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Abstract Thin films of curved surface nanocrystalline diamond (CS-NCD) are a category
of important materials. However, the development of such materials is still a highly
challenging task. Here we present a novel approach to synthesizing CS-NCD thin films
deposited on non-spherical surfaces of molybdenum substrate using direct current plasma
jet chemical vapor deposition. A special cooling system was designed and applied to
ensure uniform substrate temperature. It is demonstrated from simulation and experimental
results that this system is favorable for the production of thin films. The results show that
the quality of CS-NCD thin films depends on the selection of optimal values of parameters
including CH,4 concentration, substrate temperature, and chamber pressure. If the CHy
concentration and/or the substrate temperature is too high or low, it results in non-diamond
phase or micron-crystalline diamond thin films. Synthetic CS-NCD thin films using the
proposed method have a smooth surface and uniform thickness. The average grain size and
the mean surface roughness are approximately 30 and 4.3 nm respectively. Characteristics
of CS-NCD thin film spectra comprised of the full width at half maximum with broad
Raman peaks around 1,140 and 1,480 cm™, confirming the presence of the NCD phase.
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Introduction

Nanocrystalline diamond (NCD) thin films possess outstanding properties such as low
threshold for field emission, high surface smoothness and hardness, excellent biocom-
patibility, high thermal conductivity, and low friction coefficient [1-4]. They have been
synthesized by various CVD technologies, such as DCPJCVD [5, 6], Pulsed laser
deposition (PLD) [7], hot filament CVD (HF-CVD) [8], and microwave plasma CVD
(MW-CVD) [9, 10]. Synthetic NCD thin films are usually flat and wafer-like [11]. For
example, Zhou [12] prepared NCD thin film by MW-CVD, and Meng [13] prepared
NCD thin film on cemented carbide using a high extended DC arc plasma process with
high current. Morell [14] investigated the synthesis, microstructure, and field emission
properties of sulfur-doped NCD by HF-CVD. During the past decade, CS-NCD thin
films have attracted widespread attention due to their promising applications as semi-
conductor, biomaterial, microwave optical window of high speed flight heat-seeking
missile dome, and coating machining tools, cold-cathode electron sources and micro- and
nano-electromechanical systems [15]. To the authors’ knowledge, however, there has
been no report of growing CS-NCD thin film on non-spherical surface molybdenum
(Mo) substrate. Huang and Lunn [16, 17] only synthesized small size micron level
curved surface diamond thin films by HF-CVD. This might be due to the synthesizing
process being very sophisticated, as it is particularly difficult to maintain a constant
temperature distribution over the whole curved surface substrate. The consequence of
non-uniform temperature distribution may be significant residual stress and impurity in
CS-NCD thin film. It may also have negative impacts on both the quality and the grain
size of the film.

As an alternative to the experimental approach, computer simulation study of the
growth process of diamond film is an increasingly useful method due to its low cost, high
efficiency and reproducibility [18]. To authors’ knowledge, most simulation reports have
been based on micro-Monte Carlo and molecular dynamics [19, 20]. They are powerful for
describing the growth of NCD thin films. However, these methods are inconvenient and
inefficient for simulating surface temperature and mass flow in the synthesizing process. In
general, CS-NCD thin films can grow on heterogeneous substrates such as Mo, Si, and
cemented carbide alloy. Considering that both the coefficient of thermal expansion (CTE)
and the lattice constant of diamond are significantly different from those of the substrate, it
is more difficult to grow CS-NCD thin films on curved substrates than on planar substrates.
In this paper, a synthetic process for depositing CS-NCD thin films on non-spherical
surfaces is reported and the properties of the films are characterized using atom force
microscopy (AFM, SPM-9600), field emission scanning electron microscopy (FE-SEM,
JSM-6700F), Raman spectroscopy (LABRAM-HR), and roughness-profile metering
(MMD-100). AFM is a form of scanning probe microscopy. It works by scanning an
extremely fine probe at the end of a cantilever across the surface of a material, which can
provide a 3D profile of the surface and much more topographical information than optical
or scanning electron microscopes. FE-SEM is used to visualize very small topographic
details on the surface of materials. Researchers employ this technique to observe the
microstructure of materials that may be as thin as 1 nm. Raman spectroscopy is a proven
and very important non-destructive characterization technique for distinguishing micro-
sized particles of C-polymorphs, as it is very sensitive to the nature of carbon bonding. A
typical application is in situ identification of inclusions of C-polymorphs (diamond—
graphite) in CS-NCD.
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Experimental Set-Up and Procedure
Experimental Set-Up

A modified LP-30 direct current plasma jet CVD system was used to synthesize CS-NCD
thin films on a curved substrate. The schematic diagram is shown in Fig. 1. It includes a
mixed gas input system, a cooling system, an electrical system and a plasma torch. In the
CVD system, a particular DC arc plasma torch is employed. The torch is a magnetic and
fluid dynamically controlled, large orifice, and long discharge tunnel plasma torch. To
stabilize the plasma arc an external magnetic field is applied, which rotates the plasma arc
and forms uniform and stable plasma fluid to coat the substrate surface evenly. The plasma
torch consists of a rod-like cathode, which is usually made of tungsten alloy, and a circular-
ring anode made of oxygen-free copper. A novel cooling water recycling system has been
designed to cool the CVD system [21].

Experimental Procedure

Curved surface nanocrystalline diamond (CS-NCD) thin films were formed by depositing
the particles on the non-spherical surface of Mo substrate as shown in Fig. 1. Mo was
adopted as the substrate because its crystal structure is similar to that of diamond, and thus
CS-NCD thin film can grow easily on a Mo substrate. The substrate temperature was
measured using an optical infrared pyrometer, and the temperature signal was transmitted
to a computer which issued directions to control both the plasma torch power and the flow
rate of cooling water. The substrate temperature could thus be precisely controlled. Before
the CS-NCD thin films were grown, the Mo substrate was pretreated by diamond powder
pre-polishing and ultrasonic cleaning, with a suspension of 0.1-30 um diamond powder in
ethanol and atomic hydrogen etching respectively. When the films began to grow, the
reaction chamber was injected with a pure argon and reactive gas mixture consisting of
argon (Ar), high-pure (99.99 %) methane (CH,), and hydrogen (H,). The total gas mixture
pressure was kept at 50-60 Torr. The CH,4 concentration was 1.0-10.0 %. The substrate
temperature was in the range of 830-1,150 °C. By controlling the CH,4 concentration and
the deposition time at 25-50 min, the CS-NCD thin films were allowed to grow to about 1
micron thickness. The other experimental ambient conditions have been described in detail
elsewhere [22]. FE-SEM, AFM, roughness-profile metering, and Raman spectroscopy were
used to characterize the microstructure, internal quality, and surface morphology of the
CS-NCD thin films.

A Novel Cooling System Designation

Uniform temperature distribution of the curved surface substrate is crucial for the growth of
CS-NCD thin films. Any temperature fluctuation of the substrate can induce non-tolerant
residual stress in CS-NCD thin films. Such non-tolerant residual stress can even result in
rupture of the film, or the diamond thin film may contain impurities such as graphite or
amorphous carbon. It is difficult to maintain a constant temperature over the whole curved
surface substrate using existing cooling systems. Indeed, in our previous experiments, we
have found that synthetic CS-NCD contain many impurities and defects. This is due to the
center area temperature of the substrate being 10 % higher than that at the edge. To overcome
this problem, we designed a new cooling system incorporating the following aspects:
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Fig. 1 Schematic diagram of the direct current jet plasma vapor deposition system

1. The curved surface substrate was laid on a copper base with good thermal
conductivity.

2. A circulating cooling channel was installed on the base of copper, to control the wall
thickness of the copper base. The thickness of the copper base is assumed to be
inversely proportional to the distribution of the substrate temperature; in other words,
the higher the substrate temperature, the thinner the wall thickness of the copper base
is. A thinner copper base has a higher cooling rate and takes more heat away from the
substrate.

3. The copper base wall is in contact with the curved surface substrate when it is
produced (see Fig. 2). Therefore its curve should theoretically be the same as that of
the curved surface. To make the manufacturing process tractable, the copper base was
formed in a stepwise ring structure or a spherical structure (see Fig. 2), which
approximately matched the surface shape of the substrate (either convex or concave
surface structure).

4. During the deposition process, the cooling system continuously injects water to keep
the substrate cool. The temperature variation of the substrate surface is controlled
within the range of 0.6-1.5 % of the maximum temperature.

Figure 2 shows the design of the cooling system of the curved surface substrate based
on the description above. A cooling system with a convex surface substrate is shown in
Fig. 2a and one with a concave surface substrate system is shown in Fig. 2b. It contains a
copper base (indicated by 6 or 12 in Fig. 2), and its upper surface is in contact with the
lower surface of the substrate (1 or 7 in Fig. 2). The copper base is a hollow curved
structure. The function of component 2 or 8 in Fig. 2 is to distribute circulating water to
the whole system, and for this purpose it is installed under the copper base. Component 2
or 8 contains nine inlet channels (3 or 9 in Fig. 2) and eight outlet channels (4 or 10 in
Fig. 2). There is a cooling water chamber (5 or 11 in Fig. 2) between the copper base and
component 2 or 8. To ensure that sufficient cooling water remains in 5 or 11 and
effectively implements the heat exchange with the copper base, the hole size of the inlet
channel (3 or 9 in Fig. 2) should be larger than that of the outlet channel (4 or 10 in
Fig. 2).
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Fig. 2 Cooling system of curved surface substrate, a convex surface substrate cooling system, b concave
surface substrate system

The inner surface on the top of the wall of cooling water chamber 5 or 11 is in contact
with substrate 1 or 7. It has the same radius as the curved surface substrate. The surface
temperature distribution of the substrate varies inversely with the wall thickness of the
cooling water chamber. In other words, a higher temperature region of the curved surface
substrate corresponds to a smaller wall thickness.

The new cooling system is shown in Fig. 2. The wall thickness 4i (i = 1-5) (see Fig. 2)
of the copper base is determined using the following equations:

h1 = 0.0004R + 1.3563 (1)

2 = —0.0001R* + 0.0046R + 1.8674 (2)
h3 = —0.0051R + 2.8717 (3)

h4 = —0.0027R + 3.9076 (4)

h5 = 0.0001R? — 0.0118R + 5.1713 (5)

where R is radius of the curved surface of the substrate, and h1-h5 are shown in Fig. 2.
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Results and Discussion
Numerical Simulation Using Finite Element Method

In this section, fields of temperature and mass transfer during the synthesis process are
simulated using finite element method. The physical model of CS-NCD used in the cal-
culation is based on the following assumptions: (1) DC plasma is an ideal plasma and the
distributions of velocity and pressure are assumed to satisfy Maxwell’s equations (2) the
temperature of ionized atoms is assumed to be approximately equal to the temperature of
atoms (3) the Spalart—Allmaras nonlinear equations are used to simulate the thermal
dynamic process of the plasma jet. In the analysis, the DC plasma flow is regarded as a
stationary fluid. Thus, the assumption of Spalart—Allmaras flow can be used in the present
flow problem. The deposition chamber is simplified for modeling the process using the
following equations. The synthesizing process of CS-NCD thin films satisfies the mass
conservation equation, momentum conservation equation, and energy conservation
equation [23].

Basic Equations for Mass Transfer

The mass increase of the fluid micro unit per unit time is equal to the flow of the net mass
into the domain of the micro-element in the same time interval. The mass conservation
equation of the problem is written as:

op , d(pu) O(pv)  O(pw)

5+ Ox + Oy + 0z =0 (6)

Making use of vector symbol div(a) = 0a,/Ox 4 0a,/0y + 0a./0z, Eq. (6) can be simplified
as

afp-l-div(,oU) =0 (7)

ot

where p is the mass density,  is the time variable, U (={u, v, w}) is the velocity vector, i, v,

and w are the components of the velocity U in the x, y, and z directions respectively.
The rate of change of momentum of the fluid in a micro-element is equal to the total of

external forces loading the domain of the micro-element. The momentum conservation

equation can then be written as:

0(pu) . _ Op | Oty | 01y | 01y
o(pv) . 0p 0Oty Oty Oty
7 - _ = Y) ) F
o + div(pvU) 6y+ o + 3 + o +F, 9)
0 op 0Ot Oty Oty
MJraliv(pwU) =P T O Tz (10)

ot ox Ox Jy 0z

where p is pressure of the fluid micro-cell, 1, T,, andt,, are viscous stress components of
the micro-surfaces due to molecular viscous effects, Fx, Fy, and Fz are the body forces of
the micro-cell in the X, y, and z directions respectively.
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Basic Equations for Heat Transfer

The experiment involves the flow system of heat exchange, which complies with the

energy conservation law. The energy E of a fluid usually consists of internal energy E;,

kinetic energy K = (u* + v* + w?)/2, and potential energy P. The internal energy E; is a

function of the temperature 7, i.e. E; = CpT; meanwhile, the total energy E is also a

function of the temperature 7. Eq. (11) represents the energy conservation equations.
o(pT)

——=+div(pUT) = div (ﬁgradT> +Sr (11)
ot cp

Eq. (11) can be written in expanded form as follows:

o(pT) n o(puT) N o(pvT) n O(pwT) _ 0 (kOT\ 0 (koT 0 (koT g
cp Ox dy \¢, Oy cp 07 r

ot Ox Oy 0z  x

0z
(12)

where ¢, is the specific heat capacity, T is temperature, k is the heat transfer coefficient of

the fluid, S7 is the internal heat source of the fluid due to fluid mechanical energy being

sometimes converted to heat energy by the viscous effect, and is termed viscous dissi-

pation. The simplified heat transfer coefficient & (W/m? °C) of water cooling is given by
9 _gpcw(To —Ti)

N AT =T~ A(ls—To) (13)

where A is the area of contact (m?) with water at the bottom of the substrate; Tg is
temperature (°C) over the bottom of the substrate; Ty, is the temperature (°C) of the water
on the surface of the substrate, Q is the heat flux (W); q is the cooling water flow rate (m3/
s); p is the water density (kg/m3); ¢y is the water heat capacity (J/(kg °C); T, is the inlet
temperature of the cooling water (°C); T, is the outlet temperature (°C) of the cooling
water. The rate of water flow is measured by flow rate sensor, and the flow rate signal is
transmitted to a computer which issues a directive to control the flow rate of cooling water,
producing a heat exchange coefficient of 10-20 KW/(m?> °C) between the cooling water
and the copper base.

Numerical Simulation by Finite Element Method

Numerical solutions for Eqs. (6)—(12) can be obtained using the well-known finite element
method [24-27]. In the following, finite element results for temperature field and mass
transfer are presented to verify the experimental observations.

In the calculation, the following aspects are considered. During the deposition process,
the main component of the reaction gas is hydrogen, and the volume ratio of H, is
90-99 %, while the proportion of methane is only 1-10 %. The total flow of the gas is
9,500 sccm. The gas mixture flows into the reaction chamber from the anode nozzle with a
diameter of 76 mm. After the gas pressure in the reaction chamber reaches stability, the
entrance pressure is 0.1 MPa, the gas outlet pressure is 4.5-5.0 kPa, the gas flow rate is
4.5-5.0 m s, and the temperature is in the range of 7,000-10,000 K. Physical parameters
of the materials are presented in Table 1. The finite element results of mass transfer and
temperature simulation on the curved surface substrate are shown in Figs. 3 and 4,
respectively.
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Table 1 Physical parameters of materials

Materials Density Specific Thermal Viscosity
(kg/m3) heat (J/kg K) conductivity (kg/m s)
(W/m K)
Gas mixture 0.7693 8101.07 0.09918 1.40815¢%
Mo 10,200 251 137 -
304 8,030 502.48 16.27 -

Figure 3 shows the finite element results of pressure, temperature, and velocity dis-
tributions for three radii of curvature of the convex substrate (R): 134, 108, and 91 mm
respectively. The corresponding visualized pressure distributions are shown in Fig. 3a, d,
g, visualized velocity distributions in Fig. 3b, e, f, and visualized temperature distribu-
tions in Fig. 3c, f, i, respectively. These results show that the pressure, velocity, and
temperature fields display similar variation for all three radii of curvature of the convex
substrate. It is observed that the distributions of the pressure and velocity fields on the
spatial substrate are slightly non-uniform. Pressure reaches its maximum value at the
center of the convex substrate and then gradually decreases with an increasing radius of
convexity. Figure 3b, e, f also show that velocity gradually decreases with a decrease in
the radius of the convex substrate. There is a stagnant area near the center of the substrate
where the velocity is almost zero. This finding agrees well with the corresponding
experimental results. It can be concluded that the pressure reaches its maximum and the
velocity reaches its minimum at the center of the convex substrate. This conclusion agrees
well with the theoretical analysis and the experimental results. However, Fig. 3c, f, i show
that the distribution of temperature on the spatial substrate is nearly uniform. There is no
obvious temperature fluctuation over the entire surface of the substrate except for a
slightly lower temperature at the edge of the substrate. This finding also agrees well with
the observation from experiment. The effectiveness of the new cooling system is thus
verified by numerical prediction and experimental observation. The system can provide
nearly uniform temperature on the substrate surface, which is vital for uniform growth of
CS-NCD thin film.

Figure 4 shows the finite element results of pressure, velocity, and temperature fields for
different radii of curvature of the concave substrate (R) (134, 108, and 91 mm). The
corresponding visualized pressure distributions are shown in Fig. 4a, d, g, the visualized
velocity distributions in Fig. 4b, e, f, and the visualized temperature distribution in Fig. 4c,
f, i. These results indicate that the distributions of temperature and mass fields as well as
pressure and velocity fields in the concave substrate are similar to those in the convex
substrate. The pressure and velocity fields are non-uniform on the concave substrate. The
velocity of plasma is the lowest and the corresponding pressure is the greatest in the center
of the substrate. Meanwhile, there is an approximately uniform temperature field on the
domain of substrate except for a slight change in the edge temperature of the substrate.
This simulation prediction also agrees well with theoretical analysis and the results of
experiments. But greater fluctuation and reflux occur in the domain of concave substrate
than on the convex substrate, which would result in changes in the density distribution of
activated carbon atom, hydrogen atom, and hydrocarbon atomic groups. This would exert a
negative influence on the growth of CS-NCD film. From the above simulation results, it
can be concluded that the curved surface substrate can maintain a nearly uniform tem-
perature with the novel cooling system.
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Fig. 4 Fluid field and temperature simulation of concave substrate
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Experimental Study

The temperature distribution of the curved surface substrate was also measured in
experiment. The results are shown in Tables 2 and 3.

We conducted experiments with five different radii of curvature, namely R; = 134 mm,
R, = 108 mm, R; = 91 mm, R4, = 78 mm, Rs = 63 mm, to verify the temperature dis-
tribution of the curved surface of the substrate. The results are shown in Table 2, where Ra
is a sectional radius of the substrate, and Ra is 32.5 mm. It is found that the temperature
difference between the center of the substrate and the edge of the substrate is about
0.6-1.5 %. The distribution of temperature on the convex surface substrate is approxi-
mately uniform; thus, the temperature difference of the substrate surface is well controlled
by the cooling system. The experimental results agree well with the simulation prediction,
and indicate that the novel cooling system is favorable for growing CS-NCD thin films.

The temperature distribution of five different radii of curvature of the concave substrate is
shown in Table 3, indicating that the temperature of the center of the substrate surface is
0.8-1.3 % lower than at the edge of the substrate. Using the novel cooling system, the distri-
bution of temperature on the concave surface substrate shows no obvious fluctuation, which is
nearly the same as the simulation prediction. A uniform temperature distribution is one of the
most important factors for successful preparation of CS-NCD thin films. CS-NCD thin films can
be synthesized on either the convex or concave substrate. However, we also find that plasma has
superior flow stability on the convex substrate than on the concave substrate, as shown in Figs. 3
and 4. Thus, in this paper, CS-NCD thin films are synthesized on the convex surface substrate.

FE-SEM Analysis

Some FE-SEM images of curved diamond thin films are shown in Fig. 5. FE-SEM seems
to be a suitable technology for distinguishing microstructure characterization and the grain

Table 2 Temperature distribution of different radii of the convex substrate in experiment

Measurement points Experimental Distance from center of substrate (mm)
parameters

0 mm 1/4 Ra 1/2 Ra 3/4 Ra Ra

Chamber pressure: Temperature Experiment 1 945 941 937 934 931
50-60 Torr, Ar, substrate/ °C  pyperiment 2 930 927 923 919 916
H, and CH, .

Experiment 3 912 908 904 901 898
Experiment 4 870 867 864 861 859
Experiment 5 844 841 838 836 833

Table 3 Temperature distribution of different radii of the concave substrate in experiment

Measurement points Experimental Distance from center of substrate (mm)
parameters

0 mm 1/4 Ra 1/2 Ra 3/4 Ra Ra

Chamber pressure: Temperature Experiment 1 938 940 943 945 949
50-60 Torr, Ar, substrate/ °C  Eyperiment 2 925 927 930 933 937
Hs and CH, Experiment 3 912 914 917 920 923

Experiment 4 890 892 894 897 900
Experiment 5 871 873 876 877 879
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Fig. 5 EF-SEM images of carbon thin films produced by different processes, a CS-NCD thin film, CH,
concentration 4.7 % and substrate temperature 940 °C, b secondary growth humps on carbon thin film, CHy
concentration 4.7 %, substrate temperature 1200 °C, ¢ curved surface nanocrystalline-like diamond thin
film, CH, concentration 8.0 %, substrate temperature 945 °C, d enlarged section, e curved surface
microcrystalline diamond film, CH, concentration 1.7 %, substrate temperature 930 °C

size of CS-NCD and non-CS-NCD thin film. Figure 5 compares the Raman spectra of
some different representative growth processes.

It can be seen from the visible FE-SEM image shown in Fig. 5a that the CS-NCD thin
film was synthesized with CH,4 concentration 4.5 % and substrate temperature 950 °C. It
can be observed that the CS-NCD thin film is composed of some nanoclusters and exhibits
a flat and compact microstructure. The surface of the film consists of ball-like diamond
particles. The reason for the development of this surface might be that, in a high CH4
concentration, the growth of a non-diamond carbon phase caused secondary nucleation and
prevented crystal faceting. The CS-NCD thin film exhibits grain sizes in the range of
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20-40 nm in diameter with well-defined grain boundaries. Small grains can be seen in the
surface of the CS-NCD thin film. They vary in the range of a few tens of nanometers to
twenties of nanometers. Grains are observed to be very smooth, uniform, and there is no
appearance of sharp large crystal grains. These results confirm that CS-NCD thin films of
about 31 nm grain size can grow on the curved surface substrate.

Figure 5b shows a FE-SEM image of a curved surface diamond film synthesized with CH,4
concentration 4.5 % and substrate temperature 1,200 °C. It is evident that there are some
secondary growth humps on the surface of the diamond film. Those humps extend to the
interior of the film and present floccus and lack of orientation. The hump size is approximately
200400 nm. This film differs significantly from both microcrystalline and NCD films. Thus
it is evident that substrate temperature is an important growth process parameter, as even at
the same CH,4 concentration, it is possible to synthesize different carbon films which cannot
grow CS-NCD thin films if the substrate temperature is too high, as in Fig. 5b.

Figure 5¢ shows that when the methane concentration is 8 % and the curved surface
substrate temperature is 940 °C, the surface grains of the diamond film synthesized are <1
micron and at nano-level, thus indicating that CS-NCD thin film has been synthesized. Yet
there are some large sharp grain groups on the surface of the diamond film. A particular
part of the surface is enlarged and shown in Fig. 5d. The surface grains are about 20 nm,
but the size of the large raised grain group is nearly 200 nm. These large raised grain
groups are deleterious to the properties of diamond film, resulting in more residual stress,
increased surface roughness, low and non-uniform wave-transparency. The reason for the
appearance of outstanding grain groups in the second nucleation surface is probably that
when diamond film grows under a much higher CH, concentration, after the second
nucleation there is still a large number of activated carbon atoms and carbon atom groups.
These groups grow more rapidly in a favorable position than the surrounding grains,
resulting in a third nucleation in the secondary nucleation surface.

The synthetic curved surface thin diamond film shown in Fig. 5e was grown when the
methane concentration is 1.7 % and the substrate temperature is 920 °C. Figure 5e reveals
clearly the surface morphology of the diamond film, showing (111) faces growing up
toward the film surface. This formation dominates the whole surface of the film. The grain
size varies in the range of 10-30 micron. Curved surface microcrystalline diamond film is
deposited. The grains are uniform and compact, but it is seen that the surface of the micron
diamond film is rougher than that of NCD film. Thus, when the CH, concentration is as low
as 1.7 %, it is difficult to grow CS-NCD thin film. Possible reason is that that under low
CH, concentration, after the carbon atoms are activated, carbon atom groups adsorb on the
nucleation surface and are very quickly incorporated into the lattice of the surface atoms.
No atoms remain with the opportunity to nucleate again. Secondary nucleation does not
usually occur. The grains grow rapidly along the direction of favorable growth and become
very coarse, presenting a particular crystal plane feature.

Previous studies have shown that the growth of CS-NCD thin films may contain a
significant proportion of amorphous or non-sp3 hybridized carbon atoms at grain bound-
aries, and the nanocrystalline phase results from the insertion of carbon dimers into car-
bon—carbon and carbon-hydrogen bonds, leading to heterogeneous nucleation rates of the
order of 10" cm? s~! [28].

AFM Analysis

Atom force microscopy (AFM) can effectively characterize a 3D profile of the surface. On
that basis, CS-NCD thin films like that shown in Fig. Sa were investigated by AFM.
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Figure 6 shows a typical AFM image of the surface morphology of a CS-NCD thin film
grown with Ar/H,/CH, plasma jet CVD. The image shows that the microstructure mor-
phology of the synthetic CS-NCD thin film is compact, and the small grain size is uniform.
It is also observed that the surface of the samples is characterized by a granular structure, in
which no prominent faceted orientation can be found. The granular segments of around
50-200 nm in diameter are embedded in the film. The grain size of these CS-NCD thin
films is measured in a range of 22-39 nm. The AFM image of CS-NCD thin film also
shows an average particle size of about 30 nm, and it is consistent with that in Fig. 5.

Surface Roughness Profile Study

The surface roughness profile of CS-NCD thin films is plotted in Fig. 7a, b. The figures
displays the mean surface roughness [root-mean-square (RMS)] of the diamond films
measured over an area of 3,500 nm x 3,500 nm. The mean surface roughness over the
central area and the fringe area of CS-NCD thin films is shown in Fig. 7a, b respectively.
The mean surface roughness (RMS) of the central area is measured at 4.2 nm, and the
RMS over the fringe area is about 4.4 nm. From the experiments there are no obvious
spatial dimensional changes in the CS-NCD thin films. The whole surface of the CS-NCD
thin films is found to be quite uniformly distributed and flat, which presents a high surface
roughness.

Wang et al. [29] found that mean surface roughness is one of the most critical
parameters influencing the optical properties of diamond thin films, and CS-NCD thin film
is an ideal material for optical applications. Furthermore, due to its high hardness, high
gain density and low surface roughness, CS-NCD thin film is a promising material for
application in high-precision polishing machining [30].

Raman Spectrum Study
Raman spectroscopy has become one of the most effective techniques for characterizing

disordered polycrystalline graphitic carbons. The wavelength of a 514.5 nm argon laser
Raman spectrum was used to investigate the full width at half maximum of the peak and

Digital Instruments NanoScoype
Scan size

Scan rate

Number of samples

Image Data Height
Data scale 100.0 nm

Fig. 6 AFM image of surface morphology of CS-NCD thin film
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Fig. 7 Surface roughness of CS-NCD thin film: a central area, b fringe area

the detailed bonding structure of carbon films. The Raman spectra of CS-NCD and non-
CS-NCD thin films deposited on the non-spherical surface of a Mo substrate are shown in
Fig. 8. The center and the fringe of the CS-NCD thin films are characterized by Raman
spectra, which aim to analyze the quality of the entire CS-NCD thin films, shown in
Fig. 8a, b, respectively. In Fig. 8a some Raman peaks are observed at 1,145, 1,333, 1,355,
1,495 and 1,555 cm~ ! in the central area of the thin film. These peaks are almost iden-
tically observed at 1,142, 1,334, 1,357, 1,491 and 1,555 cm~ ! in the fringe area of the thin
film, as shown in Fig. 8b. A broadened spectrum is observed, with several peaks in the
neighborhood of sp3 diamond bonding centered around 1,332 cm ™. Raman spectra of CS-
NCD thin films such as 1,355, 1,357 cm ™" are near 1,350 cm™', and 1,555, 1,355 cm ™'
are near 1,580 cm™', which are commonly known as D and G bands, respectively. They
are related to graphitic islands and amorphous carbon. The Raman is more sensitive to non-
diamond phase than to diamond phase.

The peaks centered around 1,145, 1,142 cm”! (near 1,140 cm’l) and 1,491,
1,495 cm™! (near 1,480 cm™ "), as shown in Fig. 8a, b are considered to be attributed to
trans-polyacetylene lying in the grain boundaries, and to bear no relation to C-C (sp°)

@ Springer



782 Plasma Chem Plasma Process (2014) 34:767-784

12000 -
12000 { (@) 14951555 (b)
1355 1351;19' 1555
1 ]
~ 10000 | 8 10000 133
= -
g 5 8000
S | 3 |
£ 8000 1145 =
2 3 1142
S 6000 - ¢ 6000
c ic}
= =
4000 A 4000 -
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
. -1
Raman shift (cm™) Raman shift (cm™)
1200 | © 1582 2000 1 (d) 1331
_ 1000 {
B < 1600
5 800 >
< 1351 R
-*é 600 1 %
o) c
§ 400 - E 800 -
200 400
400 800 1200 1600 2000 400 800 1200 1600 2000
Raman shift (cm™) Raman shift (cm™)

Fig. 8 Raman spectra of CS-NCD and non-CS-NCD carbon thin films, a central area of CS-NCD thin film,
CH, concentration 4.7 %, substrate temperature 940 °C, b fringe area of CS-NCD thin film, CHy
concentration 4.7 %, substrate temperature 940 °C, ¢ graphitic islands and amorphous carbon, CH,
concentration 4.7 %, substrate temperature 1,200 °C, d curved surface microcrystalline diamond film, CHy
concentration 1.7 %, substrate temperature 930 °C

vibrations [31]. These peaks were also observed in the work of [32]. They are related to the
calculated phonon density of states of diamond and have been attributed to the presence of
nanocrystalline phase of diamond [33]. Raman spectra reveal that sp and sp” hybridized C
atoms coexist in the films. It is difficult, however, to determine the ratio information
quantitatively. Further, residual stress in CS-NCD thin film possibly results in slight
fluctuations of peak in the central and fringe areas.

The Raman spectrum of a secondary growth in carbon thin film produced when the CH,4
concentration was 4.7 % and the substrate temperature 1,200 °C is shown in Fig. 8c. It is
clearly shown that Raman peaks occur at 1,351 and 1,582 cm’l, which are usually des-
ignated as the D peak for graphite and the G peak for amorphous carbon. The double peak
structure of D and G is due to the large number of C—C sp” phase in the carbon measured
Raman spectra. It does not appear at the 1,332 cm™" peak, which is a characteristic peak of
the C-C sp3 phase of diamond, meanwhile, it is not found at the 1,140 and 1,480 cm™!
peaks in the carbon film, which are closely related to NCD film. Thus, synthetic carbon
film is neither NCD thin film nor microcrystalline diamond thin film in the growth process.
It is compared with CS-NCD thin film in Fig. 8a, b. Although at the same CH4 concen-
tration, too high a temperature on the substrate, as shown in Fig. 8c, grows only non-
diamond phase. It is known that diamond thin film is synthesized within a specific tem-
perature range. If the substrate temperature is too high or too low, it results in the formation
of amorphous carbon and graphite phase and does not deposit diamond phase.
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Figure 8d shows the Raman spectrum of curved surface diamond thin film at CH,
concentration 1.7 % and substrate temperature 930 °C. A characteristic peak at
1,331 cm™ " is found in the Raman spectrum. This is identified as diamond phase due to the
sharp peak at 1,332 cm ™" Residual stress in diamond film makes the diamond peak shift at
1,331 cm~!. However, no significant characteristic peaks at 1,350 and 1,580 cm™! origi-
nating from disordered graphitic phases and amorphous carbon are observed in Fig. 8d,
indicating that curved surface diamond thin film has been successfully synthesized.
Meanwhile, the two characteristic peaks of NCD thin film at approximately 1,140 and
1,480 cm ™' appear absent. Thus, in a low CH, concentration, despite a suitable temper-
ature for growth, there is no synthesis of CS-NCD thin film. This evidence, combined with
Fig. 8e, indicates that the synthetic curved surface diamond thin film is micron-crystalline.

From the above analysis of Raman spectra, it can be concluded that CS-NCD com-
ponents may include amorphous carbon and graphitic islands and may be deposited on
non-spherical surface substrates.

Conclusion

Curved surface NCD thin films with a mean grain size of 30 nm were successfully syn-
thesized on a curved surface Mo substrate by DCPJCVD using a gas mixture of Ar, H, and
CH,. Based on a novel cooling system, the technique used in this work is flexible and
efficient for depositing CS-NCD thin film on a non-flat surface. Diamond nucleations
uniformly distribute and assemble on curved surface Mo substrate, under stable plasma
source, then harmoniously grow. Experimental study and simulation prediction show that,
with the cooling system, a uniform temperature distribution can be obtained on the curved
surface substrate. CS-NCD thin films can only be synthesized with certain growth pro-
cesses. AFM, FE-SEM, Raman and roughness-profile meter observations show that the
CS-NCD thin films produced are smooth, uniform, and continuous. The surface roughness
of the CS-NCD thin films is about 4.3 nm, with negligible dimensional changes in whole
CS-NCD thin films. Raman spectra show some similar features near 1,140 and 1,480 cm™!
in the central area and fringe area of diamond films. It is proved that the diamond thin films
prepared are CS-NCD thin films. It is also found that the CS-NCD thin film contains little
non-diamond phase.
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