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ABSTRACT

Diamond structure were deposited on gold coated Si substrate successfully using DC-
PECVD technique at different CH4 /H> in the reactant gases (CH4/H> =2, 5 and 7 vol.
%). Characterization of diamond structure has been investigated in detail by X-ray
diffraction (XRD), Raman spectroscopy (RS), atomic force microscopy (AFM) and
scanning electron microscopy (SEM). The results determine the effect of the different
CHs /Hz in the reactant gases on the crystallinity, phase, surface morphology and
microstructure. The XRD patterns show polycrystalline structure with diamond (111)
preferred growth orientation and better crystalline quality at middle methane
concentrations. The first order Raman peak for diamond phase was more intense at
middle methane concentrations, while a relatively broad G-band from the graphitic
types was appearance. Diamond structures with large grain sizes in the micron or tens
of micron range have homogenous surfaces.

1 Introduction

Chemical bonds of the valence electron of carbon
forms in three different hybridizations: sp, sp,and sp*
which lead to
nanostructures [1].

formation of various carbon

Graphite and diamond are famous allotropes, though
the carbon phase diagram is of great interest to chemists
and physicists such as nanotubes [2], fullerenes [3],
amorphous carbon [4], and graphene [5].

Diamond consists of 100% sp*® carbon bond
hybridization. The sp*® carbon bond hybridization
formed a perfect symmetry of the diamond structure,
which affords brilliant properties like excellent thermal
conductivity, very high hardness, high electrical
resistivity, optical transparency, wide band gap,

*Corresponding author.
Email address: Simal198124@Yahoo.com
DOI: 10.22051/jitl.2024.46388.1107

chemical inertness, and low wear rate in various
tribological systems [6-7].

Graphite consists of sp? carbon bond hybridization and

has anisotropic properties in one direction; though in the
vertical direction only a weak Van der Waals force is
acted. The sp? hybridization consequences low
electrical resistivity, low hardness, low friction, and
high wear rate [8-9].

In amorphous carbon, atoms joined together with a
disordered network with a combination of sp®, sp?
coordinated bonds and sp' sites. Diamond-like carbon
(DLC) is the famous family of amorphous carbon that

consists of a high fraction of sp* bonds [10].

Based on the fraction and percentage of sp? and sp’
bonds and the hydrogen content, there are four different
forms of DLC layers: tetrahedral amorphous carbon (ta-
C), amorphous carbon (a-c), hydrogenated tetrahedral
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amorphous carbon (ta-C:H), and hydrogenated
amorphous carbon (a-C:H, some containing up to about
50 at.% hydrogen) [11-13]. The a-C layers can have
85% or more sp® bonds whereas the a-C:H layers
naturally have sp® fractions smaller than 50% [14].

There are numerous chemical and physical methods for

synthesizing diamond. Production of diamond
(especially single crystal) with a few nm and several
mm particles sizes typically need high pressures and
high temperatures in order to convert graphite into
diamond [15].

Diamond is an important material in science because of

its superior properties and notable applications in
technology such as optoelectronic devices on quantum
computers [16], Raman laser optical lens [17], X-ray
optical assembly [18], high-power optical lens used as
a megawatt cyclotron in a nuclear fusion reactor [19],
high power density radiator [20], a biochip substrates
and sensors [21], bipolar diamond electronics [22], and
components of diamond material used for scientific
research under high pressure conditions [23].

Deposition of diamond structure in the form of thin
layers has opened different new applications for
diamond, like sensors, optical windows, heat spreaders,
and cutting tools [24].

Diamond layers are deposited in several techniques like

laser ablation [25-26] and plasma discharge [27-28]
Nevertheless chemical vapor deposition (CVD) is the
well-known way for deposition of diamond thin films.
Numerous CVD based techniques are also used like hot
filament techniques [29], plasma enhanced CVD
(PECVD) [30-31], and employment of a combustion-
flame [32].

Growth of diamond layers by the CVD method must be

accompanied under non-equilibrium conditions. Under
normal conditions, graphite structure is a more stable
than diamond structure.

Methane is generally used as the carbon source for
CVD diamond growth. Furthermore, during the CVD
process, hydrogen radicals (atomic hydrogen) play
different roles such as termination of carbon dangling
bonds, abstraction reactions, and eliminating the non-
diamond materials containing graphite that is formed on
the diamond surface [33-34].
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One of the key procedures in the growth of diamond
films on foreign substrates such as silicon is nucleation
[35]. Carbon and silicon are belonging to group IV
members, but silicon has the larger atomic number.
Diamond and silicon have the same crystalline
structure, so it is expected that diamond can act as the
basic material for the next generation of optoelectronic,
high-power electronic, bio/chemical electronic, etc.
Diamond displays electrical properties similar to
silicon, with exciting physical properties [36].

The PECVD technique has become an important
technology for deposition of diamond or DLC films in
contrast to other methods owing to its high deposition
rate, low deposition temperature, low particulate levels,
purity, good control over stoichiometry, and possibility
of deposition on a large area [37]. Control over the film
thickness, impurity, defect levels, and morphology is
possible with this process. PECVD allows the
economical production to deposit diamond thin films.
Neither the reactant gases (CH4 and H») nor the process
are fundamentally expensive [38].

Different parameters in chemical growth process such
as reacting gases; bias voltage etc. can be used for
deposition of diamond films [39-41]. Mucha et al. [42]
reported deposition of polycrystalline diamond films
using the PECVD technique as a function of CHs4 [0.2-
4%] and O, [0-3%] concentrations. The prepared films
characterized by measurements of
morphology, surface roughness, deposition rate, stress
and impurity levels (C-H and amorphous-graphitic
carbon). Pinneo et al. [43] investigated the feasibility of
PECVD diamond films as a potential electronic
material. Jiao et al. [44] reported the synthesis of ultra-
nano crystalline diamond films, grown using
microwave  plasma-enhanced  chemical  vapor
deposition with gas mixtures of Ar— 1% CHs or Ar— 1%
CHs - 5% Ha.

have been

In this study, we investigated the effect of methane
concentrations (CH4/Hz 2, 5, 7 vol. %) on the growth of
diamond coatings on gold coated Si substrates by the
DC plasma-enhanced chemical vapor deposition (DC-
PECVD) system. Concentration of CH4 most toughly
affected the amount of diamond bonding relative to the
amount of graphitic bonding. Actually, the gas mixture
ratio on deposition of diamond films has a great
influence on the surface morphology and physical
properties of the diamond films.
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Zhu and et al. [45] reported results of structural
development of diamond layers with different ratios of
gas mixture. Kobashi et al. [46] synthesized the
polycrystalline diamond films with (111) growth
orientation at low CH4 concentrations that changes to
(100) growth orientation when the CH4 concentration is
increased, with a very narrow concentration range of
0.4% causing this transformation. The effect of
variation in CH4/Ar gas ratio on the structure,
transmission, refractive index, and hardness of the DLC
layers were studied by Samadi et al. [47]. The results
showed that the CH4/Ar gas ratio strongly affected the
chemical composition and consequently the mechanical
and optical properties of the DLC films.

Because of the C-H and C-H-O systems, numerous
parts of the gas phase chemistry and several surface
procedures have not been opened. The results provide a
more comprehensive understanding of the methane
concentrations influence on diamond structural and
morphological features and could help in controlling the
topographical parameters according to the surface
morphology requirements suitable for photovoltaic
applications [48].

2 Experimental details

In this work, diamond layers are deposited on gold
coated Si substrates by using a DC-PECVD technique.
Thin gold layer acts as the catalysts. The substrates were
p-type silicon (100) wafers that were ultrasonically pre-
cleaned with acetone, ethanol, and de ionized water for
15 minutes. Then the Si substrates coated with a thin
layer of gold promote the nucleation of crystalline
diamond on the surface.

The proses of the diamond growth were done in two
steps: deposition and post annealing. The deposition
system is consisting of a vacuum unit equipped with
both rotary and turbo molecular pumps and a DC
plasma generator. There is a cylindrical Pyrex chamber
with a diameter of 28 cm at the central part of the DC-
PECVD. All cleaned substrates were placed to the
central part of the DC-PECVD system. The base
pressure on the growth system was reserved at 1x1072
Torr, after the chamber was pre-evacuated using a
rotary pump. A mixture of CH4/H, (CH4/H» 2, 5, 7 vol.
%) with flux rates of 130 sccm was fed into the reaction
chamber for deposition of diamond structures. The
chamber pressure was adjusted at 20 Torr. The applied
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current and voltage in this experiment were 40 mA and
600 V respectively.

The temperature of the substrates was monitored by a
thermocouple that kept 300°C. The deposit time was 50
minutes.

During growth process by the PECVD method, the
surface of diamond is bombarded by hydrogen radicals.
Hydrogen acts as the etching gas to improve the
diamond nucleation, by reducing the graphite content
on the surface of diamond films [49]. Diamond is also
etched by reactions with hydrogen radicals, but the
etching rate of diamond is lower than non-diamond
structure of carbon.

Presence of a high concentration of atomic hydrogen
and CHs radicals is an essential condition for a
successful deposition of microcrystalline diamond [50-
51].

With a different combination of hydrogen and methane

gases which depends on many factors such as the
substrate temperature, composition, system pressure,
and the flow rate of the incoming gas, various species
are formed. The deposition conditions are summarized
in Table 1 while the deposition schematic is shown in
Fig.1.

Table 1. Growth conditions of diamond structure on gold coated
Si substrate.

Sample Combination of Deposition
CH4/H2 (% vol) time (min)

Si 2 50

Sz 5 50

S3 7 50

The evolution of microstructure and topography of the

coatings at different CHs4 /H, gas mixture was
systematically analyzed by X-ray diffraction (XRD)
that a Cu-k-alpha radiation (1.54°A) was used, operated
at 40 Kv and 30 mA, with 20 ranging from 20°-90° and
atomic force microscopy (AFM) analysis (Park
Scientific instruments, Auto probe CP) in contact mode.
The samples were characterized by scanning electron
microscope (S-3400, Hitachi, Japan). Raman analysis is
a useful technique
materials. Details of Raman analyses were carried out
by using excitation laser of 514 nm to recognize the
chemical bonding nature of the diamond coatings.

to understand carbonaceous
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Figure 1. Schematic of deposition proses: PECVD system.

3. Results and discussion

3.1 XRD

The X-ray diffraction (XRD) technique is used to
confirm diamond synthesis, identify the crystalline
structure, impact of annealing temperature on crystal
quality, amounts of d-spacing and grain size and data
about preferential orientation, residual strain and
dislocation density.

Figure 2 shows the XRD spectra of diamond structure
deposited on gold coated Si substrates at different
CH4/H> in the reactant gases.

At sample 1, the dominant peaks were identified at 20
= 44.27° corresponding to the (111) plane of the cubic
diamond (JCPDS card No.01-075-0410). Two peaks at
24.8° and 77.7° were artifacts from the (0015) and (113)
graphite planes, respectively (JCPDS card No.01-074-
2329). The diffraction peak at ~ 69.5° corresponded to
(100) plane of silicon substrate. The diffraction peaks at
20 = 37.9° and 64.5° are related to (111), and (220)
plans of gold nanoparticles (JCPDS card No.00-004-
0784).

At sample 2, the XRD spectrum shows a well-defined
peak at 43.9° and a weak peak at 81.8° assigned to nano
diamond (111) [52] and diamond (1031) orientations,
respectively. A low-intensity peak at 20 = 32.9° is
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related to the Buckminster fullerene (511) plane
(JCPDS card No.00-044-0558). At this sample, the
(111) crystalline plane was slightly more intense.

The peak with higher intensity indicates more diamond
material diffracted by the X-ray beam. However,
different factors effect on the peak intensity, such as the
surface topography of the prepared sample and other
instrumental factors like alignment and beam intensity.

The higher-intensity diamond peak in all samples was
located at 20 = 43.9°, which belongs to the reflection of
crystal plane with Miller indices of (111), showing the
preferential orientation along (111) plane (JCPDS card
No. 00-002-1248). Increasing the sharpness and
resolution of the peaks, indicates improvement of the
crystallinity of the sample, while the sample contains
substantial graphitic impurities.
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Figure 2. XRD diffraction pattern of deposited diamond structure at
different combination of CH4/Hz: (a) sample 1: 2%, (b) sample 2:
5%, (c) sample 3: 7%.

Thermodynamics determines the preferred orientations

according to the minimization of total energy (sum of
surface and strain energies). Since the (111) is the
greatest close-packed plane with the lowest surface
energy, it seems that the strain energy was dominant. It
is determined that the crystallinity of the sample is
affected not only by the initial growth parameters, but
also by the evolution of the conditions during deposition
process.

By increasing the combination of CHs/H> to 7% vol,
the Buckminsterfullerene peaks completely disappear.
This sample showed a higher content of a non-diamond
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phase. Maybe in the CH4/H, 7% vol, diamond would be
etched faster than that CH4/H» 5% vol [53].

3.2 Raman Spectroscopy

X-ray diffraction is sensitive to the existence of
crystalline carbons like graphite and diamond while, it
is less sensitive to presence of amorphous carbon. In
comparison, Raman scattering is around 50 times more
sensitive to p-bonded amorphous carbon structure and
graphite than the phonon band of diamond, so it is often
used to characterize CVD diamond structures.

Raman analysis provides distinguishable signatures of
different arrangements of carbon (sp? and sp?).

The difference between graphite and diamond bonding

can describe as carbon network solids joined by
covalent bonding. In diamond, the carbon atoms are
covalently bonded using sp* hybrid. The carbon atoms
in graphite layers are covalently bonded by hexagons
structure and the layers bonded with weak Van der
Waals bonds [54].

Figure 3 indicates the Raman spectrum of deposited
graphite/diamond structure on gold coated Si substrate
at different combination of CHs4 /H, in the reactant
gases.

Raman spectrum of sample 1 showed a first-order
diamond (sp® carbon) peak at 1335 cm™ that is related
to the vibrations of the two interpenetrating cubic
sublattices [55]. This result has been confirmed by other
scientists [56-57].

It is noted that the diamond peak is shifted to a larger
wave number than natural diamond peak (1332 cm™),
demonstrating presence of the residual compressive
stress in the sample [58].

Based on the Raman analysis, in sample 2, the first-
order Raman peak related to diamond was more intense
(confirmed by X-ray diffraction result).

Low intensity Raman scattering in the broad range ~
1450— 1490 cm! is related to the graphite band caused
by the sp? bonded carbon.

Moreover, there is also a broad peak located at ~ 1572—
1592 cm’!. This band is known as the G-band related to
the non-diamond, graphitic carbon phase [59]. The G
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peak for carbon materials invented from vibrations of
any pair of sp? sites in chain or ring arrangements [60].

The peak at ~ 1490 cm™! is related to C=C stretching
vibration modes of trans-poly acetylene (TPA)

hydrocarbon chains on inter crystallite boundaries.

We can see that the G-peak is shifted to higher wave
numbers. There are two main reasons for moving the G-
peak positions to higher wave numbers in the Raman
spectra of carbon-based materials. The first one is the
high sp? content or cluster size and the second one is
high compressive stress [61].

According to Ralchenko et al., when diamond
transforms, graphite increases in the grain boundaries
that causes compressive stress [62].
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Figure 3. Raman spectrum of deposited diamond structure at
different combination of CH4/Hz: (a) sample 1: 2%., (b) sample 2:
5%, (c) sample 3: 7%.

The diamond Raman signal peak was more intense in
CHa4/Hz 5% vol and a higher amount of graphite crystals
at higher CH,4 concentration in the reactant gases

3.3 AFM

AFM offers a three-dimensional image of a solid
surface to study morphology of the films and roughness
by scanning the surface through a mechanical tip.

The 2D, 3D and histogram topography of the surfaces
is shown in Fig. 4.
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At sample 1, the AFM image showed a very flat and
smooth surface morphology with relative uniform
spherical particles and grain size of 30-32 nm.

The AFM image of sample 2 showed the the
homogeneity structure of the film was reduced and
contains separate grains with average sizes around 35
nm. The root mean square surface roughness of the
films resulting from AFM data is 16.63 nm.

At sample 3, the surface is composed of separate
particles with a typical size between 50-55 nm and
surface roughness of 27.57 nm.

It seems that increasing the CH4 concentration in the
reactant gases, leads to increasing the RMS roughness
values and surface covered by relatively large grains

(Fig.5).

Figure 4. 3D and 2D AFM images of the diamond structures on gold
coated Si substrate at different combination of CH4/Ha: (a) sample
1: 2%., (b) sample 2: 5%, (c) sample 3: 7%.
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Figure 5. RMS roughness and average roughness of samples.

Presence of large islands on the surface of thin films
may be due to agglomeration of diamond/graphite
crystallites [63].

3.4 FE-SEM

The FE-SEM analysis was prepared to study the
surface morphology. The analysis was carried out at
different scales. The plan view FE-SEM micrographs in
Fig. 6 displays morphologies of the diamond structure
which were grown at different CH4/H; in the reactant
gases.

Sample 1 consists of large diamond crystallites with
rectangular, triangular, and cubic structures. The
crystallites size of approximately 10 micron.

Highly crystalline diamond crystals were observed in
sample 2. It was clearly visible that the size distribution
of diamond micro particles was uniform and most of
them have cubic and rectangular shapes. The particle
size of grown diamond crystals was 12-15 micron that
would contain some non-diamond phase.

Sample 3 consists of micro scale grains with well-
defined shape that grows from smaller crystallites. The
image mostly included particles with the hexagonal
structure. As can be seen, in some places, sample 3 is
more condense in comparison with the other samples.
The average size of these crystals is 15-18 micron and
distinguishable grain boundaries are observed in some
places. It seems that during the deposition process,
small diamond/graphite particles form on the surface of
bigger grains, resulting in the occurrence of re-
nucleation at higher methane concentration.
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Figure 6. FE-SEM images of samples at different combination of
CHa4/Hz: (a) sample 1: 2%., (b) sample 2: 5%, (c) sample 3: 7%.

From the Raman spectra in Fig.3, the graphite peak was
clearly evident in sample 3 and the film had a relatively
higher non-diamond (graphitic) component. This seems
to be the main reason for appearance of dark regions in
the middle of this sample.

4 Conclusions

Diamond thin films with microcrystals size grains were

deposited on gold coated Si substrates by the DC-
PECVD method. For growth of diamond structures, a
mixture of CH4/H, with a different ratio of CH4 and H»
mixture gas (CH4+/H> = 2, 5 and 5 vol. %) was fed into
the reaction chamber during the deposition process. The
results showed that the mechanism of diamond growth
depends strongly on the ratio of CH4 and H, mixture in
the reactant gases. The x-ray diffraction patterns show
clear diffraction peaks that are associated with the
growth of diamond microcrystals with orientation in
(111) plane and low-intensity peaks related to the
graphite  crystals. Well-facetted microcrystalline
diamond structure with micron grain sizes with regular
distribution is observed. The first-order Raman peak
from diamond phase was much more apparent and
relatively broad G band from the graphitic species was
observable in the middle methane concentration. The
grain size increases and therefore surface roughness
increases with increasing methane concentration.
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