. Although there is a slight broad band emerg-
ing at around 1580 cm−1 for set B samples, the intensity of the
characteristic Raman diamond peak was greater compared with
the broad band. It is known that the Raman scattering coeffi-
cient is significantly higher for graphitic phases than for dia-
mond phases (Ref 50). Thus, even very small concentrations of
sp2 phase could be easily detected using Raman spectroscopy.
This implies that in set B, where the samples display the broad
graphitic peaks, the overall quality of the film samples can be
expected to be reasonably good.

The higher growth rates in set B are also due to the in-
creased flow of CH4 into the reactor. It is known that higher
CH4 content in the vacuum reactor results in increased growth
rates. Furthermore, according to Eq 3 the number of molecules
striking the substrate surface is higher at higher CH4 concen-
tration, which also lowers the MFP value. The effect of CH4

concentration on growth rate can be explained by using Eq 1 to
3. The TCF samples displayed surface profiles that were rela-
tively smooth compared with their corresponding TFF samples.

Fig. 5 Graphs showing the (a) growth rate, (b) surface roughness,
and (c) Vickers hardness values for samples A to D

Fig. 6 Graph relating substrate temperature to CH4 concentration
(percent) in the vacuum chamber under normal diamond CVD growth
conditions. Readings were taken for three pressures: 30, 50, and 100
torr

Fig. 7 Graph showing the variation in substrate temperature, once
CH4 is terminated and the hydrogen flow is kept constant. In (a) the
reactor pressure was kept constant, and in (b) the pressure was not kept
constant.
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This is related to the secondary nucleation, as depicted in Fig.
4, which takes place during the high CH4 modulations and is
dependent on three parameters: (a) pressure, (b) temperature,
and (c) CH4 concentration. Figure 4 justifies the profound in-
fluence of CH4 concentration on secondary diamond crystallite
nucleation during the TMCVD process. The increased second-
ary nucleation density leads to the production of nanosized
diamond crystallites. According to the classic nucleation theory
(Ref 51) for spherical or cubic crystallites:

Secondary nucleation rate �cm−2 s−1� =
growth rate �cm � s−1�

crystal size
(Eq 4)

The growth rate of diamond films deposited using CVD
method is profoundly influenced by three parameters: (a) CH4

concentration, (b) substrate temperature, and (c) deposition
pressure. In this case, only parameters (a) and (b) were changed
during the TMCVD process, and the pressure was kept con-
stant during TFF and TCF depositions. Generally, it is known

that the growth rate increases with CH4 concentration, pres-
sure, and substrate temperature. The influence of temperature
on diamond film deposition in TMCVD is discussed in the next
section.

The relationship in Eq 4 shows that as the growth rate
increases and the crystallite size decreases, the secondary
nucleation rate increases. The above relationship can be used to
explain the results obtained in this study relating to surface
morphology, crystallinity, surface roughness, and secondary
nucleation rates. The findings in this research are consistent
with Eq 4. The Vickers hardness tests displayed higher values
for TCF samples than for their counterpart TFF samples. It is
known that the hardness of a polycrystalline material is in-
versely proportional to its average grain size. Therefore, the
smaller the grain size in the polycrystalline film, the higher the
Vickers hardness value for that material.

4.2. Substrate Temperature

In TMCVD, the fluctuations in the substrate temperature
during the timed CH4 modulations need to be considered, be-
cause substrate temperature is a critical parameter having a
significant influence on the diamond CVD process. There are

Fig. 8 Graph showing the variation in substrate temperature, when
only CH4 is present in the chamber. The pressure was kept constant at
25 torr.

Fig. 9 Graph showing the variation in substrate temperature, when
only hydrogen was present in the chamber. The chamber pressure was
kept constant at 30 torr.

Fig. 10 Variation in the substrate temperature during a single timed
CH4 modulation

Fig. 11 Graph showing the relationships among CH4 flow (sccm),
CH4 concentration (percent), and filament power (watts)
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three main factors that can contribute to the substrate tempera-
ture changes observed during CH4 modulations: (a) gas species
thermal motion, (b) chemical reactions between C-containing
species and hydrogen, and (c) the C-phase transitions. It is
important to realize that generally during diamond CVD, these
three factors come into play simultaneously.

According to the kinetic theory of gases, the average speed
of the molecule is directly proportional to the temperature:

��� =�8kT

�m
(Eq 5)

In hot-filament CVD, CH4 and H2 decompose at or near the
filament surface and, consequently, form hydrogen-terminated
methyl radicals. These C-containing radicals travel a certain
distance to reach the substrate. The hydrogen-terminated meth-
yl radicals may be traveling with a certain velocity (i.e., with
kinetic energy attained from the filament temperature) and may
impinge on the substrate surface. Therefore, at high filament
power, the molecules travel with greater velocity, and the tem-
perature of the substrate is directly related to the kinetic motion
of the gas. At constant pressure, the speed of the molecule is
directly related to the filament temperature. However, before
discussing the effects of filament power on the film-growth
process, it was noticed that the substrate temperature also de-
pends on the nature of the reactive gas present inside the CVD
reactor. When the CVD reactor contained both CH4 and H2, the
temperature decreased with increasing CH4 concentration. The
decrease in substrate temperature (Fig. 5) with CH4 concentra-
tion is due to the higher reaction rate of CH4 with the disso-
ciated hydrogen (endothermic reaction). Therefore, more C-
species reach the substrate and condense on the surface to form
the diamond grains. The condensation of the C-plasma species
onto the surface to nucleate into diamond particles is consid-
ered to be a cooling process; therefore, the substrate tempera-
ture drops with increased CH4 content. The increase in the
substrate temperature, shown in Fig. 7(a) and (b), is due to the
relatively low reaction rate between the atomic hydrogen and
methyl radicals. The temperature remained steady when there
was no CH4 in the chamber. This is to be expected because
enthalpy changes only when there are reactive species in the
CVD reactor. When the vacuum chamber contains either CH4

or H2 alone (Fig. 8, 9), the dissociation and formation of CH4

molecules is in equilibrium. Therefore, there is no enthalpy
change, and the substrate temperature remains constant.

In performing a single timed CH4 modulation, as part of the
TMCVD process, it takes some time for the temperature to
reach a constant value (Fig. 10). There is no sharp or abrupt rise
in the substrate temperature, as seen in Fig. 10. The tempera-
ture remained steady only after the CH4 concentration had
reached a constant value.

It needs to be noted that the substrate temperature was kept
constant in preparing TCF samples by accordingly adjusting
the filament power. It was found that the filament power in-
creased almost linearly (Fig. 11) with CH4 flow and concen-
tration in the vacuum chamber, at 30 torr pressure, to maintain
the target 800 °C substrate temperature.

During the deposition of TCF samples in sets A and B, the
substrate temperature was kept constant during the high CH4

flow rates by increasing the filament power. Increasing the
filament power at a higher CH4 content in the reactor also
increases the following parameters: (a) gas temperature close to

the filament, (b) MFP, (c) atomic hydrogen, (d) ionization rate,
and (e) electron emission current. Although an expression for
MFP (�) was used in Eq 2, MFP is also directly related to the
temperature; therefore, Eq 6 can be used to explain the affect of
temperature on �:

� =
RT

NAP��2 �2
(Eq 6)

where R is the universal gas constant, T is the temperature of
the molecule, and NA is Avogadro’s constant. In accordance
with Eq 6, as the filament power is increased at high CH4 flow
modulations during the deposition of TCF samples, the MFP
increases. Due to this, the gas temperature increased too, and it
can be expected that the molecules will travel with a greater
velocity (Eq 5) and reach the substrate more rapidly. When this
begins to happen, the flux of C-containing species rushes to the
substrate where an increased number of effective reactions
takes place. In the case of TCF in set B, the substrate surface
becomes saturated with C-containing species. As a result more
nanosized diamond crystallites are produced, and this also re-
duces the presence of the diamond C phase in the depositing
film. The increase in the filament power results in an increase
in the electron emission current, which increases the ionization
rate. The increased ionization rate enables the production of a
greater quantity of atomic hydrogen.

It is worth noting that hydrogen ions are very important in
contributing significantly to the overall quality of the deposit-
ing films, because atomic hydrogen etches graphitic phases
more favorably than etching diamond phases. During the de-
position of TCF samples in sets A and B, it can be stated that
the concentration of atomic hydrogen in the CVD reactor was
greater compared with the concentration of hydrogen in the
reactor during the deposition of TFF samples in sets A and B.
Due to the increased etching of the nondiamond phases present
in the TCF samples, the TCF samples contained relatively less
sp2 C.

The other main factor mentioned earlier, C-phase transition,
occurring during diamond CVD also has a significant influence
on the growth properties of diamond films. During diamond
CVD, sp3 C bonds appear under metastable conditions. The
transition from sp2 bond to sp3 and/or from sp bond to sp3

requires a large amount of localized energy (not under thermal
equilibrium). This phenomenon can potentially lead to a de-
crease in the substrate temperature. Some researchers have
shown that the growth of diamond on a nondiamond substrate
is not a single-step process (Ref 52). Direct evidence for the
formation of graphite on the substrates prior to diamond nucle-
ation has been reported (Ref 53). It was found that the graphite
film, formed initially on the substrate surface, greatly enhanced
diamond nucleation (Ref 54). The high-resolution transmission
electron microscopy (TEM) study of nucleation and the growth
of diamond on copper TEM grids in HFCVD by Singh et al.
(Ref 55) provided direct evidence for the formation of a dia-
mondlike amorphous C layer, 8 to 14 nm thick, in which small
diamond nanocrystallites, approximately 2 to 5 nm in size,
were embedded, and large diamond crystallites were observed
to grow from these nanocrystallites. It has been suggested (Ref
55) that nanocrystalline diamond grains were formed as a result
of the direct transformation of the amorphous carbon into dia-
mond, with the intermediate layer providing nucleation sites.
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5. Conclusions

Polycrystalline diamond films were deposited onto Si sub-
strates using the new TMCVD process. In this investigation,
the influence of two parameters has been studied: (a) CH4

concentration and (b) substrate temperature on diamond depo-
sition using timed CH4 modulations. For comparison, four
types of samples were deposited. The TFF samples were de-
posited where the substrate temperature fluctuated during film
growth. However, in depositing the TCF samples, the substrate
temperature was kept constant throughout the growth process.
Filament power was adjusted, accordingly, to stabilize the sub-
strate temperature during the high and low CH4 modulations.
The variations in the CH4 content and the substrate temperature
were discussed in relation to a number of factors, including, for
example, MFP and thermal gas velocities. The findings
strengthen the understanding of the TMCVD process when
used to deposit diamond films.
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