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Abstract. This study reports the fabrication of carbon using ions of carbon generated by high temperature, high density
and extremely non-equilibrium argon plasma produced in modified dense plasma focus device. Carbon is deposited using
two bursts of focussed plasma on n-type silicon substrates kept at a temperature of 20 (room temperature) and 130°C. The
formation of nano-diamond-like carbon (nano-DLC) is observed at substrate temperature of 130°C. The samples
deposited at different substrate temperatures are found to have amorphous in nature as observed from X-ray diffraction
studies. These amorphous samples of carbon and nano-DLC possess nanostructures of average size *27 and *10 nm for
20 and 130°C substrate temperature, respectively, as obtained from atomic force microscopy and scanning electron
microscopy studies. The possibility of formation of nano-DLC was analysed using Raman measurements. Peaks related to
D and G band of graphitic carbon are observed in Raman spectra of both the samples. However, the samples grown at
substrate temperature of 130°C show peaks related to nano-grain of diamond in Raman spectra, indicating high sp3
content, thereby confirming the formation of nano-DLC. The hardness measurement reveals the maximum value of
hardness *45.5 GPa for nano-DLC sample, which reconfirms that sample is of nano-DLC nature. The nano-DLC are
found to have band gap of *2.45 eV, which makes the nano-DLC a potential candidate for applications in protective
optical window coating.
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Introduction

Diamond-like carbon (DLC), a metastable state of
amorphous carbon consist of a mixture of diamond-like sp3
and graphite-like sp2 bondings. Diamond is electrically an
insulator with a band gap of *5.5 eV, whereas graphite is
electrically a conductor with zero band gap. Diamond is
hard, whereas graphite is soft. Thus, the properties of DLC
films mainly depend on the sp3/sp2 ratio. Sp3 bonds mainly
govern the mechanical properties, whereas sp2 bonds govern electrical and optical properties in DLC films. DLC as a
material has high mechanical hardness, is chemically inert,
highly transparent (optically) and wide band gap semiconductor [1]. The thin films of DLC have a wide range of
applications including protective coating for optical windows, magnetic storage disks, car parts, biomedical coating
and in micro-electromechanical (MEMs) devices [2–7].
DLC was first produced by Aisenberg and Chabot [8] in
1969 through ion beam deposition of carbon. Now, DLC
can be produced by various methods, such as ion beam
deposition [8,9], magnetron sputtering [10], ion plating [11]
and laser plasma deposition [12]. All these studies [3–12]
report the fabrication of DLC thin films. The fabrication of

nano-DLC is not yet reported in the literature. However,
Dayal et al [13] have reported fabrication of nanostructured
DLC thin films and studied their structural and mechanical
properties. This motivates us to fabricate nano-DLC and
further study its properties for future applications in protective coating for optical windows.
The techniques reported in literature [8–12] for fabrication of DLC thin films are physical or plasma-based techniques. Out of these various deposition techniques, plasmabased techniques based on ion implantation [14] are supposed to be superior techniques. One of such plasma-based
ion implantation driven technique is dense plasma focus
(DPF) device. The modified DPF device is a source of high
density, high temperature and extremely non-equilibrium
plasma which generates high fluence material ions that can
be used to deposit thin films and nanostructures under different processing conditions. The modified DPF device has
already been used for nanofabrication of several materials
[15–17] including thin films of DLC [18].
In the present study, we have used modified DPF device
to deposit nano-DLC on n-type silicon substrate with two
bursts of focussed plasma at optimum substrate temperature. The deposits are then characterized by X-ray
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diffraction (XRD) and Raman spectroscopy for their
structure, by atomic force microscopy (AFM) and scanning
electron microscopy (SEM) for morphology and by ultraviolet–visible (UV–Vis) spectroscopy for optical properties.
The hardness measurements for nano-DLC are done using
nano-indenter. The results are presented and discussed in
the following sections.

2.

Experimental

The fabrication of nano-DLC was carried out in a 3.3 kJ
Mather type [19] modified DPF device on cleaned n-type
silicon substrate. The DPF device used for nanofabrication
was powered by 30 lF, 15 kV energy storage capacitor. A
schematic diagram of modified DPF device is shown in
figure 1. The DPF device was suitably modified for
nanofabrication and these modifications were published in
earlier research papers [15–17]. To deposit carbon, graphite
rod was cut in the form of a disc and this disc was fitted on
the top portion of the detachable anode of modified DPF
device. The silicon substrates of size *1 cm 9 1 cm were
cleaned ultrasonically and were mounted on the heating
plate of substrate heater. The heating plate was then inserted
from the top of plasma chamber. The heating plate had a
threaded hole at the centre of it, which was screwed to the
vertically movable brass rod. The substrates were kept at a
typical distance of 5.0 cm from top of the anode. An

Figure 1.

aluminium shutter was also introduced between anode top
and substrate with the help of another vertically moveable
brass rod. The shutter protects silicon substrates from the
impact of ions produced by unfocussed plasma. The
chamber was evacuated by a rotary pump and then argon
gas was filled as a working gas. The argon gas pressure was
maintained at 80 Pa in the chamber to get good focussing.
The focussed plasma is formed undergoing breakdown,
axial acceleration and radial collapse phases which were
discussed in earlier reports [15–17]. The presence of
focussed plasma was observed as a sharp peak in the voltage signal recorded on a digital storage oscilloscope (Tektronix TDS 1002). This focussed plasma has density of the
order of 1026 m-3, energy 1–2 keV and duration *100 ns.
After a couple of shots, the strong focussing regime was
achieved and we opened the shutter. This focussed plasma
ionizes graphite disc and material ions along with argon
ions move vertically upwards in a fountain-like structure in
post focus phase, hit the substrate (referred as ‘burst of
focussed plasma’) and lose their energy through electronic
and nuclear processes and cool down to get deposited on the
substrates. The deposition was done at a substrate temperature from 20 (room temperature) to 130°C with a 10°C
increase in substrate temperature at each step. However, the
formation of nano-DLC was not observed below 130°C and
the results obtained below 130°C are identical to that
obtained for room temperature. We could not go beyond
130°C substrate temperature because of the experimental

Schematic diagram of modified DPF device.
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constraints. The deposition of nano-DLC was carried out
using two bursts of focussed plasma. The deposited samples
were then characterized by different techniques to study
their structural, morphological, optical and mechanical
properties.
The structural properties were studied by mean of XRD
and Raman measurements. The XRD measurements were
done on D8 DISCOVER X-ray diffractometer with k = 1.54
Å source of CuKa radiation. The Raman measurements
were performed using in-Via Reflex (Renishaw) spectrometer equipped with an Ar–Ne laser having excitation power
and wavelength as 25 mW and 514.5 nm, respectively. The
surface morphology of samples was analysed using AFM on
a Pico SPM Scan 2100 instrument operated in a scanning
non-contact mode and SEM through scanning electron
microscope made FEI with model Quanta 200. To find the
band gap, optical absorption spectra of samples were
measured on a Perkin-Elmer Lambda 35 UV–Vis spectrophotometer in absorption mode. The hardness measurements were performed on Berkovich type nano-indenter in
depth control mode with a load of 5 mN.

3.

Results and discussion

The surface morphology of the deposited samples has been
studied using AFM and SEM. A typical AFM image of the
sample deposited at a substrate temperature of 20°C is
shown in figure 2a. Figure 2b shows the 3D AFM image of
the same sample. Figure 2a and b shows formation of
nanostructures with a typical nanostructure shown by arrow
in figure 2a having a size of *30 nm. The histogram
analysis of AFM image is shown in figure 2c, indicating that
most of the nanostructures have a size of *27 nm. The
morphological results obtained through AFM are further
confirmed using SEM. A typical SEM image of the same
sample is shown in figure 3a with a typical nanostructure
having size *30 nm shown by arrow. The size distribution
of nanostructures has been found from histogram analysis of
SEM image which is presented in figure 3b. The Gaussian
fitting of the histogram data gives the average size of
nanostructures as *27 nm. The size and morphology of
nanostructures obtained from AFM and SEM results are in
good agreement. Identical morphological results are
obtained for samples grown at substrate temperature from
30 to 120°C. However, the samples deposited at a substrate
temperature of 130°C show substantial change in the morphology of nanostructures.
A typical AFM image and its 3D view for the sample
deposited at substrate temperature of 130°C are shown in
figure 4a and b, respectively. Figure 4a and b shows the
formation of nanostructures with a typical nanostructure
shown by arrow in figure 4a having a size of *15 nm.
Figure 4c shows the histogram analysis of AFM image,
indicating that most of the nanostructures have size as
*10 nm. SEM is used to confirm the morphological results
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obtained in AFM. A typical SEM image of the same sample
is shown in figure 5a with a typical nanostructure having a
size of *15 nm shown by arrow. The size distribution of
nanostructures is presented in figure 5b, indicating average
size of nanostructures as *14 nm. The size and morphology of nanostructures obtained from AFM and SEM results
are in good agreement.
It is observed that the size of nanostructures decreases as
the substrate temperature increases. This decrease in the
size of the nanostructures can be understood with the help
of formation mechanism of nanostructures. In each burst of
focussed plasma, the material is deposited on the substrate
randomly. In first burst of focussed plasma, the material
deposited randomly, whereas in the second burst of focussed plasma, the material is deposited either on to the already
deposited material or on substrate area where no material
has been deposited. This mechanism modifies when the
substrate is heated during deposition in the following
manner. The heating of substrate at an optimum temperature leads to the formation of nucleation sites for material to
be deposited. When the material of first burst of focussed
plasma reaches the substrate, the material get deposited in
the nucleation sites and further creates more nucleation sites
for the material to be deposited in second burst of focussed
plasma. When material from second burst of focussed
plasma hits the material deposited in first burst and substrate, it ruptures the already deposited material (due to
loose binding to substrate through heating). This will lead to
reformation of nanostructures having overall size smaller
than that obtained in similar condition without substrate
heating.
The morphological studies show that the deposited
material is nanostructures and to investigate whether the
deposited nanomaterial is DLC or not, we carried out
structural studies by means of XRD and Raman spectroscopies. XRD studies of all the samples deposited at different substrate temperatures show amorphous nature of
nanomaterial as no diffraction peak is observed in the XRD
pattern. Typical XRD patterns of samples deposited at
substrate temperatures of 20, 80 and 130°C are shown in
figure 6a, b and c, respectively, showing amorphous nature
with no diffraction peak. The content of sp3-bonded carbon
present in the deposited nanomaterial determines whether
the deposits are nano-DLC or not. To determine the content
of sp3-bonded carbon atoms and to further study the structure of as-deposited nanomaterial, Raman measurement has
been done.
Raman spectroscopy is a tool which can easily determine
the basic structure of all the carbon related materials, such
as diamond, graphite, graphene, carbon nanotubes, DLC
and nano-DLC. It is well known that for graphitic carbon,
two major frequency bands i.e., G and D bands in Raman
spectra are observed at 1580 and 1350 cm-1, respectively.
However, for DLC films and nano-DLC, these G and D
bands are shifted to lower wavenumber at 1530 and 1350
cm-1, respectively, which is due to the disorder induced in
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Figure 2. (a) AFM image (arrow indicates typical nanostructure of size *30 nm), (b) 3D view of AFM image of
nanostructures deposited at substrate temperature of 20°C and (c) histogram of AFM image showing that maximum
nanostructures have a size of *27 nm.

Figure 3. (a) SEM image (arrow indicates typical nanostructure of size *30 nm) and (b) size
distribution of nanostructures deposited at substrate temperature of 20°C.

graphitic carbon by sp3-bonded carbon. According to the
symmetries in Raman spectra, A1g symmetry involves
phonons near the k-zone boundaries due to which a
breathing Raman mode of A1g symmetry arises which is
‘D band’. On the other hand, E2g symmetry is associated
with ‘G band’ and it arises due to the in-plane bond

stretching vibrations [20]. The Raman spectrum of the
nanostructures deposited at substrate temperature of 20°C is
shown in figure 7a, which shows prominent Raman peaks at
1350 and 1595 cm-1, which are associated with the D and
G bands of graphitic carbon, respectively. The reason of
their existence has already been discussed. Figure 7a shows
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Figure 4. (a) AFM image (arrow indicates typical nanostructure of size *15 nm), (b) 3D view of AFM image of
nanostructures deposited at substrate temperature of 130°C and (c) histogram of AFM image showing that maximum
nanostructures have a size of *10 nm.

Figure 5. (a) SEM image (arrow indicates typical nanostructure of size *15 nm) and (b) size
distribution of nanostructures deposited at a substrate temperature of 130°C.

that Raman peak other than D and G bands of graphitic
carbon is not present in the nanostructure deposited at
substrate temperature of 20°C. This confirms that DLC is
not formed at a substrate temperature of 20°C. Raman
spectra of samples deposited at substrate temperature from
30 to 120°C show similar Raman peaks. However, the

Raman spectrum of nanostructures deposited at substrate
temperature of 130°C shows Raman peak (after deconvolution) at 1170, 1366, 1472 and 1535 cm-1 as shown in
figure 7b. The Raman peak at 1366 and 1535 cm-1 are due
to D and G bands, respectively. The reason of their existence has already been discussed. These peaks are shifted
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Figure 6. XRD patterns of nanostructures deposited at substrate
temperature of (a) 20, (b) 80 and (c) 130°C. (d) XRD pattern of
nano-DLC deposited on glass substrate.

which confirms that the deposited sample is nano-DLC. On
the other hand, the Raman peak at 1170 cm-1 is due to the
size effect of nanoscale diamond grains. Moreover, the peak
at 1472 cm-1 is associated with amorphous nature of nanoDLC as obtained in XRD studies. The presence of this peak
further confirms the significant amount of sp3-bonded carbon atoms in the deposited nano-DLC. The presence of sp3bonded carbon atoms in the deposited nano-DLC has
already established through the shift observed in D and G
bands. Thus, the nanostructures deposited at substrate
temperature of 130°C, are of nano-DLC characteristics. To
investigate the possible applications of nano-DLC, we have
studied the optical and mechanical properties of nano-DLC.
The optical properties of nano-DLC has been studied
using absorption spectra. We have plotted the Tauc plot
using the absorption spectra obtained for nano-DLC, which
is shown in figure 8. It shows that the optical band gap of
nano-DLC is *2.45 eV. The minimum energy gap between
the occupied and empty energy states is termed as the band
gap in any crystal, which can either be direct or indirect. In

Figure 7.

any amorphous semiconductor where no true band gap
exists, an arbitrary definition can be used for the optical
band gap [21]. Several researchers [22–27] have reported
that in amorphous graphitic carbon, the band gap increases
with an increase in the sp3 content. The band gap value
obtained in the present study also indicates the high sp3
content in the nano-DLC, which is in confirmation with the
Raman studies. The band gap of nano-DLC lies in the
visible range hence, the coating of these nano-DLC on
windows glass can absorb the infrared radiations. Thus, they
can be used as a protective coating material.
The hardness measurement of nano-DLC was done using
a nano-indenter with a load of 5 mN. The hardness of nanoDLC is found to be *45.5 GPa. It is well known that the
hardness of nano-DLC or DLC thin films depends strongly
on the morphology and the bonding environment. The
microstructure and the content of hydrogen in the amorphous carbon nanostructures classify it into three categories
namely (a) polymer-like carbon, (b) DLC and (c) graphitelike carbon. In DLC, the content of hydrogen is less, which
results in the formation of highly dense nanostructures. The
nano-DLC obtained in the present experiment, has the
similar highly dense nanostructured morphology as can be
seen from AFM and SEM results. Thus, the hardness values
obtained in the present experiment further confirms the
formation of nano-DLC. The observed value of hardness for
nano-DLC is quite high, thus, there should not be any
change in the morphology of nano-DLC after hardness
measurement. To confirm that we have carried out the SEM
measurement of the nano-DLC sample after the hardness
measurement, is presented in figure 9. On comparing the
SEM images of figures 5 and 9, it can easily be observed
that the morphology of the nano-DLC has not changed after
hardness measurements. This result further confirms the
high hardness of the nano-DLC fabricated in the present
experiment. Finally, the nano-DLC fabricated in the present
experiment is found to have high content of sp3 carbonbonded atoms, band gap in visible region and high hardness,

Raman spectra of nanostructures deposited at substrate temperatures of (a) 20 and (b) 130°C.
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Figure 8. Tauc plot of the nano-DLC indicating band gap of
*2.45 eV.
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which makes it a potential candidate for protective optical
window coating applications.
The applications of nano-DLC in protective optical
window coatings can only be justified if the nano-DLC is
deposited on glass. Thus, to confirm the claimed applications of nano-DLC fabricated in present experiment for
protective optical window coating, we have deposited the
nano-DLC on glass substrate at a substrate temperature of
130°C. The nano-DLC deposited on glass substrates is also
amorphous in nature having no diffraction peak in XRD
pattern similar to the observations on silicon substrate. The
XRD pattern of nano-DLC deposited on glass substrate is
shown in figure 6d. Further, to confirm the transparency of
the deposited nano-DLC for different wavelengths of light,
we have carried out transmission and absorption studies of
nano-DLC sample deposited on glass substrates. The
transmission and absorption spectra of nano-DLC grown on
glass substrates are shown in figure 10a and b, respectively.
The nano-DLC shows high transmission in visible range,
whereas the transmission is comparatively low in ultraviolet
and infrared regions. Similar observation can be seen in
absorption spectra, which shows high absorption of light by
nano-DLC in ultraviolet and infrared regions. Thus, this
confirms that the nano-DLC fabricated in the present series
of experiments is a potential candidate for protective optical
window coating applications.

4.

Figure 9. SEM image of nano-DLC taken after hardness
measurements.

Figure 10.
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Conclusions

Nano-DLC was successfully deposited using the high
fluence and highly energetic ions of carbon generated by hot
and dense argon plasmas produced in a modified DPF
device under two bursts of focussed plasma operating
conditions. The as-deposited nano-DLC was found to be
amorphous having nanostructured morphology. It was
found from AFM and SEM results that the deposited nanoDLC has highly dense and uniform morphology. Average

(a) Transmission and (b) absorption spectra of nano-DLC grown on glass substrate.
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size of nano-DLC was found to be *14 nm. The Raman
spectra of nano-DLC is different from that of conventional
amorphous DLC films and carbon nanostructures. The
Raman spectra possess peaks of fundamental D and G bands
of graphitic carbon which are shifted due to the presence of
nanograins diamond. High sp3 content in nano-DLC was
inferred from shifting of Raman peaks and from 1472 cm-1
Raman peak. The nano-DLC has optical band gap of
*2.45 eV and high hardness of *45.5 GPa. Finally, the
grown nano-DLC having distinct features, have possible
application in protective optical window coatings.
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