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However,
characterization of the deposited carbon films does not reveal up-to-date information about the structure at

Depositing carbon films rich in the diamond phase was carried out in many studies.

all scales. In this work, we deposited carbon films on silicon substrates. To deposit carbon films using a hot-
filament chemical vapor deposition technique, the selected total mass flow rates were 200, 300, and 400
sccm. The CH4 concentration was kept constant at 1.5% in all the experiments. The carbon films deposited
mainly in the diamond phase show different structures at different total mass flow rates. At 400 sccm, there
is @ maximum growth rate. The X-ray investigations show that the carbon films were mainly deposited in the
diamond and graphite composite structure. Different X-ray peaks are related to the electronic configurations
of the graphitic and diamond atoms forming the top-layered surface in a carbon film. The carbon films
deposited at different total mass flow rates present new science and engineering. The possible application of
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the deposited carbon films is also studied. Due to uncertainties in previous studies, the current work strongly
suggests re-investigations of the deposition and characterization of carbon films. The results from both the
DOI: 10.1039/d3ma00555k X-ray analysis and field-emission scanning electron microscopy agree with each other. The current study

discusses the new underlying science of carbon films. This should, therefore, be exciting and essential for
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1. Introduction

Syntheses and characterization of carbon films are profitable in
many ways. Investigating the deposition of carbon films con-
tributes to the exploration of both basic and applied sciences.
In some applications, carbon films deposited under suitable
parameters can directly perform their intended functions. The
carbon films deposited under different parameters can identify
the behavior of materials at different levels.

The hot-filament chemical vapor deposition (HF-CVD) system
was first proposed in 1982 to synthesize diamond films from
CH, precursors." Carbon films possess unique physical and
chemical properties, and maintain a broad range of applications.
The properties of carbon films deposited using the CVD techni-
que strongly depend on the process parameters.>™

The influence of the diamond nucleation density on the
properties of carbon films is a hot topic. In depositing carbon
films, the empirical optimization of the parameters would
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the readers. The study also introduces a new engineering method.

require millions of experiments.® Understanding the funda-
mental chemistry behind depositing carbon films is still far
from complete. The chamber configuration in different HF-
CVD systems is not the same. The mixture of H, and CH, gases
is critical in the deposition of carbon films. Using the HF-CVD
system under the same setting makes it possible to study the
systematic results of the deposited carbon films.

Polycrystalline diamond films deposited using a CVD system
have different textures.””® The investigations of carbon films
deposited by the HF-CVD have mainly focused on diamond
nucleation and growth. However, a carbon film deposited by
HF-CVD can have other compositions of the carbon depending
on the processing conditions.

Nanosheets of graphitic carbon show wunusual thermal
conductivity.'® Hollow graphitic spheres grown by chemical vapor
deposition have improved electrochemical durability.'* Research-
ers have developed a highly orientated graphitic network grown
through chemical vapor deposition as a thermal interface.'”

However, these studies discuss the application of carbon
films only in terms of the function of the graphite structure.
When a carbon film is deposited with both diamond and
graphite phases, hybrid applications can be studied. Studies
on carbon films are being published routinely in various
journals, and a few recently published studies discuss some
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exciting insights."*"*® When deposited at different thicknesses,
the nanometer-thick carbon films do not have the same
characteristics.*

Carbon films rich in diamond were deposited on uniquely
treated substrates.*® A diamond coating deposited over a cemen-
ted carbide tool indicated a novel conversion annealing
pretreatment.’' After nanocrystalline diamond deposition, the
performance of the composite materials was enhanced.*” The
roughness and wear resistance of the diamond coating was
improved by increasing the carbon source.*® A conductive dia-
mond for the microscope tip was prepared and characterized.**

The influence of the different total mass flow rates when
depositing carbon films still needs to be determined. Carbon
films deposited using the HF-CVD technique cover many com-
mercial applications, as evident from the published studies in the
field. Without a significant change in the morphology and
structure, the thickness of the carbon film is also a prime concern.
This study discusses carbon films deposited with diamond and
graphite phases under different total mass flow rates.

The microstructure and nanostructure of the deposited
carbon films under different total mass flow rates are investi-
gated. In addition to studying the micro-nanostructure, this
study presents a detailed analysis of the electronic structure of
the carbon atoms deposited in different phases under different
total mass flow rates.

2. Experimental details

Silicon substrates were scratched and seeded before placing
them in the HF-CVD reactor. Diamond powder with a particle
size ~5 um was mixed with acetone for preparing the suspen-
sion. For scratching, substrates were rotated clockwise and
anticlockwise in the diamond suspension for five minutes in
each case. The substrates were cleaned with acetone for 10 min
after performing the seeding treatment.

Diamond powder with a particle size ~5 pum mixed with
acetone gives a satisfactory seeding treatment for silicon
wafers. With the particle size ~5 pm, there was a moderate
level of scratching of the silicon surface. This particle size
ensures the nucleation of tiny carbon grains in a reasonable
time and their uniform distribution throughout the surface.

The inter-wire distance was approx. 8.0 mm. The distance
between the filament assembly and substrate surface was
approx. 6.0 mm. A tantalum wire was used to construct the
filaments. Sixteen wires of tantalum were wound parallelly to
maintain the substrate temperature around 850 °C. Different
thermocouples were engaged to measure the temperature of
the filament and substrate. A new tantalum wire was used to
wound the filaments in each experiment. The setting of fila-
ments remained the same in each experiment. Fig. 1 shows the
original camera-ready picture of the HF-CVD system.

A molybdenum plate, 2.0 cm thick, was placed on a water-
cooled copper plate. The substrates were loaded on the molyb-
denum plate to carry out the deposition. Different total mass
flow rates were used to deposit the carbon films. In the first
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Fig. 1 A camera picture of the HF-CVD system and deposition reactor
showing the filaments and substrate holder.

experiment, the rate was 200 sccm. In the second experiment, it
was 300 sccm, and in the third, it was 400 sccm. In different
experiments, the rate of CH, concentration of 1.5% was kept
constant using a high-precision mass flow controller.

By increasing the chamber pressure from 40 torr (at
200 sccm) to 60 torr (at 300 sccm), the filament current reached
up to 15 amp. Therefore, at 200 sccm, 40 torr, and 850 °C,
the filament current was 260 amps. The filament current
reached up to 275 amps at 300 sccm, 60 torr, and 850 °C. The
filament current reached up to 290 amps at 400 sccm, 80 torr,
and 850 °C. So, the gases entering and leaving the chamber
reach the same level. A schematic of the system is given
elsewhere.®

The 200 sccm, 300 scem, and 400 sccm total mass flow rates
are enough to study the deposition of the carbon films. To
deposit the carbon films, the parameters used in the study were
chosen after the execution of many experiments. Therefore, the
only selected 200 scem total mass flow rate in one experiment is
better than 100 sccm, 75 scem, 50 scem, or 25 sccm. In one
experiment, the only selected 400 sccm total mass flow rate is
better than 600 sccm, 700 sccm, 900 sccm, or 1000 scem.

The HF-CVD system did not support the deposition of
carbon films at 500 sccm or higher mass flow rates. Maintain-
ing and achieving the set parameters at higher mass flow rates
was difficult. Therefore, I stopped the process before reaching
the set time. There was also some breakage of hot filaments due
to a very high mass flow rate. The carbon films deposited under
100 sccm and 75 sccm total mass flow rates are discussed only
in terms of microscopic analyses.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The selection of a total mass flow rate greater than 400 sccm
would possibly develop a carbon film rich in graphitic and
amorphous phases, thus, not fulfilling the core idea of this
paper. At a very high total mass flow rate, keeping the tempera-
ture of filaments and substrate constant becomes more crucial
in the existing HF-CVD system. The system supports 400 sccm in
depositing the carbon film for the required application. Thus,
selecting 200 sccm, 300 scem, and 400 sccm total mass flow rates
presents the analyses of more relevant deposited carbon films.

Field emission scanning optical microscopy (FE-SOM) and
X-ray reflection (XRR) techniques were used to investigate the
deposited carbon films. In the XRR analysis, copper K alpha in-
built radiation was used. FE-SOM and XRR were previously
known as FE-SEM and XRD.?® The X-ray instrument used was a
Philips, Model: PW3710. The microscope used was a JEOL,
Model: JSM-7000F.

3. Results and discussion

3.1. Surface morphology

At varying total mass flow rates, the surface morphologies of
the carbon films have nearly identical growth trends. However,
the size of grains increased with an increase in the total mass
flow rate from 200 scem to 400 scem, as shown in Fig. 2(a-c). At
300 sccm, the size of tiny grains increases. At 400 sccm, the
carbon film shows grains and particles.

Fig. 2(a—c) also show carbon clusters and carbon dots. The
carbon clusters and carbon dots fill the spaces between grains
and particles. They are more likely related to the graphitic and
amorphous carbon phases. In the surface images, the carbon
clusters and carbon dots in the film deposited at 400 sccm are
less than the carbon films deposited at 200 and 300 sccm.

The size of grains in Fig. 2(c) reaches the size of the particles.
Tiny grains, grains, and particles deposited at different total
mass flow rates are mainly in the diamond and graphitic phases,
shown in Fig. 2(a-c). In Fig. 2(a—c), the surface morphology of the
carbon films deposited at different total mass flow rates is
mainly related to the microstructure.

Fig. Si(a-c) (ESIf) show low-magnification microscopic
images of the surface morphology of carbon films deposited
at 200 sccm, 300 sccm, and 400 sccm. Carbon films deposited
at different total mass flow rates cover a large surface area in
the low-magnification microscopic images.

The surface morphologies of the carbon films deposited at
100 scem and 75 scem are shown in Fig. S2(a) and S3(a) (ESIt),
respectively. In these carbon films, the average size of the grain is
smaller. The distribution of grains is not uniform. The deposi-
tion of carbon films is not over the entire substrate surface.

3.2. Interface study and growth rate

On increasing the total mass flow rate from 200 sccm to 400
scem, gaseous carbon atoms are converted into diamond at an
enhanced rate. In Fig. 3(a-c), the interface images of the carbon
films show different growth rates. In Fig. 3(c), a deposited
carbon film shows the highest growth rate.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Surface morphology of the carbon films deposited at different total
mass flow rates of (a) 200 sccm, (b) 300 sccm, and (c) 400 sccm.

Fig. 3(c) shows the surface in different contrasts. Different
contrasts are related to the different phases of carbon. In
Fig. 3(c), the diamond phase is higher than the graphite phase.
The diamond phase is more related to the faceted grains and
particles, whereas the graphite phase is more related to the
spherical tiny grains and grains. The distribution of the carbon
phases varies from location to location.

The particles of faceted shapes are present in both Fig. 2(c)
and 3(c). They are in increased numbers. They are related to the
diamond as graphite does not keep the shape of such particles.
As a result, the surface per unit diamond phase is more in the
carbon film deposited at a 400 scem total mass flow rate.
A graphite phase mainly grows in tiny-sized grains and grains.
The carbon clusters and carbon dots are also related to the
graphite phase. However, more analysis is required.

The thickness of the carbon film increased from 3.02 um
to 6.86 um when the total mass flow rate was increased from

Mater. Adv,, 2023, 4, 5361-5370 | 5363
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Fig. 3 Fractured cross-sectional images of the carbon films deposited at
different total mass flow rates of (a) 200, (b) 300, and (c) 400 sccm.

200 sccm to 300 sccm, as shown in Fig. 3(b). The thickness of
the film increased from 6.86 pm to 12.31 pum when the total
mass flow rate was increased from 300 sccm to 400 scem, as
shown in Fig. 3(c).

Increasing the size of tiny grains increases the growth rate of
a depositing carbon film. When the total mass flow rate
increases from 200 sccm to 300 sccm or 300 scem to 400 scem,
the CH, concentration also increases. Therefore, the growth
rate of the carbon films deposited at 200 sccm, 300 scem, and
400 sccm becomes 0.33 pmh™!, 0.76 pm h™*!, and 1.37 um h™%,
respectively. An increase in the growth rate of carbon films is
mainly related to the transporting CH, concentration. The
dissociation rate of molecular hydrogen becomes high at a
higher total mass flow rate. The effect of hydrogen on the
structure of carbon films under varying chamber pressures was
studied elsewhere.’”

The carbon and hydrogen atoms increased in the deposition
reactor with an increase in the total mass flow rate. Thus, the

5364 | Mater. Adv., 2023, 4, 5361-5370
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carbon film was deposited with an increased growth rate. The
carbon atoms and the deposited carbon precursors do not
result from CH;, CH,, and CH radicals. The carbon atoms
and the deposited carbon precursors resulted from the disso-
ciation of CH,, as discussed elsewhere.?”

With an increase in the total mass flow rate, tiny grains
increase their size to grow into the size of grains. When the
grains are grown to sub-micron or micron size, they are related
to the particles, which is the case, as shown in Fig. 3(c).

A new tiny grain can nucleate upon termination of the
growing process of a previous grain or particle. It relates to the
secondary nucleation process. In the secondary nucleation, a
new tiny grain nucleates at the termination of the growth process
of the underneath-growing grain or particle. Some details about
secondary nucleation are given elsewhere.*® There is a need to re-
investigate the nucleation and growth mechanisms of different-
sized grains and particles forming the carbon films.

Fractured cross-sectional images of the carbon films depos-
ited at 100 sccm and 75 scem are shown in Fig. S2(b) and S3(b)
(ESIt), respectively. From the fractured cross-sectional images,
it is also clear that the distributions of grains are not uniform.
The deposition of carbon films is not over the entire substrate
surface. Fig. S2(b) and S3(b) (ESIt) also show the thicknesses of
the carbon films deposited at total mass flow rates of 100 sccm
and 75 sccm, respectively.

3.3. Structural determination of carbon films

Fig. 4(a—c) show the patterns of the carbon films deposited at
different total mass flow rates. The peaks at 20 ~ 43.9° 75.3°,
91.5°% and 119.5° are related to the diamond phase. An XRD
study is, in fact, an XRR study.*® Thus, new perspectives are
required to identify the structures of carbon phases, as discussed
below. The glazing incidence angle, GIA, was set at ~0.5°.

The peaks at 20 ~ 43.9° 56.1° 75.3° 91.5° and 119.5° in
Fig. 4 are denoted as D (OR-R), G (ZR-R), D (ZR-R), D (ZR-IR), and
D (OR-IR), respectively. The first, second, and third peaks are
related to the reflection of X-rays from the outer ring electrons of
the diamond atoms, zeroth ring electrons of the graphite atoms,
and zeroth ring electrons of the diamond atoms, respectively.
The fourth and fifth peaks are related to the inverse reflection of
X-rays from the zeroth ring electrons of the diamond atoms and
the outer ring electrons of the diamond atoms.

Peaks related to different carbon phases show the minimum
intensity, average intensity, and highest intensity in Fig. 4(a)-(c),
respectively. At a 400 sccm total mass flow rate, the surface
morphology of the deposited carbon films has a bigger size of
the grains. Many grains in the carbon film deposited at 400 sccm
are equal to the size of particles. In the X-ray analysis, front-
layered grains and particles of the carbon films only experience
the X-rays. The HF-CVD process developed nanoparticles of
diamond, and their structural features were compared.>®

To observe the changes in the various X-ray patterns of
carbon films deposited at different total mass flow rates,
replacing 1° with 0.01° or replacing 1° with at least 0.05° along
the 20 scale is required. To identify the difference in the peak
formations, FWHM, and intensity of carbon films deposited at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Structural analyses of the carbon films deposited at (a) 200, (b) 300, and (c) 400 sccm total mass flow rates.

different total mass flow rates, a study of some more factors is
also needed. Nevertheless, we can still see the different inten-
sities of the peaks in different patterns.

In Fig. 4(c), a carbon film deposited at 400 sccm total mass
flow rate shows higher intensities of the peaks. In Fig. 4(b) or
(a), a carbon film deposited at 300 or 200 sccm total mass flow
rate shows lower intensities of the peaks.

3.4. Underlying mechanisms of depositing carbon films and
structural analysis

The thickness of the carbon film further doubled when the total
mass flow rate increased from 300 sccm to 400 scem. It shows that
the differently shaped energy bits remained the same in the nuclea-
tion and growth of carbon films deposited at different total mass
flow rates. But the kinematics and dynamics of the hydrogen and
carbon atoms become more effective in producing higher amounts
of those energy bits in a carbon film synthesized at 400 sccm.

The diamond and graphite growth rate increases at an
increasing total mass flow rate from 200 scem to 400 sccm.
The CH, concentration was at the rate of 1.5%. However, the
concentration of CH, at 400 sccm becomes six, whereas it is
three at the 200 sccm total mass flow rate. At 400 sccm, the
deposition reactor contains a very high amount of atomic
hydrogen. Therefore, a higher amount of the energy bits at
400 sccm is the cause of the improving growth rate of a carbon film.

The size of tiny grains and grains was increased mainly due
to increasing the total mass flow rate. More diamond and
graphite state atoms experienced the X-rays in a carbon film
deposited at 400 sccm. Therefore, the intensity of the peaks
becomes high. X-Rays are also a sort of photon. The reflecting
X-rays are under the impact of absorption.

© 2023 The Author(s). Published by the Royal Society of Chemistry

In Fig. 5, the XRR part exists between 0° and 90° of 20 values,
and the X-ray inverse reflection (XRIR) part exists between 90°
to 180° of 20 values. Fig. 5 divides the XRR part and the XRIR
part of the pattern. Studies elsewhere®**” discuss a preliminary
detail of an X-ray pattern. The lines at 20 ~ 43.9° and 75.3° in
Fig. 5 relate to the diamond peaks with the XRR part.

In Fig. 5, the lines at 260 ~ 91.5° and 119.5° belong to the
diamond peaks with the XRIR part. In Fig. 5, the lines at 20 ~
26.5° and 56.1° belong to the graphite peaks with the XRR part.
In Fig. 5, the lines at 20 ~ 123.9° and 153.5° are related to the
graphite peaks with the XRIR part. The different patterns
shown in Fig. 4 do not show the occurrence of peaks at 20 ~
26.5° 123.9° and 153.5°. In Fig. 5, these peaks are denoted by
lines and labeled by (1), (7), and (8), respectively.

The peak at 20 ~ 43.9° is labeled by (2) in Fig. 5, resulting from
the reflection of X-rays from the outer ring electrons of the
diamond state atoms. Therefore, the orientation of the outer ring
electrons can be ~43.9° along the north pole from north-sided
tips. The peak at 20 ~ 75.3° is labeled by (4) in Fig. 5, resulting
from the reflection of X-rays from zeroth ring electrons of the
diamond state atoms. Therefore, the orientation of the zeroth ring
electrons can be ~75.3° along the north pole from north-sided
tips. The peak at 20 ~ 91.5° is labeled by (5) in Fig. 5. This peak
results from the inverse reflection of X-rays. In this case, zeroth
ring electrons of the diamond state atoms participate in dealing
with the interactions of X-rays. The peak at 20 ~ 119.5° is labeled
by (6) in Fig. 5. This peak results from the inverse reflection of X-
rays. In this case, the outer ring electrons of the diamond state
atoms participate in dealing with the interactions of X-rays.

Zeroth and outer ring electrons existing on the right side to
the center of the diamond state atom also keep the same

Mater. Adv., 2023, 4, 5361-5370 | 5365
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Fig. 5 XRR and XRIR analyses of the deposited carbon film showing different peaks related to the diamond and graphite state atoms.

orientations as in the case of zeroth and outer ring electrons
existing on the left side to the center of the diamond state atom.
However, in the XRIR part, instead of keeping the orientations
—75.3° (104.7° = 180°-75.3°) and —43.9° (136.1° = 180°-43.9°),
zeroth and outer ring electrons of the diamond state atoms
mainly show the orientations 91.5° and 119.5°, respectively. In
the XRIR analysis, some inversely but inwardly reflected X-rays
making 20 ~ 91.5° and 20 ~ 119.5° print their intensities at
the position of the detector as shown in Fig. 4(a-c).

Thus, the peaks printed in the XRIR part did not obey the
originated orientations of the electrons belonging to the zeroth
and outer rings of the diamond state atoms.

The peak at 20 ~ 26.5° is labeled by (1) in Fig. 5, resulting
from the reflection of X-rays from the outer ring electrons of
graphite state atoms. The orientation of the outer ring electrons
can also be ~26.5° along the north pole from north-sided tips.
The peak at 20 ~ 56.1° is labeled by (3) in Fig. 5, resulting in the
reflection of X-rays from the zeroth ring electrons of graphite
state atoms. The orientation of the zeroth ring electrons can also
be ~56.1° along the north pole from north-sided tips. The peak
at 20 ~ 123.9° is labeled by (7) in Fig. 5, which can result from
the inverse reflection of X-rays from the zeroth ring electrons of
graphite state atoms. The peak at 20 ~ 153.5° is labeled by (8) in
Fig. 5, which can result from the inverse reflection of X-rays from
the outer ring electrons of graphite state atoms.

Zeroth and outer ring electrons existing on the right side to
the center of the graphite state atom also keep the same
orientations as in the case of zeroth and outer ring electrons
existing on the left side to the center of the graphite state atom.
In the XRIR pattern, instead of keeping the orientations —56.1°
(or 123.9° = 180°-56.1°) and —26.5° (153.5° = 180°-26.5°), zeroth
ring electrons and outer ring electrons of the graphite state
atoms cannot keep their matching orientations like these.

5366 | Mater Adv, 2023, 4, 5361-5370

The inversely reflected X-rays do not print their intensity at the
position of the detector. The non-printing graphitic peaks in the
XRIR part can be due to the semisolid behavior of the electrons
as the incidence of X-rays is from the upward side.

In the atoms of graphitic grains, outer ring electrons have an
orientation nearly adjacent-wise, thereby not experiencing the
interaction of X-rays. The peaks at 20 ~ 26.5° and 153.5° could
not be recognized. The labels (1) and (8) in Fig. 5 are related to
these peaks. In each XRR part of the pattern shown in Fig. 4(a—c),
a peak at 20 ~ 56.1° exists.

However, the peak at 20 ~ 123.9° does not exist in Fig. 4(a—c).
That peak belongs to the XRIR part of the pattern. In the inverse
reflection, X-rays mainly reflect towards the outer sides, and
they do not print intensity at the position of the detector.>® The
line of the peak shown at 20 ~ 123.9° in Fig. 5 is also not
recognized in Fig. 4(a-c). This position relates to the peak label
by (7) in Fig. 5.

3.5. Application

The deposited carbon films are suitable for hybrid applications.
The deposited carbon film can simultaneously work for diamond
and graphite applications. The grains and particles related to the
diamond phase can build the characteristics to store heat energy
as the electronic configuration of the diamond state atom favors
dissipating heat. So, the many high-quality diamond grains and
particles in the carbon film store heat.

The electronic configuration of the diamond state atoms
does not favor the propagation of photon energy. As a result,
the electronic structure of a diamond is not conducive to
photon propagation. A diamond structure cannot keep a con-
sistent interstate electron gap. However, the photons of differ-
ent wavelengths can travel from the boundaries provided by the
grains and particles of the diamond structures or crystals.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 A model study of carbon film showing its hybrid application in
terms of propagating photons and dissipating heat.

The photons of light diffuse for each face of the diamond
crystal depending on the orientation of that face. As the
diamond structure is a non-favorable electronic structure for
propagating photons, the interacting photons can be converted
into heat and force.

The heat and force remain confined to each respective face.
Each face of the diamond crystal reveals a different texture.
A diamond crystal neither works as a mirror nor works as glass.
A photon reverts the element of force by interacting with the
electronic tip.*® The electrons of silicon atoms can generate
photons of wave-like shape.*!

Fig. 6 illustrates the propagating photons and dissipating
heat energy through the carbon film deposited rich in diamond
and graphitic phases. In the hybrid application, there is a
simultaneous propagation of photons and dissipation of heat
energy. The electrons can work for the photonic bandgap.*> The
electrons preserve the atoms, thus not flowing. A photon
cannot propagate in the electronic structure of the diamond
crystal. A photon can travel through the boundary or defect
associated with the diamond film or crystal.

A diamond crystal stores heat. This property makes the
diamond structure create a heat sink. The diamond in the atomic
and crystal forms has been discussed elsewhere.** The single-step
method was developed by synthesizing the diamond and titanium
interfaces for neural applications elsewhere.** A review study of
carbon films discusses previously explored applications.*®

Graphite does not store heat to a large extent. However, it
permits the photons to propagate. This property enables the
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graphite structure to work as an electrode. Here, the electrode
propagates the photons rather than conducting the electrons.
Photons have the characteristics of a photonic current instead
of an electric current.*?

The presence of an amorphous carbon phase with diamond
and graphite phases can make the carbon film function par-
tially as a heat-dissipating medium and partially as a photon-
propagating medium. The deposition of carbon films with
tiny grains can effectively emit the field.>® A separate study
has discussed graphite and amorphous carbon structures.*?
However, the carbon clusters and carbon dots between the
graphitic and diamond phases can make the carbon film an
ideal candidate for simultaneous heat and photon energy
applications.

3.6. Overall discussion

In the HF-CVD technique, where an organic precursor like CH,
is studied along with hydrogen gas, the gaseous carbon first
converts into graphitic carbon, followed by the diamond state.
At different total mass flow rates, the etched amount of the
photon energy gets involved in converting gaseous carbon
atoms into graphite state atoms, diamond state atoms, or
another state of carbon.

A description of the new atomic structures is given
elsewhere.’® A recent study discusses the synthesis of a para-
crystalline diamond.*” However, the structural investigation of
the materials is in the context of the presented detail here. In
the earlier studies, the elaborated X-ray pattern’s peaks are
Bragg peaks.

In the present study, the peaks are labeled by D (OR-R), G
(ZR-R), D (ZR-R), D (ZR-IR), and D (OR-IR). In the published
studies, the Millers’ indices of the involved lattice planes
represent these peaks. Discussions with new insights present
the atomic structures of carbon®® and other elements.*® The
X-ray diffraction technique is related to the X-ray reflection
technique.®® Thus, the deposited carbon films lead to peaks as
presented above. Fig. 4 shows the new labels of these peaks.

A reference library or PDF card attached to the X-ray instru-
ment provides information about the lattice planes’ peaks. That
information refers to the Miller indices formulation. It is an
assumption comprising three steps. In reality, it provides some

Characterization
and analysis
under the new
insight

Fig. 7 A layout for future perspectives in depositing different carbon-based materials or carbon films.
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information about the material under investigation. Bragg
peaks do not provide qualitative analysis and add little toward
the quantitative description. However, the core aim of the X-ray
instrument is to provide a qualitative analysis of the material.

By increasing the total mass flow rate, the pressure and
contamination level may rise in the chamber. Therefore, the
quality of the carbon film may deteriorate. This indicates that
many studies are required to deposit the carbon films with
different phases. In an HF-CVD system, optimizing the process
parameters for the target application may require many experi-
ments. Furthermore, there is a need to investigate the kine-
matics and dynamics of converting gaseous carbon atoms into
different state carbon atoms.

Fig. 7 shows a layout for future perspectives in depositing
different carbon-based materials and carbon films. There are
various techniques for depositing carbon films.

There are different companies for producing a specific
deposition system. Even within the same technique, there is
more than one model for depositing carbon films. Therefore, it
is necessary to check the limitations of a deposition system
before performing experiments.

Some parameters also depend on each other while depositing
the carbon films in an HF-CVD system. Thus, changing one
parameter may alter the kinematics and dynamics of the other
parameter not under the planned study. This indicates that
depositing carbon films for the target application requires many
experiments. Again, there is a need to study the gas dissociation
and gas activation processes in the deposition of different
carbon films. Thus, the study of chemical thermodynamics is
vital in investigating the nucleation and growth of carbon films.

4. Conclusion

The carbon films deposited at different total mass flow rates
show different morphologies or microstructures. The size of the
grain reaches up to the size of a particle at 400 sccm total flow
rate. The thickness of the carbon film increases by increasing
the total mass flow rate. It becomes almost double in the
carbon film deposited at 300 scem. It becomes further doubled
in the carbon film deposited at 400 sccm. The growth rate of the
carbon film deposited at 400 sccm is ~1.40 pm h™".

X-Rays interact with the electrons of carbon atoms at the
top-layered surface, which indicates a higher growth rate of
the diamond than the graphite. The increase in the intensity of
the diamond peak at 260 ~ 43.9° and graphite peak at 26 ~ 56.1°
validates the increase in the size of diamond and graphite grains
at 400 sccm. An XRR pattern defines the diamond structure well.
The zeroth and outer ring electrons of diamond atoms are the
origin for the peaks at 20 ~ 43.9° and 75.3° in the XRR part.

A peak at 20 ~ 26.5° does not exist in the XRR pattern. This
is due to not having a reflection of X-rays. Outer and zeroth ring
electrons of the graphitic carbon atoms are the origin for the
peaks at 20 ~ 26.5° and 56.1°.

In the inverse reflection of X-rays, the peaks recorded at
20 ~ 91.5° and 119.5° are related to the zeroth and outer ring

5368 | Mater. Adv, 2023, 4, 5361-5370

View Article Online

Materials Advances

electrons of the diamond state atoms. In the XRIR pattern, the
peaks recorded at 20 ~ 123.9° and 153.5° are related to the
zeroth and outer ring electrons of the graphite state atoms. At
these 26 values, the resulting peaks in the XRIR pattern do not
define the structure well due to reflecting X-rays outwardly.

Not defining the structure appropriately under the inverse
reflection of X-rays is due to the changed reference of X-ray
interaction. In the XRR analysis, the X-ray source follows the
trajectory of the arc covering the scale of 20 between 0° and 90°.
However, in the XRIR analysis, the X-ray source does not follow
the same line. The X-ray interaction has changed the reference.
As aresult, a poor structural determination in the XRIR analysis
has resulted. X-Rays reflect to show peaks between 0° and 90°,
but they inversely reflect to show peaks between 90° and 180°.%°

The kinematics and dynamics of the carbon atoms in
depositing a carbon film at 400 sccm total mass flow rate
become highly efficient. The diamond phase of the carbon film
works as a heat sink, whereas the graphite phase of the carbon
film works as a photonic propagator. The depositions of carbon
films provide opportunities to discuss various physical and
chemical aspects from new perspectives.
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