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Nanocrystalline diamond films have been successfully synthesized on plastic substrates at substrate tem-
peratures below 100 °C using a microwave plasma chemical-vapor deposition technique. This has been real-
ized by using low reaction-gas pressures and a surface-wave plasma with a low-electron temperature over the
growth region. The nanocrystalline diamond films exhibit growth rates with much lower temperature depen-
dence than conventional diamond growth and decreasing nucleation rates with increasing substrate tempera-
tures. These phenomena imply a different growth mechanism from conventional diamond syntheses. In addi-
tion, our analysis on the crystal size distribution of the nanocrystalline diamond film indicates the possibility of
diamond nucleation in a stable phase in the plasma. The gas-phase nucleation, invoked by the low-electron
temperature of the surface-wave plasma, well explains the low-temperature growth and the temperature de-
pendences of the growth rate and the nucleation rate.

DOI: 10.1103/PhysRevB.82.125460 PACS number�s�: 68.55.ag, 68.55.aj, 81.15.Gh

I. INTRODUCTION

Diamond is very useful as an engineering material due to
its superlative physical properties, such as the highest hard-
ness and thermal conductivity of any bulk materials. Further-
more, exceptional aspects of its superb physical properties
have gathered interest from a technological view point. For
example, diamond is a unique electrical insulating material
with high thermal conductivity, which is expected to solve
the growing thermal problem in electronic devices �e.g., by
using such as silicon-on-diamond substrates�.1

For industrial use, in particular, diamond thin-film synthe-
sis is important. Generally speaking, diamond thin films are
synthesized by using a chemical-vapor deposition �CVD�
technique. Typical substrate temperatures during the CVD
process exceed 700 °C for conventional microcrystalline
diamond �MCD� �Ref. 2� and 400 °C for nanocrystalline
diamond �NCD�.3 These high substrate temperatures have
limited the substrate materials that can be used for diamond
film deposition. Thus, the low-temperature growth gives
wide substrate selection, which will lead to many innovative
new applications.

From this point of view, many efforts to lower the depo-
sition temperature of diamond have been made.4–10 Ong et
al.4 have developed a low-temperature diamond deposition
process using microwave plasma CVD �MWPCVD� method
in a pulsed mode. They reported diamond deposition on
quartz substrates at average substrate temperatures of
400–600 °C. Muranaka et al.5 have characterized diamond
films grown on Si substrates by MWPCVD at substrate tem-
peratures between 130 and 750 °C. Ihara et al.6 have used
hot-filament CVD �HFCVD� for low-temperature deposition
of diamond on Si wafers. They obtained diamond particles
on the substrate at a substrate temperature of 135 °C. Yara et
al.7 have reported diamond deposition at a substrate surface
temperature of 200 °C using magnetoactive MWPCVD. Re-
cently, Piazza and Morell8 have reported nanocrystalline dia-
mond growth on polyimide films at substrate temperatures of

around 250 °C by using sulfur-assisted HFCVD. In our pre-
vious work,9,10 we have deposited continuous NCD films on
Si and glass substrates at substrate temperatures of
100–500 °C using a microwave surface-wave plasma. In
spite of these attempts, conclusive evidence that a diamond
film can grow at a substrate temperature as low as 100 °C
has not been reported so far. Convincing evidence of dia-
mond growth at even lower substrate temperatures than
100 °C will lead to the next generation of diamond applica-
tions in industry.

In this work, in an attempt to lower the substrate tempera-
ture during the diamond growth process using MWPCVD,
we have successfully synthesized NCD films on plastic sub-
strates at substrate temperatures below 100 °C. We have se-
lected polyphenylene sulfide �PPS� as the substrate material,
which is a widely used engineering plastic with the melting
point of 285 °C. In hitherto known diamond CVD processes,
plastic substrates have hardly been used due to high process
temperatures of diamond synthesis.

The key technology for the low-temperature diamond
deposition in this work is the use of the surface-wave
plasma11 in the MWPCVD process. It gives a stable plasma
at a low-pressure reaction gas below 102 Pa and a low-
electron temperature below 5 eV over the CVD growth re-
gion. These two points are essential for the low-temperature
growth of diamond in the present work. We have used lower
pressures of the reaction gas than those in conventional dia-
mond CVD processes, which are effective in maintaining
low substrate temperatures. In conventional diamond CVD
processes, reaction-gas pressures of 103–104 Pa are used in
general. In the present work, we have used much lower pres-
sures of 2�101–4�102 Pa than those in conventional pro-
cesses. At such low pressures, a plasma is hardly maintained
using conventional MWPCVD systems. In contrast, the
surface-wave plasma is maintained with stability at those
low pressures. In addition, the surface-wave plasma has a
low-electron temperature over the CVD region �bulk plasma
region�.12,13 The low-electron temperature of the surface-

PHYSICAL REVIEW B 82, 125460 �2010�

1098-0121/2010/82�12�/125460�8� ©2010 The American Physical Society125460-1

http://dx.doi.org/10.1103/PhysRevB.82.125460


wave plasma is efficient at suppressing excessive carbon de-
composition that results in the presence of nondiamond com-
ponents in the deposited film. Our plasma diagnoses have
revealed that the electron temperature is 2.6�0.5 eV in the
CVD region while those in conventional MWPCVD process
exceed 5 eV.14,15

II. EXPERIMENT

PPS plates with 50�50�2 or 25�25�2 mm3 in size
were used as substrates for CVD growth of NCD. Before the
CVD treatments, the substrates underwent seeding pretreat-
ments by using ethanol or water suspension with dispersed
detonation nanocrystalline diamond powder of 5 nm in aver-
age crystal size. The suspension was spread on the substrate
by using a spin coater or by using ultrasonication.

The low-temperature MWPCVD treatments were carried
out in a reaction chamber with a slot type antenna on a wave-
guide attached to the top flange. A schematic illustration of
the MWPCVD system is shown in Fig. 1. A microwave of
1.5 kW at 2.45 GHz is radiated from the slot and introduced
into the chamber through a quartz window under the slot. A
surface-wave-excited plasma is generated under the window.
This MWPCVD system is different from the one used in our
previous work,9 which is equipped with antennas in quartz
tubes for the surface-wave-plasma excitation. In the CVD
process, reaction-gas pressures in the range of 2.0
�101–4.0�102 Pa were used. Plasma parameters such as
plasma �electron� density ne and electron temperature Te of
the plasma generated by the MWPCVD system were mea-
sured using a Langmuir double probe with hydrogen gas at
pressures of 10–100 Pa. As a result, almost constant Te
around 2.6�0.5 eV over the CVD region was obtained
while Te=4–9 eV at the plasma generation region �just un-
der the quartz window�. The CVD region is distant 85 mm
below the window. The measured ne exhibited 2–10
�1011 cm−3 at the plasma generation region, which is larger
than the cutoff density nc=7.4�1010 cm−3 of a 2.45 GHz

microwave plasma.11 This indicates that the plasma is ex-
cited and sustained by surface waves along the window.

We adopted a H2+CH4+CO2 gas mixture for the reaction
gas. The same concentrations in the range of 5–20 % were
used for CH4 and CO2. In general, reaction gas mixtures of
hydrogen-diluted carbon source gas, CH4 in most cases, are
used in diamond CVD processes to remove nondiamond
components in deposited films using etching by atomic
hydrogen.16 At low substrate temperatures such as below
600 °C, however, the atomic-hydrogen etching is insuffi-
cient to remove nondiamond components. Hence we intro-
duced CO2 into the reaction gas mixture to enhance the etch-
ing effect at low substrate temperatures by oxygen.17–19

We applied a water cooled substrate holder to maintain
the substrate below 100 °C. The substrate temperature was
monitored by a K-type thermocouple in contact with the sub-
strate surface.

After the MWPCVD treatments, the deposited films on
the substrates were characterized using Raman-scattering
spectroscopy to confirm diamond formation, on a UV-excited
Raman system JASCO NRS-1000 UV �excitation
wavelength=244 nm, 100 mW�. X-ray diffraction patterns
of the films for the estimation of the average crystallite sizes
were obtained using a Rigaku Rint Ultima III x-ray diffrac-
tometer with Cu K� radiation �wavelength=0.1542 nm, 40
kV, 40 mA�. High-resolution transmission electron micros-
copy �TEM� images were taken on a Hitachi H-9000 TEM
system with an acceleration voltage of 300 kV. Film thick-
nesses were measured optically on a Filmetric F20 thin-film
thickness measurement system.

III. RESULTS

Figure 2 demonstrates the importance of lowering the
substrate temperature, showing the effect of exposing the
PPS substrate to a plasma at a temperature exceeding
100 °C. Figure 2�a� shows a PPS substrate before the expo-
sure. The PPS substrate shown in Fig. 2�a� was exposed to a
microwave plasma of a H2+CH4+CO2 gas mixture in the
CVD chamber under the same gas conditions as the NCD
synthesis. When the substrate temperature exceeds 100 °C,
the PPS substrate is damaged by the plasma, as demonstrated
in Fig. 2�b�. The white material in Fig. 2�b� is residuary filler
that was present in the PPS substrate before the CVD process
�the plastic decomposed during the process�. In contrast to
this, the PPS substrate does not suffer any appreciable dam-
age when the substrate temperature is below 100 °C. Thus in
order to avoid damage from the plasma, the substrate tem-
perature is required to be maintained below 100 °C. This
indicates that the hydrogen-plasma etching strongly depends
on the substrate temperature.

Figure 3 shows a PPS substrate after the CVD treatment
at a substrate temperature of around 80 °C without any no-
ticeable damage. A color pattern by optical interference is
observed on the PPS substrate in the picture, which indicates
the formation of a transparent thin film. Figure 4 shows typi-
cal Raman-scattering spectra of films deposited on the PPS
substrates using an excitation wavelength of 244 nm. Spectra
from two films deposited for different duration of the CVD
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FIG. 1. Schematic illustration of the microwave plasma CVD
system used for the low-temperature deposition of nanocrystalline
diamond films.
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growth are demonstrated in the figure, i.e., 4 and 8 h. For
comparison, a Raman spectrum of a PPS substrate without
the CVD treatment is also shown in the figure. One can see
clearly the signature of diamond at 1333 cm−1 in Raman
shift. The intensity of the diamond peak increases with depo-
sition time, indicating the growth of the diamond film in the
CVD process.

Figure 5 demonstrates a typical x-ray diffraction pattern
�using Cu K�� of the diamond film on PPS. In the pattern,
the peak of reflection from diamond �111� planes is observed
at 2�=43.9° while an untreated PPS substrate exhibits no
diffraction peak near that position. The average crystallite
size of the film is estimated from the broadening of the dif-
fraction peak of �111� by using the Scherrer equation.20 The
inset of Fig. 5 depicts the �111� diffraction peak fitted by the
Pearson VII function.21 We have used the full width at half
maximum of the fitted Pearson VII function, and conse-
quently the average crystallite size is approximately 5.5 nm.
This indicates that the film on the PPS substrate consists of
nanocrystalline diamonds.

IV. DISCUSSION

A. Growth rate

In order to analyze the mechanism of the NCD deposition
at temperatures below 100 °C, first, growth rates are esti-

mated. The growth rate r is defined as film thickness grown
per unit time. Hence r=L / t, where L and t, respectively, are
the film thickness and the deposition time �duration of the
CVD treatment�. The growth rates r of NCD films in the
present work have been estimated from experimentally ob-
tained L and t. Figure 6 displays the growth rates of NCD
films on PPS, stainless steel, silicon �Si�, and sintered tung-
sten carbide �WC� substrates at various substrate tempera-
tures, deposited by the microwave surface-wave plasma
CVD system using the same gas mixture and pressure �20
Pa�. The substrate temperatures range below 100 °C for the
PPS, around 470 °C for the stainless steel, 500–600 °C for
the Si, and around 700 °C for the WC substrates. Typical
growth rates of MCD �Ref. 22� and ultrananocrystalline dia-
mond �UNCD� �Ref. 3� are also indicated in the figure.

Assuming that the growth rate does not depend on the
substrate material, the activation energy of the growth rate is
derived from the temperature dependence of the growth rates
�Arrhenius plots�. Suppose the growth rate r is related to the
substrate temperature T by an Arrhenius-type form r
�exp�−Ea /kBT�, where Ea is derived from the gradient of a
least-square fit among the growth rates. Here kB denotes the
Boltzmann constant. In the case of Fig. 6, the derived Ea is
0.069�0.012 eV. This value is much lower than typical ac-

FIG. 2. �Color� Demonstration of damage to a
PPS substrate by a plasma exposure. �a� A PPS
substrate before a plasma exposure. �b� The PPS
substrate after an exposure to a plasma of a H2

+CH4+CO2 gas mixture in the CVD chamber at
substrate temperatures from 145 to 167 °C for 5
min. The PPS substrate was damaged and decom-
posed by the plasma exposure, leaving white re-
siduary filler shown in �b�.

FIG. 3. �Color� PPS substrate after the CVD process at a sub-
strate temperature below 100 °C �around 80 °C�. A color pattern
can be seen on the surface, indicating formation of a transparent
film.
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FIG. 4. Typical Raman spectra of films deposited on the PPS
substrates using an excitation wavelength of 244 nm. Spectra from
two films via different durations of the CVD growth displayed, i.e.,
4 and 8 h. A typical spectrum of a bare PPS substrate before the
CVD treatment is also shown. The peak around 1333 cm−1 in Ra-
man shift indicates the diamond signature, the intensity of which
increases with increasing duration of the CVD treatment.
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tivation energies of UNCD �0.254�0.019 eV �Ref. 3��, con-
ventional MCD �1.00�0.05 eV �Ref. 22��, and homoepi-
taxial single-crystalline diamond �0.3�0.1, 0.78�0.09, and
0.52�0.17 eV for �100�, �110�, and �111� growth,
respectively23�. In a similar style to Robertson,24 Fig. 6
shows a comparison of the temperature dependence of
growth rates among the MCD,22 the UNCD,3 and the NCD in
the present work. The differences of the activation energies
are clearly observed in the figure. The result implies that the
growth mechanism of the NCD in the present work is differ-
ent from that in the MCD or in the UNCD growth.

For further analysis of the growth mechanism, the nucle-
ation rate is estimated. In the present work, the average crys-

tallite size obtained from x-ray diffraction is independent of
the film thickness, i.e., the average crystallite size is almost
constant regardless of the film thickness. This indicates that
the size distribution of diamond crystals does not change
considerably from near the substrate to the surface of the film
like the UNCD film.25 This fact suggests the constant occur-
rence of diamond renucleation on the surface of the growing
NCD film during the CVD process.25 In contrast to this situ-
ation in general, typical MCD films consist of columnar
grains. This type of morphology indicates that the diamond
nucleation occurs on the substrate surface and the nucleated
grains continue to grow throughout the deposition process.

B. Nucleation rate

Considering the discussion above, nucleation rates of the
NCD growth are estimated by using a simple growth model.
To simplify the estimation, we assumed a constant nucleation
rate per unit area per unit time, �, for a given substrate tem-
perature. Furthermore, each nucleated diamond crystal on the
growing diamond film surface is assumed to grow up to the
mean crystal diameter �d�, i.e., the diamond film is con-
structed from diamond crystals with a uniform size of �d�. In
addition, nucleation is assumed to occur randomly on the
growing surface and the diamond film grows layer by layer
on average. This model of the growing diamond film is de-
picted schematically in Fig. 7.

Using this simple model, the nucleation density per unit
area, n, is described as n=1 / �d�2=�t0. Here t0 is the time for
which a layer with a thickness of �d� grows. In addition, the
growth rate of a film r can be written as r= �d� / t0�=L / t�.
Hence the nucleation rate � is given by

� =
r

�d�3 . �1�

Here, L, t, and �d� are obtained experimentally. Thus, the
growth rates r and the nucleation rates � are evaluated by
using these experimental values.

FIG. 5. Typical x-ray diffraction pattern of a diamond film de-
posited on PPS using Cu K�. The duration time of the CVD growth
is 8 h and the thickness of the deposited diamond film is around 500
nm. A diffraction pattern from a PPS substrate without the CVD
growth is also shown for comparison. A diffraction peak at 2�
=43.9° from the reflections of diamond �111� is observed in the
pattern from the CVD-treated PPS substrate �indicated by “after
CVD growth”� while no peak is observed around that position in
the pattern from the PPS substrate with no growth �indicated by
“before CVD growth”�. The inset shows the magnified �111� peak
with a fitted curve with background elimination. The dashed line in
the inset denotes a base line.

FIG. 6. Temperature dependence of growth rates. In addition to
the growth rate of the nanocrystalline diamond in this work, typical
growth rates of microcrystalline diamond �Ref. 22� and ultrananoc-
rystalline diamond �Ref. 3� are also shown for comparison. Vertical
error bars indicate standard errors coming from uncertainty in the
determination of film thicknesses.

FIG. 7. Schematic of modeling to estimate nucleation rates. �a�
A NCD film is simplified into a film constructed from diamond
crystals with a uniform size �d� �average crystal size� �b�. On aver-
age, the NCD film grows to �d� in thickness in a time t0, i.e., the
growth rate r is described as r= �d� / t0.
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Estimated nucleation rates, �, versus reciprocal tempera-
ture are shown in Fig. 8�a� along with the growth rates, using
average crystallite sizes obtained from x-ray diffraction mea-
surements as �d�. Generally speaking, the mechanism of
crystal growth can be divided sequentially into two stages,
namely, nucleation and growth of the nuclei. In the present
work, from Fig. 8�a�, the nucleation rate decreases with in-
creasing substrate temperature T. This tendency is in contrast
with conventional nucleation, where the nucleation rate in-
creases along with temperature. In fact, in UNCD growth, for
example, the nucleation rate increase with increasing sub-
strate temperature as demonstrated in Fig. 8�b�.

Figure 8�b� shows Arrhenius plots of growth rates and
nucleation rates of UNCD film growth in HFCVD.26 The
plotted data were calculated from experimental data in Ref.
26 in the same manner as the present work. The nucleation
rate of the UNCD growth in Fig. 8�b� increases with increas-
ing substrate temperature with an activation energy of 0.64
eV, exhibiting a similar trend to the growth rate. This type of
temperature dependence of the nucleation rate coincides with
the conventional nucleation. On the other hand, in the NCD
growth in the present work in Fig. 8�a�, the nucleation rate
seems not to be thermally activated. It decreases with in-
creasing substrate temperature. In other words, the NCD

growth is hardly explained by a model based on the conven-
tional nucleation at the substrate surface. This suggests that
the nucleation occurs in the surface-wave plasma via a dif-
ferent mechanism from that of usual nucleation.

C. Growth mechanism

Generally speaking, the texture structure of a thin film
reflects its history of growth. The morphologies and the di-
mensions of grains or crystallites in the film therefore give a
fingerprint of the growth mechanism. From this point of
view, we have investigated crystal size distribution of a NCD
film synthesized on a PPS substrate at a substrate tempera-
ture of �86 °C, in order to analyze the nucleation and the
growth mechanism further. The size distribution has been
obtained from a high-resolution TEM image shown in Fig.
9�a�. The obtained size distribution is presented in Fig. 9�b�.
From this figure, the NCD film is found to consist of spheri-
cal diamond crystals ranging from 3 to 10 nm.

In the current investigation, it was determined experimen-
tally that the surface roughness does not depend on the film
thickness, which indicates that there is no correlation be-
tween successive nucleation events. Therefore, a Poisson
process, with nucleation at a constant rate �, can be utilized.

The probability Pr�N�t+��−N�t�=k� of the number of
nucleation occurrences N�t+��−N�t�=k in a time interval
�t , t+�� at a nucleation site with a mean area �d�2 is ex-
pressed by a Poisson distribution P�k ;��d�2�� as

Pr�N�t + �� − N�t� = k� = P�k;��d�2�� =
���d�2��ke−��d�2�

k!
,

k = 0,1, . . .

Next, the distribution of the time interval between successive
nucleation occurrences � is derived. Supposing no nucleation
occurs in the time interval � and one nucleation occurs in the
next small interval d�, the total probability is obtained as a
product of two Poisson distributions due to the independence
between the two events as follows:

P�0;��d�2��P�1;��d�2d�� = ��d�2e−��d�2��+d��d�

� ��d�2e−��d�2�d� �d� � 0� .

�2�

In this case, the distribution function f��� is written as

f��� = ��d�2e−��d�2�.

A diamond crystal grows at a growth rate r within a time
interval �. One therefore obtains d=r�. Since r is a constant
and d�=dd /r, using Eqs. �1� and �2�, the distribution func-
tion of the crystal size F�d� is given as

F�d� =
��d�2

r
e−��d�2/rd =

1

�d�
e−d/�d�.

The distribution function F�d� is normalized since f��� is
normalized.

As shown in Fig. 9�b�, few diamond crystals smaller than
3 nm in diameter are present. This fact suggests the existence

FIG. 8. Temperature dependence of growth rates and nucleation
rates of �a� nanocrystalline diamond films in this work and of �b�
ultrananocrystalline diamond in Ref. 26, plotted in the same scales
for comparison. In �a�, three kinds of substrates were used for spe-
cific substrate temperature ranges, namely, PPS for below 100 °C,
stainless steel for around 470 °C, silicon �Si� for 500–600 °C, and
sintered tungsten carbide �WC� for around 700 °C. In �b�, the plot-
ted data are calculated using experimental data taken from Ref. 26.
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of a minimum size of diamond crystals. Here the minimum
diameter is defined as dmin. Substitution of d�=d−dmin for d
yields a distribution function F�d�� as

F�d�� = F�d − dmin� .

Fitting F�d�� to the experimental size distribution in Fig. 9�b�
using �d� and dmin as fitting parameters, �d�=5.4 nm and
dmin=3.0 nm have resulted in the best fit. As demonstrated
in Fig. 9�b�, F�d��, using �d�=5.4 nm and dmin=3.0 nm, re-
produces the size distribution well. This value of �d� is quite
close to the average crystallite size obtained from the x-ray
diffraction �5.5 nm�.

Diamond is a stable phase of carbon �more stable than
graphite� at a pressure of over 2 GPa at room temperature.
The pressure at which diamond is stable increases with in-
creasing temperature.27 The majority of commercially avail-
able synthetic diamonds are produced by high-pressure high-
temperature process. In this process, diamonds grow in metal
solvent such as Fe, Co, and Ni �Ref. 28� under a thermal
equilibrium condition, for example, at a pressure of 5 GPa at
1500 °C. In this case, diamond is a thermodynamically
stable phase.

On the other hand, responding to a demonstration of the
presence of small diamonds ��5 nm� in meteorites,29

Nuth30 has pointed out the possibility that nanometer-sized
diamond is stable in that particular size regime even at low
pressures where a bulk diamond is metastable. In the size
regime, thermodynamic predictions based on the bulk prop-
erties are not necessarily applicable to nanometer-sized par-
ticles. He attributed the reversal in the relative stability be-
tween diamond and graphite to increasing effect of surface
free energy on the stability with decreasing dimensions of
carbon particles.

By developing this discussion, more elaborated investiga-
tions into the stability of nanometer-sized diamond have
been made to date.31–36 Badziag et al.31 have proceeded with
the Nuth’s discussion using a semiempirical quantum chem-

istry calculations. They concluded that diamonds of 3–5 nm
in size are more stable than graphite regardless pressure or
kinetics. Several other theoretical investigations have
reached results of a similar peaked size distribution for dia-
mond nanoparticles in a stable phase.32–34,36 Raty and Galli,34

in particular, have applied the discussion to the diamond
CVD growth that requires the presence of hydrogen, using
first-principles calculations. They found that the size distri-
bution should exhibit a sharp peak at around 3 nm in the
presence of hydrogen on the surfaces of diamond nanopar-
ticles for a broad range of pressures and temperatures. They
also suggested that diamonds start to grow from particles of
this size to a film. In the present work, few crystals less than
3 nm are found in the crystal size distribution shown in Fig.
9�b�, which indicates that the minimum size is 3 nm for our
CVD process. In other words, the diamond crystals start to
grow from 3 nm. This result supports these theoretical dis-
cussions.

In several experiments, nucleation of diamond in the gas
phase at atmospheric or subatmospheric pressures has been
observed.37–41 Frenklach et al.38 have extracted diamond ag-
gregates from deposits collected from a microwave plasma
without using any substrates. The aggregates typically exhib-
ited 50 nm in diameter. They revealed that each aggregates
consisted of many smaller diamond crystallites using
selected-area electron diffraction. This is the evidence for the
diamond nucleation in a stable phase in a microwave plasma.

Hwang et al.35 have proposed a diamond CVD growth
model by charged clusters. In elaborating the model theoreti-
cally, Jang and Hwang36 have suggested remarkable reduc-
tion in the activation free energy for the diamond nucleation
in the gas phase. They suggest that the diamond nucleation
occurs in a plasma under certain conditions. They also dem-
onstrated the existence of a broad but a deep potential-energy
well for the cluster size larger than a critical size correspond-
ing to the activation free energy. This implies that the nucle-
ated diamond crystal in a plasma hardly transform into
graphite.
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FIG. 9. TEM characterization to obtain the size distribution of diamond crystals. �a� A high-resolution TEM image of a NCD film on PPS.
Diamond �111� lattice fringes are observed in some particles. �b� The size distribution of diamond crystals in the NCD film, the data of which
were taken from the TEM image �a�. Each frequency for respective crystal diameter is normalized by the total sample number of 112. The
solid line indicates a theoretically derived distribution function of crystal size d, fitted to the experimental data.
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The above discussion indicates the possibility of diamond
nucleation in the gas phase under certain conditions. Once
the gas-phase nucleation is assumed, the extremely low-
temperature growth of diamond and the temperature depen-
dences of the growth rate and the nucleation rate in the
present work become understandable. That is to say, the sub-
strate temperature is not responsible for the diamond nucle-
ation in the gas phase. A nucleated diamond cluster in the
plasma precipitates onto the substrate and grows there until
another diamond cluster falls on it. The substrate temperature
affects only the growth rate of the precipitated diamonds on
the substrate. This assumption naturally leads to the NCD
film growth at substrate temperature below 100 °C and the
weak temperature dependence of the growth rate. Moreover,
under the gas-phase nucleation, the substrate temperature is
also considered not to be responsible for the nucleation rate.
However, the nucleated diamonds are etched by atomic hy-
drogen and oxygen in the plasma, the rate of which increases
with increasing substrate temperature. This explains the re-
ciprocal temperature dependence of the nucleation rate.

In summarizing the foregoing discussion, we have
reached the following model for the NCD growth in the
surface-wave plasma. �1� Diamond crystals nucleate and
grow into nuclei clusters of �3 nm in size in the plasma.
The diamond clusters precipitate on the substrate. �2� The
precipitated clusters grow, or are removed by the hydrogen
�oxygen� plasma etching, which depends on the substrate
temperature.

The decreasing nucleation rate with increasing tempera-
ture in Fig. 8�a� is attributed to the increasing etching effect
of the hydrogen �and also the oxygen� plasma on the clusters
which increases with temperature. The nucleation in the
plasma enables the low-temperature deposition of NCD films
on plastic substrates at below 100 °C.

Dielectric particles in a plasma, such as the diamond clus-
ters nucleated in the plasma, are bombarded by ions. The
energy of the ions is proportional to the electron temperature
of the plasma. The high-energy ion bombardment caused by
a high electron temperature13,42 blasts the nucleated dia-
monds in the plasma, viz., diamonds hardly nucleate in a
high-electron-temperature plasma including conventional
microwave plasmas for diamond growth �over 5 eV�.14,15

The low-electron temperature of the surface-wave plasma
enables the gas-phase nucleation with a nucleation rate
around 1010 /cm2 s �Fig. 8�a�� even in a hydrogen-rich
plasma, whereas a conventional hydrogen-rich plasma re-

duces diamond renucleation, so that MCD films are grown.25

Besides, the low-electron temperature suppresses excessive
decomposition of carbon precursors, which causes nondia-
mond components in the deposited film. In brief, the low-
electron temperature of the plasma is essential for the gas-
phase nucleation in the low-temperature growth of diamond
as well as for the reduction of the nondiamond-component
formation. The gas-phase nucleation is indispensable for the
diamond deposition at such low temperatures.

V. SUMMARY

Using low pressures of the reaction gas and a microwave
surface-wave plasma with a low-electron temperature, NCD
films have been grown on plastic �PPS� substrates at sub-
strate temperatures below 100 °C. Raman-scattering spectra
of the films indicate diamond film formation under such low
substrate temperatures. X-ray diffraction and TEM observa-
tion reveal that the average diamond crystal size of the film
is around 5 nm. An analysis of the temperature dependence
of growth rates and nucleation rates suggests a different
growth mechanism from that in usual diamond growth.
Moreover, an analysis of the size distribution of diamond
crystals in the film implies diamond nucleation in a stable
phase in the plasma, which is invoked by the low-electron
temperature of the surface-wave plasma. The gas-phase
nucleation enables an explanation on the mechanism of the
low-temperature growth of NCD films on plastic substrates
in the present work.
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