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ABSTRACT: Submerged plasma-assisted discharge direct patterning of
diamond-like carbon (DLC) onto the silicon substrate in ambient
conditions has succeeded as a new and novel soft solution process. In this
environmentally benign technique, a copious amount of pure ethanol (ca.
4 mL) was locally activated with a maximum of ca. 0.23 mkWh by an as-
electrochemically synthesized ultrasharp tungsten tip. With the assisted
submerged plasma, the decomposed ethanol molecules are anodically
patterned directly onto the silicon substrate in ambient conditions. The
physical nature of DLC patterns was accessed by profilometry, atomic
force microscopy, scanning electron microscopy, and transmission
electron microscopy analysis. Furthermore, Fourier-transform infrared, Raman, and X-ray photoelectron spectra were analyzed
for chemical compositions and structures, such as surface functionalization, carbon−carbon bonding, and sp2−sp3 ratio, respectively.
From a Berkovich-configured nanoindentation analysis, Young’s modulus and hardness have shown increasing trend with increasing
sp3−sp2 ratio in DLC patterns of 68.5 and 2.8 GPa, respectively. From the electrochemical cyclovoltammetry analysis, a maximum
areal specific capacitance of 205.5 μF/cm2 has been achieved at a scan rate of 5 mV/s. The one-step, green, and environmentally
sustainable approach of rapid formation of DLC patterns is thus a promising technique for various carbon-based electrode
fabrication processes.

1. INTRODUCTION
Diamond-like carbon (DLC) is well known to outperform
amorphous carbon material composed of the sp3- and sp2-
hybridized carbon phase along with hydrogen atoms.1,2 It is
well known for low friction, high wear resistance, high thermal
stability, chemical inertness, and high electrical resistivity due
to the presence of higher sp3 (diamond phase) in the
amorphous carbon matrix.3,4 Its intriguing properties such as
high Young’s modulus, wide bandgap, high carrier mobility,
low thermal expansion coefficient, and biocompatibility nature
of the DLC materials give a unique platform for various
technological advancements. Due to its robustness in material
properties, it has been applied in a wide range of technological
applications such as microelectromechanical systems, protec-
tive coatings, field emission, field-effect transistor, and bio-
applications.5−7

The interest in DLC films started nearly four decades ago,
and a significant leap has been observed from the laboratory to
the industry till date. Typically, DLC has been classified into
four types such as amorphous carbon (a-C), hydrogenated
amorphous carbon (a-C:H), tetrahedral amorphous carbon
(ta-C), and hydrogenated tetrahedral amorphous carbon (ta-
C:H) based on their relative sp3 carbon and hydrogen content.
Hydrogenated DLCs are formed by various hydrocarbon
sources, whereas the hydrogen-free DLCs have mostly used a

solid carbon ion beam in a vacuum system. The pioneer work
of Aisenberg and Chabot8 in using a carbon cation beam to
deposit onto the cathode substrate in a low pressure vacuum
chamber was the first report in the DLC deposition technique.
After that, there is the introduction of the hydrocarbon source
in the deposition chamber to increase the deposition rate,
which essentially exhibits hydrogenated DLC. Physical vapor
deposition (PVD) by the ion beam of carbon in vacuum
conditions essentially produces a high quality non-hydro-
genous DLC film.9,10 Chemical vapor deposition (CVD) uses
various carbon sources such as methane (CH4), ethylene
(C2H2), cyclohexane (C6H12), etc., which are activated by
plasma, radio frequency, and dc glow discharge process
techniques for preparing hydrogenated DLC films.11,12 Again,
various carbonaceous materials including DLCs can also be
synthesized by catalyst-assisted thermal reduction of CO2
under relatively high temperature and pressure condi-
tions.13−15
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Though these techniques provide a uniform and well-
controlled sp2−sp3 phase in the DLC coating, however, slower
deposition rate and complex process controlling parameters
such as substrate temperature, catalysts, and gas mixture limit
sustainable production.
The PVD technique uses a solid carbon target to vaporize

into carbon ions in vacuum conditions and their subsequent
deposition onto the substrate. These techniques used high
energetic beams such as plasma and laser source in an artificial
environment. Similarly, the CVD technique also includes
different organic carbon phases in gaseous form and is
activated (by radiofrequency and plasma) to deposit onto a
substrate.16 In general, PVD and CVD processes use multi-step
processing such as cleaning, masking, etching, annealing, etc.,
for a high-quality DLC film. However, these advanced
techniques come with few limitations, such as the scale-up to
the industrial level, complex controlling parameters, release of
toxic gases to the atmosphere, and slow development in DLC
film formation. Another category uses electrochemical force to
deposit DLC on a conductive substrate from various organic
solvents. The pioneering work of Namba17 has initiated this
low-energy process of electrochemical deposition from ethanol
onto the silicon substrate at a solution temperature of up to
60−70 °C. After that, various organic solvents such as
methanol, N,N-dimethylformamide (DMF), acetonitrile, nitro-
methane, nitroethane, ethylene glycol, and dimethyl sulfoxide
have been experimented for electrochemical DLC forma-
tion.18−21 However, these electrochemical deposition pro-
cesses required a very high-power supply to decompose the
organic electrolyte before deposition, required maintenance of
heat to the whole electrolyte system, or performed at a slower
rate of deposition. Novikov and Dymont22 proposed that the
electrochemical deposition of DLC can be carried out at 20−
100 °C of electrolyte temperature with the addition of
transition metal salt into the electrolyte. In summary, the
DLC deposition process was basically carried out by PVD,
CVD, and electrochemical process in solution with the aid of
high activation energies. On the other hand, Yoshimura, one of
the co-authors, has proposed soft processing or soft solution
processing since the late 90s. This was derived from “soft
chemistry” (chimie douce), which aim soft, environmentally
friendly fabrication of materials. Thus, not only synthesis but
also shape/size/location/orientation-controlled materials like
films and patterns,23−25 particularly “direct patterning” of

inorganic materials in and/or from solution or liquid, have not
been well studied yet. Therefore, here we have been interested
not only in DLC deposition but also in one-step direct
patterning to fabricate DLCs from solution.26

In the present study, we have proposed a green, sustainable,
and novel strategy for DLC patterning by plasma-assisted
discharge in the submerged state. This is the first ever report in
detailed analysis about the patterning of the DLC film by using
the lowest activation energy onto the silicon substrate by the
electrochemical-assisted microplasma-based approach in sub-
merged conditions. With a copious amount of pure ethanol
solvent and fast fabrication process under ambient conditions,
the proposed soft solution process shows very simple, efficient,
and robust processing for DLC fabrication. Young’s modulus,
hardness, and electrochemical charge storage properties were
assessed along with other physiochemical studies of the
patterned DLC.

2. PROPOSAL STRATEGY FOR DIRECT PATTERNING
In most of the previous studies, patterning of inorganic
materials has been done via (i) multi-step processing after film
formation from solid particles and/or gaseous precursors like
vapors (CVD) or atoms/ions (PVD) and then making patterns
like lithography via masking/etching or (ii) ion beam/atomic
beam direct writing via highly energetic species. They have
generally consumed lots of energy and then exhaust lots of
wastes (materials and energy); thus, the process is neither soft
nor green. Therefore, in this report, we would like to propose
“direct patterning” of inorganic materials in a liquid and/or
solution under ambient pressure and temperature conditions.
As it can be seen from Figure 1, we have used DLC film
formation with submerged plasma in liquid with a needle-like
electrode. The automated x-y-z motions could enable us to
draw 1D and 2D patterns onto the counter electrode. This
direct patterning of DLC has the following merits; (i) it is
essentially a single step, not a multi-step (particle synthesis,
dispersion in a liquid (ink), printing, firing, etc.), (ii) it can be
performed in a liquid under ambient conditions, (iii) the liquid
can be recovered and is recyclable, and (iv) various liquids may
be used even as mixed ones for various materials and/or
various micro/nanostructures. Of course, the control of electro
plasma discharge is not easy but controllable. Anyway, this
“direct patterning strategy” should be soft and green compared
to any other method.

Figure 1. Overview process parameters of various DLC patterning in comparison to the present reported (soft solution) process mechanism.
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3. EXPERIMENTAL SECTION
3.1. Materials. All the chemicals used were of analytical

grade and were used without further purification. A high pure
assay of (>99.9%) ethanol reagent was purchased from J.T.
Baker. A high pure (99.95%) tungsten (W) wire of 0.1 mm
diameter was purchased from Ultimate Materials Technology
Co., Ltd., Taiwan. The silicon substrate of N-type Si(100) with
a resistivity of 1−10 Ω cm was used. A low power dc supply
from AVTECH (Model: AV-1022-C) was used in the W-tip
fabrication process, and a high voltage dc power supply from
Matsusada Precision Inc. (Model: AU-40P 1.5) was used for
the patterning experiments. For patterning, a highly precision
controlled three-axial compact motorized actuator CONEX−
TRA25CC, NEWPORT was used for automatic motion
control with a LabView program.
3.2. Characterization. As-synthesized DLC patterns

subjected to various structural, morphological, topographical,
chemical bonding, and functional group analysis were
performed by using high precision and calibrated scientific
equipment. The thickness measurement of the DLC film was
performed by a profilometer of KLA-Tencor, AS-IQ, Alpha-
Step D-300 model. The stylus is a diamond tip of a radius of 2
μm, and a scanning speed of 50 μm/s was used with an applied
stylus force of 2 mg. The topological information was collected
from atomic force microscopy (AFM) of model XE7, Park
Systems, and the images were processed by XEI software. The
morphological analysis was carried out by JEOL, JSM-6701F
field-emission scanning electron microscopy (FESEM), and
JEOL, JEM-2100F CS STEM transmission electron micros-
copy (TEM). Fourier transform infrared (FTIR) spectroscopy
studies were performed using JASCO, FT/IR-4600 model,
with a scanning range from 4000 to 700 cm−1 in transmittance
mode. The Raman spectra were recorded by using a 532 nm
excitation wavelength from MRI, Protrustech Co., Ltd. X-ray
photoelectron spectroscopy (XPS) measurements were
performed by PHI Hybrid Quantera with monochromatic Al
Kα (E = 1.487 keV) X-ray radiation. Data analysis was
performed using XPSPEAK41 software. The nanoindentation
measurements were performed using a Hysitron TI 950
triboindenter, Bruker.
3.3. Electrochemical Analysis. The three-electrode

configured electrochemical setup was used for measuring the
electrochemical performance of the DLC pattern electrodes in
the 0.5 M Na2SO4 electrolyte using a Multi AUTOLAB M204
(serial no. MAC90422) electrochemical workstation. The as-
prepared electrode, platinum plate, and Ag/AgCl electrode
were used as the working electrode, the counter electrode, and
the reference electrode, respectively. The electrochemical tests
included cyclic voltammetry (CV) under different scan rates
(5−100 mV/s) in a −0.8 to 0 V potential window and
electrochemical impedance spectroscopy (EIS) in the
frequency range of 0.01 Hz to 100 kHz with an AC
perturbation of 5 mV. The areal specific capacitance (Csp) of
the electrodes was precisely determined through CV curves by
the formula

=
× × ×

C
I V

V A
d

2sp (1)

where I is the current, V is the voltage window, ν is the scan
rate, and A is the area of active material.
3.4. Patterning of DLC. A configured ultrasharp tungsten

(W) tip was prepared by the conventional electrochemical

etching process in an aqueous KOH electrolyte. The cell
configurations, process parameters, and mechanism of W-tip
evolution are described in the Supporting Information, Section
S1 with schematic representation, as shown in Figure S1. The
as-synthesized W-tip profile (as shown in Figure S2) consists
of a radius of curvature (RoC) of 3 μm with a tapper angle (θ)
of 12°. The W-tip was used to generate continuous plasma at
the tip of the surface along the interface with the solvent and
silicon substrate. The mathematical approximation (see the
Supporting Information, Section S3) depicts at a dc bias of 1.5
kV with 1 mA current, and the W-tip surface profile induces a
plasmonic temperature of ca. 5370 K at a very high current
density of 1.7 × 107 A/m2. Three different carbon coatings on
the silicon surface were performed by applying 0.5, 1.0, and 1.5
kV dc bias to the W-tip for 10 min each by maintaining an
emission current of 1 mA from the as-prepared W-tip. The W-
tip was used as a microplasma probe to generate a sp2−sp3
hybrid mixture of carbon nanostructures from a pure ethanol
solvent. The uniqueness of the patterning of the carbon thin
films on the silicon substrate by the microplasma process was
ascribed here.

4. RESULTS AND DISCUSSION
4.1. Formation and Fabrication of the DLC Pattern.

The microplasma-based electrochemically decomposed etha-
nol molecules generated various highly energetic carbon
radicals and ions. Due to the extreme amount of heat
generation at the sharp W-tip, the decomposed carbon radicals
have gained high kinetics and randomly bombarded on the
anodized silicon surface. The carbon particles are chemically
bonded with each other to form thin films of carbon
nanostructures. Similar works called solution plasma methods
have been reported by Saito et al.,27,28 and they also reported
similar high-energy species in solution. They reported
nanoparticles27 and polymerized films28 but not the direct
shape forming patterning of materials. A typical carbon
patterning at various deposition conditions onto the silicon
surface is shown in Figure 2a. This is the confirmation of one
of the previous works on carbon patterning.26 Here onward,

Figure 2. Typical DLC patterns onto the silicon substrate under
various deposition conditions (a) and surface profilometer scan of
DLC1.5 (b) (inset: patterned surface profile schematics with thickness
parameters).
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the carbon patterned film synthesized by the plasma-based
electrochemical approach is now named as diamond-like
carbon (DLC) patterning. DLC0.5, DLC1.0, and DLC1.5
represent the carbon film deposited by microplasma-based
electrochemical decomposition of ethanol at applied dc biases
of 0.5, 1.0, and 1.5 kV, respectively. The physical nature of
these thin films has been studied using a surface profilometer.
It has been observed that the circular carbon patterns were a
few millimeters in diameter. The diameter of the carbon thin
film for DLC1.5 was ca. 4.82 mm, as shown in the profilometry
analysis from Figure 2b. Again, the diameters of carbon thin
films were 3.95 and 4.27 mm for DLC0.5, and DLC1.0,
respectively, as calculated from the profilometry data analysis,
as shown in the Supporting Information, Figure S3. Each
circular pattern was equally sectioned into three annular parts
from the center of the circle, as shown in the inset of Figure 2b.
A taper-type growth of the carbon structures was observed,
where the central, off-center, and end zone consist of thicker
particulates and smoother and ultrasmoother surfaces in the
carbon surfaces, respectively. The central portion is poised
with a highly rough surface, which may attribute directly
beneath the W-tip, where large carbon particulates bombard
onto the silicon surface. Different rates of deposition (RoD) of
carbon nanostructures at various zones in the circular carbon
pattern structures were observed. From the thickness
profilometry data analysis, the RoDs were maximum at the
center compared to the other zones of patterned films. The
average RoDs at the center zone of the carbon nanostructures
are 2.72, 3.23, and 3.87 Å/s for DLC0.5, DLC1.0, and DLC1.5
films, respectively. The thickness profile and the RoD at
various zones were measured and calculated for all the DLC
films, as shown in Table 1. Hereafter, all the analyses
performed are taken from the off-center zone of the DLC
films due to the compactness in the surface structure.

4.2. Microscopic Analysis. The three-dimensional (3D)
AFM image analysis of the carbon thin film, as shown in Figure
3a, depicts a smooth surface roughness of 14.4 nm at 1.5 kV
applied dc bias. In contrast, the surface roughnesses of the
carbon film deposited at 0.5 and 1.0 kV show high roughness
values of 44.5 and 15.4 nm, respectively. This fact may be
attributed to the optimum growth rate of the carbon-nucleated
nanostructure at 1.5 kV, whereas at 0.5 and 1.0 kV, the
decomposition as well as the growth of the carbon thin film is
under the threshold limit. The 3D AFM image analysis (as
shown in the Supporting Information, Figure S4) of the carbon
thin film developed at 0.5 and 1.0 kV applied bias depicts the
cease at the nucleation and the continual intermediate growing
stage of carbon nanostructures on the silicon surface. At 0.5 kV
of applied dc bias, the shallow decomposition of the ethanol
solvent occurs, and the carbon radicals/particulates form
nucleated clusters on the silicon surface, as observed from the
AFM image. A higher roughness was observed in the DLC0.5

film in contrast to other DLC patterned films that may
attribute to low bias and low ROD of carbon molecules.
However, at 1.0 kV, there is a significant and uniform growth
in the carbon film, leading to a relatively smooth surface that
was observed in the DLC film structure.
The SEM image (Figure 3b) of the carbon film obtained at

1.5 kV bias decomposition of ethanol shows uniform grown
carbon nanostructures on the silicon substrate. It can be
observed that the nucleated carbon particles/radicals coalesced
together to form micromushroom-like structures. This
coalesced force between the nucleated carbon from the
anodized silicon substrate and the evolved carbon radicals
from the electrolyte arises from the electromotive force as well
as the kinetic throughput from the W-tip apex. These
mushroom-like carbon nanostructures were grown uniformly
with high decomposition rate of ethanol to form a relatively
smooth surface. However, at 0.5 and 1.0 kV applied dc electric
fields, the SEM image (as shown in the Supporting
Information, Figure S5) of the carbon thin film shows the
finer carbon granules and small grains grown on the silicon
surface, which in turn depicts the nucleation and intermediate
growth stage of carbon films, respectively. The high-resolution
TEM image (Figure 3c) reveals the amorphous nature of the
as-deposited carbon film on the silicon substrate. The inset of
Figure 3c shows the SAED pattern, indicating the amorphous
phase of carbon deposits. It is presumed that the carbon
deposits from the ethanol source derived by microplasma
result in a mixture of sp3- and sp2-hybridized carbon thin films.
Furthermore, spectroscopy analysis has been performed to

classify the functional nature of the carbon patterned thin films.
4.3. Physicochemical Studies of Patterned DLC. The

functional groups as well as the chemical bonding nature of the
carbon thin films derived from the plasma-based electro-
deposition technique are analyzed by FTIR, Raman, and XPS
measurements. Since the deposition process is involved in a
high rate decomposition of a pure ethanol solvent by applying
a strong electric field onto the anodized silicon substrate,
various hydroxylation functional endowments with a mixture of
sp2−sp3-hybridized bonding in the carbon thin film have been
observed.
The decomposition of a pure ethanol solvent and their

subsequent deposition onto the anodized silicon substrate at
very strong dc bias resulted in the endowment of various
hydro-oxygenations in the DLC films. The FTIR spectra as
shown in Figure 4 were analyzed for the functional bonding
information of the plasma-based thin carbon film deposits. The
peaks at ∼2980 and ∼2892 cm−1 arise from −CH3- and
−CH2-hybridized asymmetric and symmetric C−H stretching,
respectively.29,30 These two peaks were more prominent in the
DLC film formed at 0.5 and 1.0 kV, rather than the very weak
intense peak by the 1.5 kV DLC film. This fact may be
attributed to the nucleation and growth stage of the DLC film,
and the carbon molecules were endowed with more
hydroxylation functional groups than the fully formed DLC
film onto the silicon substrate. The prominent C−H bonding
is ascribed to the molecular level of the intermediate growing
stage of anions of carbon entity (C2H5*, CH3*, CH2

−, etc.) onto
the anodized silicon substrate, which may disappear in the
DLC film at 1.5 kV due to the oxygenation dominance on the
surface. The feebly weaker peak at ∼1620 cm−1 in the DLC1.5
was ascribed to C�C aromatic stretching of sp2 carbon rings,
which was absent in the intermediate growing stage of DLC
films. A strong peak at ∼1043 cm−1 in all three types of the

Table 1. Surface Profilometry Data Analysis of DLC Films
and RoD Parameters

rate of deposition (RoD) (in Å/s)

type of DLC film
center

zone(CZ)
off-center
zone(OCZ)

end
zone(EZ)

DLC0.5 2.72 1.93 0.95
DLC1.0 3.23 2.05 1.28
DLC1.5 3.87 2.60 1.65
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DLC film can be assigned to R(alkyl)−O−Si or C−O−C bond
stretching as the carbon patterns are anchored to the silicon
substrate.31,32 The DLC film formed at a 1.5 kV applied bias is
a fully grown carbon nanostructure and is smoothly
interconnected with island-type nucleation followed by growth
at relatively lower applied dc biases of 0.5 and 1.0 kV. It is
presumed that the stretched-out DLC1.5 film on the silicon
surface may contribute to a higher/prominent oxygen
functional endowment due to reduced hydrogenation func-
tional grain boundaries. This fact can be well observed from
the visible intense absorbance IR peaks in the case of DLC1.5 in
contrast to other DLC structures. The stretching vibrations
from various carbo-oxylation functional groups such as
carbonyl (C�O), carboxyl (C−OH), and epoxide (C−O−
C) are associated with the peaks at ∼1710, ∼1392, and ∼1214

cm−1, respectively.33,34 From the IR analysis, all the three DLC
films showed the composition of sp2 and sp3 hybridization of
carbon nanostructures with variation in oxygen and hydrogen
functionalization contents.
Raman spectral measurements were performed by using an

excitation beam of 532 nm from a diode pumped solid-state
laser source. The Raman spectral analysis of the as-synthesized
DLC films, as observed in Figure 5, shows significant variation

in the D and G peak position, which were attributed to the
variation in the sp2−sp3 hybridization content. The character-
istic D and G peak in the carbon sample correspond to the
disorder or defects arising from the breathing mode of k-point
phonons of A1g symmetry due to the loss translation symmetry
and stretching vibrational mode of the C−C sp2-bonded ring
or chain structures that give rise to the doubly degenerated E2g
modes at the Brillouin zone center. The DLC film obtained at
high applied dc (i.e., DLC1.5) resulted in a broad D and a sharp

Figure 3. Three-dimensional AFM topography (a), SEM (b), and high-resolution TEM image (c) (inset: SAED pattern) of the DLC1.5 pattern.

Figure 4. FTIR spectra of DLC0.5, DLC1.0, and DLC1.5 patterns.

Figure 5. Raman spectra of DLC0.5, DLC1.0, and DLC1.5 patterns.
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G peak obtained at 1350 and 1580 cm−1, respectively. The
evolution of the prominent D band in the DLC1.5 is attributed
to containing a higher sp3 component from the diamond phase
in the DLC film.35 The sharp G band in the spectrum resulted
from the well-defined sp2-bonded graphitic nature of the
carbon nanomatrix.36 The broader D and G bands were
centered at around 1450−1430 and 1655−1650 cm−1 in both
DLC0.5 and DLC1.0 films, respectively. The upward shift in the
D band Raman signal may attribute to the distorted and stress-
induced C−C bonding formation in the carbon structures at
the lower rate of decomposition of the ethanol solvent.35,37,38

In this submerged plasma-based decomposition, slower rate
decomposition of organic solvents may result in a hydro-
genated amorphous carbon (a-C:H)-type thin film. Hydro-
genation in the carbon structures usually tampered the C−C
bonding angle and length. This resulted in a longer phonon
interaction due to the presence of larger bonding of C−CH
molecules. Again, from Guo et al.,39,40 the pulse-modulated
DLC deposition from various organic solvents showed the
broadened D and G band under low dc bias conditions of DLC
patterns, which may attribute to the small granular carbon
deposits as well as the high amount of hydrogen content. The
decreasing trends in the intensity ratio of the D band to the G
band, i.e., ID/IG were found to be 1.14, 1.10, and 0.66 in
DLC0.5, DLC1.0, and DLC1.5, respectively, were attributed to
the increasing order in the sp3 content in the DLC
patterns.3,5,6,41 The lowest ID/IG in the DLC1.5 patterned film
indicates a high sp3−sp2 ratio in the DLC film as compared to
DLC0.5 and DLC1.0.
The quantification of chemical composition and functional

bonding in the as-synthesized DLC thin film patterns has been
carried out by XPS spectral analysis. The survey spectrum with
a high resolution C 1s spectrum (inset) of the DLC1.5 film is
shown in Figure 6. The C 1s spectrum of each DLC film has

been deconvoluted into five peaks corresponding to carbon
bonding and functionalization. The peaks centered at around
284.5, 285.2, 286.5, 287.1, and 288.5 eV in all the three types
of DLC films correspond to the C�C (sp2-hybridized carbon
atoms), C−C (sp3-hybridized carbon atoms), C−O (hydroxyl/
ether), C�O (carbonyl), and O�C�O (carboxyl) bonds,
respectively.42,43 The evolution of oxidation reaction at the
anodic silicon substrate occurs while depositing carbon
radicals. The chemical bonding between carbon atoms and
their native functionalization on the surface of the DLC films
was quantified (as shown in Table 2) from the high-resolution
C 1s spectra. By increasing the applied bias, the sp3 contents
(sp3−sp2 ratio) in the DLC film increase, as shown in Table 2.
In the DLC1.5 film, the sp3−sp2 ratio is 0.52 as compared to

0.33 and 0.39 in DLC0.5 and DLC1.0 films, respectively. These
results depict the linear increase in hardness (sp3 bonding)
contents in the DLC films synthesized with a higher applied dc
bias.40 The XPS spectra of DLC0.5 and DLC1.0 patterned films
are given in the Supporting Information, Figure S6.
4.4. Mechanism. The continuous microplasma state at the

ultrasharp W-tip surface has been achieved by applying very
strong cathodic dc biases of 0.5, 1.0, and 1.5 kV. As a result, a
very highly dense micron-sized ionized state in the solvent
(ethanol) medium was produced by the W-probe due to the
emission of high electron density flux.27,28 The microplasma-
induced radical entities such as proton (H+), electron (e−),
hydroxyl anion (OH−), and various carbon radicals (C*, C2

−,
C2H−, C2H2

+, and C2H3
+) are microchanneling toward the

anodized silicon substrate. The carbon patterns of the thin film
are fabricated by the bottom-up approach, where the carbon
radicals/molecules were assembled onto the silicon surface
within a few seconds of applying the dc bias to the solvent-
immersed W-tip. With the applied highly concentric energetic
electron flux from the sharpen W-tip into the ethanol solvent,
it dissociated into various ions and radicals.31,44,45 In this
anodic deposition process, the possible breakdown of the
bonds and ionization of ethanol molecules may include the (i)
C2H5Oδ−, (ii) ethyl (C2H5*), (iii) methyl (CH3*), (iv)
methylene (CH2

−), and (v) hydroxyl (OH−) groups, which
play a vital role in the formation of the carbon hybrid thin film
with different hydro-oxygenation functionalizations onto the
substrate. A schematic of the fabrication process is given in
Figure 7a, depicting a schematic experimental setup, the
plasma discharge thermal flux from the submerged W-tip,
decomposition of the hydrocarbon source, and subsequent
DLC fabrication on the silicon surface in the pure ethanol
solvent. The decomposed carbon radicals were deposited onto
the anodized silicon substrate with varying sp2 and sp3
hybridization contents. It is because during the DLC
deposition, the current was maintained at a constant of 1
mA, and the distance between the cathode and anode has
varied at ca. 0.825 μm each time rising to 500 V. Therefore,
with increasing the dc bias, the ethanol quantity beneath the
cathodic W-tip has also been increased. This in turn favors the
decomposition and increases the patterning of RoD. A
schematic overview of change in the overall morphologies,
surface functionalization, grain boundaries of carbon deposit,
and RoD variation is given in Figure 7b. At low dc bias, i.e.,
DLC0.5, the cathodic W-tip was ca. 1 mm apart from the anode
silicon substrate. The decomposition of ethanol in the
influence of the plasmonic W-tip is occurs in a very narrow
channel. In this case, small grain sizes of carbon deposit with
higher roughness from SEM and AFM analysis have been
observed. Under DLC1.0 conditions, the distance between the
cathode and anode has increased, with a wide ethanol channel.
This induces a growth phase of the DLC deposit with high
RoD. Again, under DLC1.5 conditions, the ethanol channel is

Figure 6. Survey scan of XPS (inset: high-resolution XPS C 1s) of the
DLC1.5 patterned film.

Table 2. Parameters of Carbon Bonding Quantification
from the XPS C 1s Spectra of DLC Films

types of bonding (at %)

type of DLC
film

sp2
C�C

sp3
C−C C−O C�O O�C�O

DLC0.5 48.4 16.2 18.8 5.5 10.9 0.33
DLC1.0 51.9 20.1 14.4 1.4 12.2 0.39
DLC1.5 43.7 22.6 20.8 2.5 10.4 0.52
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wider for voluminous ethanol decomposition and deposition
onto the silicon substrate. From the above physicochemical
analysis of DLC samples, the DLC1.5 has shown a smoother
surface, low grain boundaries, and high sp3 diamond phase in
the carbon matrix.
4.5. Soft Solution Process: Lowest Consumption

Energy. Material processing, in general, has multiple steps
but follows a two-step process, i.e., (i) chemical synthesis and
then (ii) fabrication process into size and shape-fixed-like
desired patterns, for various applications. Today’s various
advanced material processing techniques such as PVD and
CVD were consuming huge amounts of energies throughout
the entire end-user fabrication stage. These include (i)
multistep masking and etching, (ii) heating/annealing, and
(iii) vacuum or artificial atmosphere requirements during the
entire process. In brief, high consumption of energies, release
of toxic gases, release of waste materials, and heat to the
environments are of great concern toward the sustainable
material processing techniques. In 2000, Yoshimura, one of the
authors, has proposed various “soft solution processing (SSP)”
techniques25 as a novel strategy for synthesis and fabrication at
the expense of the lowest possible energies. This reveals that
the driving forces required for the synthesis of an inorganic
material (for example BaTiO3) from (i) solid to solid, (ii)

gas(es) to solid, (iii) gas(es) and ions to solid, (iv) (solid +
liquid) to solid, and (v) liquid to solid consume energies of 38,
727, 3685, 17, and −14 kcal/mol, respectively, at room
temperature. This study depicts the material processing/
fabrication in the solution phase, which involve the significant
reduction in the energy consumption. For sustainability, we
must consider the material processing staring from the solution
phase and to understand the complex material formation
mechanisms. Herewith, the approximate overall energy
consumption by various material processing techniques is
given in Table 3. Although, it is impractical to calculate the
exact values of energies since they significantly vary with the
machinery operating process parameters, nature and size of
fabricated materials, and pre-/post-processing (annealing,
cooling, cleaning, etc.) steps. A typical case study46 of the
total energy consumption shows that thin film hard coatings of
TiN and TiCN (not to be confused with “patterns”) by PVD
and CVD were 112 and 974 kWh, respectively. In a similar
approach, conventional electrochemical techniques (including
electrochemical deposition, electrophoretic deposition, and
pulse electrochemical deposition)44,47−51 utilize very low
energies but require many further processing techniques such
as high temperature to consolidation, moreover making
patterns and other expensive processing like masking, etching,

Figure 7. Schematic showing the plasma discharge from the sharpen W-tip and DLC patterning mechanism (a) and the experimental DLC pattern
formation (b) onto the silicon substrate.

Table 3. Energy Consumption of the DLC Coating Film by Various Methods

techniques PVDa CVDa electrochemistry SSP (this work)

approximate energy consumption(in kWh) ∼102 order ∼103 order ∼10−7 to 102 2.25 × 10−4(for DLC1.5)
subsequent steps for patterning masking etching high temperature direct pattern formation without any further additional steps

etching cooling masking
annealing fabrications etching

aOnly our SSP includes pattern formation. Approximate energy consumption shown here deals with other (not DLC) coating materials.
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etc. In contrast to all the other mentioned techniques, the
proposed SSP technique can prepare the DLC or any other
novel materials (inorganics) directly onto the conducting
substrate as pattern(s). Therefore, we would like to appeal
herewith that “direct patterning of DLC” is possible in simple
equipment under ambient conditions, thus with the lowest
energy consumption, and minimizes wastes and harmful
byproducts, even though our products are in the primitive
stage of innovation.
4.6. Mechanical Properties of the DLC Patterned

Films. Nanoindentation measurements were performed to the
as-synthesized DLC patterned films to measure the elastic
modulus and hardness properties. The test was performed by a
Berkovich geometry of a diamond tip with an applied load of
100 μN at a loading and unloading rate of 10 μN/s. The force-
displacement plot from Figure 8a shows the intriguing
mechanical character of the DLC patterned films prepared
under various dc bias applied conditions. The lowest
displacement up to 15 nm has been observed in DLC1.5 that
may attribute to the higher sp3 phase in the carbon structures.
The displacements have been increased to 18.7 and 26 nm in

DLC1.0 and DLC0.5, respectively, showing the softness of the
DLC films at lower applied dc bias. The measured value of
Young’s modulus and hardness values are assessed from the
TriboScan software analysis and interpreted in plotting Figure
8b. Young’s moduli show 41.4, 49.7, and 68.5 GPa for the
DLC0.5, DLC1.0, and DLC1.5, respectively. The hardness values
show 1.1, 1.9, and 2.8 GPa for DLC0.5, DLC1.0, and DLC1.5,
respectively. The increasing trend in Young’s modulus and
hardness is attributed to the increasing order of the sp3 phase
(diamond phase) in the DLC patterns. However, since the
DLC patterns were made from the hydrocarbon source
(ethanol), hydrogenation in the carbon structures is the
dominant factor for their softness and results in comparable
mechanical strengths as reported in other studies.52−57

4.7. Electrochemical Analysis of the DLC Patterned
Films. DLC is a well-studied electrode material due to its large
potential window and chemical stability.58 As-fabricated DLC
patterns were explored for the electrochemical charge storage
mechanism in a neutral electrolyte of 0.5 M Na2SO4. Figure
S7a−c shows the cyclic voltammetry analysis of DLC0.5,
DLC1.0, and DLC1.5 pattern electrodes at 5−100 mV/s scan

Figure 8. Load-displacement curves (a) and Young’s modulus and hardness plot (b) of DLC0.5, DLC1.0, and DLC1.5.

Figure 9. Cyclic voltammetry of DLC0.5, DLC1.0, and DLC1.5 of a scan rate of 5 mV/s (a), specific capacitances vs current density (b), and
impedance spectra (c) of DLC electrodes.
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rates, respectively. The shape of the CV curve changes from a
shallow to a deep quasi-rectangular form, which may be
attributed to the increase in pseudo-capacitive behavior in the
DLC films. In lower to higher dc bias pattern structures, the
grain sizes were increased, as observed by SEM images. This in
turn may increase the grain boundary and hence the surface
resistance.59 At lower scan rate, the measured specific
capacitance (eq 1) is shown to be maximum for the DLC
samples. For comparison, CV of all the prepared carbon
electrodes at 5 mV/s scan rate is given in Figure 9a. The
specific capacitances of DLC0.5, DLC1.0, and DLC1.5 carbon
electrodes at 5 mV/s are 27, 72, and 205 μF/cm2, respectively.
The shape of the CV curves that widen from DLC0.5 to DLC1.5
was due to the structural changes in the DLC film, which
presume development of more conductive sites for the charge
storage.60 The variation in the capacitance of the as-prepared
DLC electrodes with respect to the scan rates is given in Figure
9b. The measured specific capacitances of the DLC0.5 pattern
at 5, 10, 30, 50, and 100 mV/s scan rates are 27, 16.8, 9.2, 6.9,
and 4.1 μF/cm2, respectively. For the DLC1.0 pattern, the
measured specific capacitances at 5, 10, 30, 50, and 100 mV/s
scan rates were 72.3, 37.1, 18.7, 14.6, and 10.3 μF/cm2,
respectively. For the DLC1.5 pattern, the measured specific
capacitances at 5, 10, 30, 50, and 100 mV/s scan rates were
205, 105.9, 40.4, 27.4, and 18.3 μF/cm2, respectively. The
electrochemical resistance at the electrolyte−electrode inter-
face has been measured from the electrochemical impedance
spectroscopy (EIS) analysis. The EIS analysis, as shown in
Figure 9c, reveals the high resistive nature of all the three
conditioned DLC electrodes (i.e., DLC0.5, DLC1.0, and
DLC1.5), which is attributed to their amorphous and non-
conductive nature. The DLC0.5 carbon electrode showed the
highest Rct value, which can be measured from the diameter of
a semicircle. The DLC1.5 carbon electrode showed the smallest
Rct value, indicating higher conductivity than DLC0.5 and
DLC1.0, as shown in Figure 9c. DLC0.5, DLC1.0, and DLC1.5
carbon Rct values are 7.68 × 106, 5.63 × 106, and 4.37 × 106 Ω,
respectively. The EIS spectra of all types of the DLC pattern
show relative higher resistance at the solid (DLC)−electrolyte
interface due to the non-conductive sp3 phase contents.61

5. CONCLUDING REMARKS AND PERSPECTIVE
In this report, we have succeeded in preparing DLC patterns
on the silicon substrate under ambient conditions by a process
using copious amounts of solvent (∼4 to 5 mL) and that is fast
(within 10 min), green (lowest consumption of energies), and
sustainable for the first time. The submerged conditioned
microplasma-based electrochemical approach in preparing
carbon nanostructures from a simple solvent (in this case,
ethanol) may show profound interest to the science
community. The present work describes the evolution of
DLC pattern formation in the submerged state assisted with
plasma and electrochemical driving forces. The plasma-based
decomposition of absolute ethanol into various carbonaceous
polar molecules is micro-channelized toward the substrate and
subsequently patterned. However, this simple and quick step of
patterning of DLC onto the silicon substrate involves complex
phenomena, such as (i) high temperature gradient between the
W-tip and Si substrate in the submerged state of reaction, (ii)
electrophoretic force between anodized silicon and polar
carbon molecules/ions/radicals at high applied dc bias, and
(iii) in situ decomposition of ethanol and their nature of
hybridizations (sp3, sp2, and sp) while deposited onto the

substrate. The complete understanding of the above-
mentioned mechanism required further efforts to detailed
analysis and beyond the scope of this first proposed research
article. However, from the detailed studies performed, DLC
patterns are well concluded. Under higher applied dc bias
conditions, the rate of deposition has been significantly
enhanced; as a result, the large area uniform distributions,
decrease in surface roughness, and increase in grain sizes in the
carbon structures have been obtained. From the spectroscopy
analysis, the nature of surface functionalizations, types of
hybridizations, and their quantifications have been accessed.
Endowment of hydrogen and oxygen functional groups on the
patterned DLC structures has been confirmed from FTIR
spectra. From Raman spectral analysis, the mixed phases of sp3
(diamond phase) and sp2 (graphitic phase) have been
confirmed from the existing D and G band shift, respectively.
The lowest ID/IG ratio in the DLC pattern at higher dc bias
shows a high sp3−sp2 ratio. The XPS analysis provides the
quantified carbon functionalization in the DLC structures and
shows the increase in sp3 (diamond phase) with an increase in
the applied dc bias. Furthermore, the mechanical behavior has
been assessed by nanoindentation studies. The increase in
Young’s modulus and hardness with the increase in applied dc
bias is attributed to the rise of the sp3 phase in the patterned
DLC. From the electrochemical studies, the higher specific
capacitance for DLC1.5 was noted due to the fully formed DLC
film as compared to the DLC0.5 and DLC1.0.
In perspective, the lowest energy consumption in formation

to the DLC pattern in one step under ambient conditions of
temperature and pressure within a very short period is unique.
However, complete understanding of the favorable reaction
mechanism is very complex and requires more efforts and
further explorations. Since the process technique uses the
lowest energy in forming DLC patterns, the significance in
their further exploration is very important in terms of “green
and sustainable” production technologies. The proposed
simple and economically favored soft solution process may
pave the way for further consideration of functional DLC
patterning effectively.
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