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Mechanical properties of Al/a-C nanocomposite thin films
synthesized using a plasma focus device
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The Al/a-C nanocomposite thin films are synthesized on Si substrates using a dense plasma focus device with alu-
minum fitted anode and operating with CH4/Ar admixture. X-ray diffractometer results confirm the formation of metallic
crystalline Al phases using different numbers of focus shots. Raman analyses show the formation of D and G peaks for all
thin film samples, confirming the presence of a-C in the nanocomposite thin films. The formation of Al/a-C nanocomposite
thin films is further confirmed using X-ray photoelectron spectroscopy analysis. The scanning electron microscope results
show that the deposited thin films consist of nanoparticles and their agglomerates. The sizes of th agglomerates increase
with increasing numbers of focus deposition shots. The nanoindentation results show the variations in hardness and elastic
modulus values of nanocomposite thin film with increasing the number of focus shots. Maximum values of hardness and
elastic modulus of the composite thin film prepared using 20 focus shots are found to be about 10.7 GPa and 189.2 GPa,
respectively.
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scope, elastic modulus
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1. Introduction
Amorphous carbon (short as a-C) films are attractive

due to their extraordinary properties, such as high hard-
ness, wear resistance, chemical resistance, and good tribo-
logical properties.[1–3] The a-C thin films are generally hard
(about 18 GPa–80 GPa) but brittle.[4] Metal/amorphous car-
bon (Me/a-C) thin films improve the toughness of the thin
films,[5] with moderately high hardness and, therefore, are im-
portant engineering materials for surface protection.[4] A lot
of work has been done previously on Me/a-C or Me/DLC thin
films using different techniques at room temperature, such as
sputter deposition,[6,7] plasma assisted chemical vapor deposi-
tion (CVD),[8] and vacuum arc deposition.[9,10]

Aluminum with a silvery appearance is an attractive metal
because it is soft, durable, lightweight, and ductile. Its prop-
erties, such as high resistance to corrosion on surfaces ex-
posed to the atmosphere, good electrical and thermal con-
ductivities and high reflectivity to both heat and light make
it more attractive. Tay et al.[11] found that the hardness of
the DLC thin films drastically reduced to 40% when doped
with 10% Al. This is attributed to reduction in sp3 hybridiza-
tion with incorporation of Al in DLC. The incorporation of
metal into a-C film reduces stress in the film, which leads to
decrease in sp3 content. The nanocomposite Al–C and Al/a-
C:H thin films have been synthesized previously using differ-
ent techniques.[7,11–13] In this paper, we synthesize the Al/a-C

nanocomposite thin films on silicon substrates using a dense
plasma focus (DPF) device, which utilizes a pulsed high en-
ergy density plasma source and study the structural, composi-
tional and mechanical properties of these films.

The DPF is a simple and cost-effective device that makes
use of a self-generated magnetic field that compresses the
plasma up to a very high density (1025 m−3 –1026 m−3) and
high temperature (l keV–2 keV) in short duration (10−7 s).[14]

A complex mix of high energy density plasmas, accelerated
energetic ions and fast moving electrons emanated from hot
and dense pinched plasma column during the radial collapse
phase of DPF device, which are used for various material pro-
cesses, such as thin film deposition, phase change of thin films,
ion implantation, and surface modification.[15–20] We report
on the synthesis of Al/a-C nanocomposite thin films on silicon
substrates kept at ambient temperature using DPF, which of-
fers interesting features such as very high deposition rate and
energetic deposition process.

2. Experimental setup
The Al/a-C nanocomposite thin films are synthesized on

Si substrates using Mather type plasma focus device desig-
nated as United Nation University/International Center for
Theoretical Physics Plasma Focus Facility (UNU/ICTP PFF).
The 3.3-kJ UNU-ICTP PFF is energized by a single Maxwell
(30 µF, 15 kV) fast discharge capacitor. Figure 1 shows the
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schematic illustration of a plasma focus device with the setup
for the Al/a-C nanocomposite thin film deposition. Details of
the plasma focus device are given elsewhere.[14] Convention-
ally, the electrode assembly of UNU-ICTP PFF uses a hollow
copper anode, which is surrounded by six cylindrical copper
cathode rods in a squirrel cage fashion. For the deposition of
Al/a-C nanocomposite thin films, the central hollow copper
anode was replaced by an engraved copper anode with solid
aluminum top that was placed as an insert at the anode tip.
Charging and discharging the capacitor once is termed a one
focus shot. The high voltage probe and rogowski coil sig-
nals were used for monitoring the focusing efficiency of the
DPF device for optimization purposes. The presence of in-
tense voltage peak in the voltage probe signal or a steep current
dip in the current coil signal indicates the efficiency of pinch
plasma column formation process, which in turn controls all
associated phenomena or parameters, such as the temperature
and density of pinch and decaying plasmas, energy flux of in-
stability accelerated charge particle beams, shock waves, etc.
When the device was operated with only methane as the work-
ing gas, the good focus was inconsistent, which makes the
plasma focus operation non-reliable. To avoid the inconsis-
tency of the pinching efficiency in DPF device with methane
as the operating gas, we used a CH4/Ar admixture ratio with
different admixture gas filling pressures. The charging voltage
was kept at 14 kV during the entire optimization and depo-
sition process. The optimized CH4:Ar admixture filling gas
pressure was found to be about 1.5 mbar (1 bar = 105 Pa) for a
CH4/Ar admixture ratio of 3:7. So, we used the same CH4/Ar
admixture ratio of 3:7 to synthesize the Al/a-C thin films on
Si substrate placed at a distance of 10 cm above the anode
tip along the anode axis. The silicon wafers were cleaned in
an ultrasonic bath by rinsing first in acetone, then rinsing in
ethanol, and finally in de-ionized water for 10 min each. The
base pressure of 3× 10−2 mbar was achieved using a rotary
vane pump.

gas inlet

spark gap

capacitor
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Si substrate

Al top

shutter

copper anode sample holder

vaccum pump

insulator sleevecopper cathode

Fig. 1. (color online) Schematic diagram of DPF device.

The SIEMENS D5005 X-ray diffractometer (XRD) op-
erated at a voltage of 40 kV and a current of 40 mA using
CuKα (λ = 1.54 Å) radiation source was used to analyze
crystalline structures of deposited composite thin films. The
diffraction patterns were recorded at small grazing incident an-
gle (2◦). The elemental compositions and the characteristics of
bonds between Al and C were studied using thermo scientific
theta probe X-ray photoelectron spectroscopy (XPS). WITEC
α 300 R Confocal Raman Microscope with a laser wavelength
of 488 nm was used to study the nature of a-C present in the
thin film. The surface morphologies of nanocomposite thin
films were studied using field emission scanning electron mi-
croscope (FESEM) [Jeol JSM-6700F], operated at a voltage of
5 kV. Nano Indenter®XP (MTS system, TN, USA) was used
to study the hardness and elastic modulus of nanocomposite
thin film.

3. Results and discussion
An extremely hot high energy density pinched plasma

column, containing the ionic species of filling gas (such as
carbon, hydrogen, and argon), is formed in front of the cen-
tral electrode (anode) during the radial collapse phase of the
plasma focus operation. The sausage instabilities (m = 0)
are seen to set in hot and dense pinched/focused plasma col-
umn, which accelerates the ions (of the filling gas species)
and electrons in opposite directions.[21] The hot dense pinched
plasma and instability accelerated the electron beam to ab-
late the aluminum anode top, thereby, creating the aluminum
plasma species, which also move towards the substrate sur-
face. The qualitative description of the formation of nanocom-
posite Al/a-C thin film in plasma focus device operated with
CH4/Ar admixture ratio of 3:7 is as follows.

(i) The accelerated high energy ions of carbon, hydro-
gen, and argon of CH4/Ar admixture ratio 3:7 bombarded the
Si substrate, axially decaying high energy density plasma, and
strong shock wave results in enormous and rapid increase in
the temperature of the Si,[22] causing high heating and then
cooling in the surface of the silicon. These ions of CH4/Ar ad-
mixture gas are responsible for etching and cleaning the sub-
strate surface prior to deposition.

(ii) The Al plasma, produced by the ablation of anode
top, along with the background carbon plasma of the filling
gas species, is deposited in the form of Al/a-C nanocomposite
thin film on the silicon substrate.

(iii) The above mentioned processes happen during the
first focus deposition shot, with the second one following the
first. The subsequent focus deposition shot, for multiple shot
depositions, will cause the processing of thin film that has al-
ready been deposited in previous shots by a complex mix of
energetic ion beam, hot decaying plasma and shock wave fol-
lowed by the deposition of the next layer of material.

The detailed analysis of structure, composition, mor-
phology, and mechanical properties of the deposited Al/a-C
nanocomposite thin films are given below.
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3.1. Structural analysis

The XRD patterns of the nanocomposite thin films syn-
thesized using different numbers of focus deposition shots on
silicon substrates placed at the distance of 10 cm above the an-
ode tip along the anode axis (0◦ angular position) are shown
in Fig. 2. The XRD results show the formation of very weakly
crystalline Al (111) plane for 10 focus shots and the intensity
of this phase increases with increasing the number of focus de-
position shots. The (200) phase of Al appears only for 30 and
40 focus deposition shots. The XRD patterns do not show any
peak related to aluminum carbide. Moreover, the XPS results
shown in Fig. 3(b) do not show any formation of aluminum
carbide in the surface of thin film, which confirms the absence
of aluminum carbide phase formation in nanocomposite thin
films. The increase in the intensity of Al (111) phase with the
increasing of the number of focus deposition shots may be due
to the increase in the thickness as well as the energetic pro-
cessing of the nanocomposite thin film. The XRD spectrum
of the virgin silicon substrate exhibits only (311) diffraction
plane while the samples deposited with different numbers of
focus deposition shots all exhibit the formation of polycrys-
talline Si, with additional Si diffraction peaks being observed.
The accelerated energetic ions of filling gas species, the de-
caying high energy density pinched plasma column, and the
fast moving shock wave in DPF increase the surface tempera-
ture of the silicon substrate placed down the anode stream,[23]

followed by the fast cooling that may cause the formation of
polycrystalline silicon on the substrate surface.
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Fig. 2. XRD patterns of the thin films deposited with different num-
bers of focus deposition shots with a CH4/Ar admixture ratio of 3:7.

3.2. XPS analyses

The XPS analyses of all the nanocomposite thin films de-
posited at 0◦ angular position using different numbers of focus
deposition shots are performed to examine the elemental con-
centrations and the bondings of the elements in the surface of
thin films. The different elements present in the surfaces of
composite thin films, along with their atomic percentages, are
given in Fig. 3(a). The analysis shows the atomic percentage
of carbon increases along with the increase of the number of

focus deposition shots, implying that the amount of carbon is
increased in the thin film.
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Fig. 3. XPS spectra of deposited thin films, (a) survey scan and
elemental concentration with the increasing of the number of focus
shots, (b) high resolution spectra of C 1s peak with different num-
bers of focus shots, (c) the deconvoluted C 1s peak for thin film
deposited with 40 focus shots, and (d) high resolution spectra of Al
2p peak with different numbers of focus shots.
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The chemical states of elements present in the surfaces
of composite thin films synthesized with different numbers of
focus shots can be understood by the C 1s spectra in Fig. 3(b).
The XPS spectra show the presence of carbon in C–C/C–H,
C–O–C, and O–C–O/C=O with their peak binding energy val-
ues of about 285, 286.7, and 288.8 eV, respectively. The C 1s
spectra do not show any peak in the range from 281 eV to
283 eV for the nanocomposite thin films deposited with dif-
ferent numbers of focus deposition shots, indicating that car-
bon does not construct any bond with Al to form carbide in
the surface of the thin film. The C 1s XPS spectra of one of
the sample treated with 40 focus shots is deconvoluted to iden-
tify various compounds/phases that have been formed on the
surface of composite thin film shown in Fig. 3(c). The decon-
volution of the spectra shows the presence of C–C, C–O–C,
and C=O/O–C–O on the surface of the thin film. The presence
of a significant amount of oxygen on the nanocomposite thin
film surface is due to the oxidation of metallic Al, which is
present on the surface when the samples are exposed to atmo-
spheric environment shown in Fig. 3(d). So, from the results
obtained from XRD and XPS analyses, it is clear that Al/a-C
thin film is formed on Si substrate without any Al–C bonding.

3.3. Raman analysis

The Raman analyses of the nanocomposite thin films de-
posited along the anode axis (0◦ angular position) placed at
10 cm from the anode top are shown in Fig. 4(a). The spectra
show the stretching vibrations due to D and G bonds, which
confirm the existence of carbon in sp2 and sp3 bonding con-
figuration in composite thin films. The D and G peaks appear,
respectively, at about 1366 cm−1 and 1600 cm−1, without any
considerable shift in these values for thin films deposited with
different numbers of focus deposition shots. The Raman anal-
yses also show the variations in intensity of D and G peaks
with the number of focus deposition shots. The D and G peak
intensities are improved for the film deposited with 40 focus
shots. The pronounced intensities of D and G peaks may be
attributed to the increase in surface transient temperature when
the sample is treated with higher ion beam flux and energies.

The variations in the integrated D and G peak intensity
ratios appearing for different thin films each as a function of
the number of focus deposition shots are shown in Fig. 4(b).
The ID/IG ratios are 1.26 and 1.27 for the films synthesized
using 10 and 20 focus shots, respectively. The ID/IG ratios
increase to the values of 1.46 and 1.38 for the films synthe-
sized using 30 and 40 focus shots, respectively. This shows a
greater amount of sp3 content in the films deposited with 10
and 20 focus shots, since the sp3/sp2 ratio is inversely related
to ID/IG ratio. The variations in ion flux and energy may be
responsible for different sp3 and sp2 bonding content in the
deposited thin films.[23] Zeb et al.[24] deposited diamond-like
carbon films at different axial positions using the DPF device
and found a similar trend of ID/IG value with the increasing of
ion flux and energy to that in our case.
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Fig. 4. Raman analyses of the thin films deposited with (a) differ-
ent numbers of focus shots, with CH4/Ar admixture ratio fixed to be
3:7, and (b) the variations in ratio between D and G peak intensities
with different numbers of focus deposition shots.

3.4. Surface morphology

The surface morphologies of the nanocomposite thin
films synthesized using different numbers of focus deposition
shots are shown in Fig. 5. The thin films synthesized with
different focus shots exhibit dense and smooth surface mor-
phology without the presence of any cracks and voids. The
scanning electron microscope results show that the surfaces of
thin films deposited with different numbers of focus shots con-
tain nanoparticles and nanoparticle agglomerates. The round
shaped nanoparticles on the surfaces of thin films deposited
with different numbers of focus deposition shots may indicate
the presence of amorphous carbon. The size and number of
agglomerates increases with the increasing number of focus
deposition shots. The agglomerates form a flower-like struc-
ture for the film deposited with 40 focus deposition shots. The
average size of these agglomerates for 30 and 40 focus depo-
sition shots is more than 100 nm. The increases in the size and
the number of agglomerates at higher deposition shots (30 and
40 shots) are attributed to the consequence of increases in ion
energy and ion flux. The surface morphology of the thin film
consists of nanoparticles and their agglomerates, which offer
a large surface-to-volume ratio resulting in easy oxidation of
metallic aluminium,[25,26] as observed earlier in the XPS re-
sults.
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Fig. 5. Surface morphologies of the nanocomposite thin films de-
posited with focus shot numbers of (a) 10, (b) 20, (c), 30, and (d)
40.

3.5. Mechanical properties

The variations in hardness and elastic modulus values of
the thin films synthesized with the number of focus shots are
shown in Fig. 6. The mechanical properties are analyzed in
terms of their chemical composition and relative sp3 content
measured by XPS and Raman spectra. The hardness and elas-
tic modulus values of the films are taken at a depth of 100 nm
to avoid the substrate effect on the measurement.

The processing of the films with different numbers of fo-
cus shots gives different compositions and structures due to
the effects of ion beam flux and energy. It is evident from
Table 1 that the combination of Al/C ratio and sp3 content
in the film affects the mechanical properties. The hardness
and elastic modulus values of the thin films are 7.4 GPa and
155.1 GPa, respectively, which corresponds to an Al/C ratio
of 0.44 and ID/IG value of 1.26, for 10 focus shots. The hard-
ness and elastic modulus values for 20 focus shots are highest

(10.7 GPa and 189.2 GPa). However, the sp3 content in the
film deposited with 20 focus shots with an ID/IG value of 1.27
is almost the same as that of the film with 10 focus shots but
relatively low Al/C ratio of 0.29, which results in the increase
of hardness and elastic modulus values. The film synthesized
with 30 focus shots gives the lowest values of hardness and
elastic modulus with ID/IG value of 1.46 and Al/C ratio of
0.19. The significant decrease in sp3 content in the film results
in the decrease of hardness and elastic modulus values. The
hardness and elastic modulus values of the film synthesized
with 40 focus shots increase again, even though the Al/C ratio
is almost the same as that of the film with 30 shots. This in-
crease in hardness and elastic modulus is due to the decrease
in ID/IG value to 1.38 (increase in sp3 content) in the film.

So, from the above discussion it is concluded that both
Al/C ratio and sp3 content play an important role in achiev-
ing better mechanical properties. The low Al/C ratio and high
sp3 content in the film are the key features in improving the
hardness and elastic modulus values.
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Fig. 6. (color online) Variations in hardness and elastic modulus of
the thin films deposited with different numbers of focus shots.

Table 1. Elemental compositions, Al/C ratios, ID/IG values, hardness, and elastic modulus values of the thin films deposited
with different numbers of focus shots.

Number of focus shots Al/(at%) C/(at%) O/(at%) Al/C ID/IG Hardness/GPa Elastic modulus/GPa
10 19.6 44.3 36.1 0.44 1.26 7.4±0.24 155.1±2.8
20 15.4 53.8 30.8 0.29 1.27 10.7±0.27 189.2±2.92
30 11.3 58.6 30.1 0.19 1.46 5±0.29 115±6.92
40 12.6 60.6 26.8 0.21 1.38 7.7±0.59 170.2±10.4

4. Conclusions
The successful synthesis of Al/a-C nanocomposite thin

film is achieved using a DPF device. The XRD results show
crystalline phases of Al for the thin films deposited using dif-
ferent numbers of focus deposition shots. The Raman spectra
exhibit D and G peaks due to C–C vibration modes, confirm-
ing the formation of a-C phases in composite thin films. The
XPS analyses confirm the presence of metallic Al, C–C/C–H,
along with oxides of aluminum and carbon on the surfaces of
composite thin films. The presence of metallic Al (and ab-
sence of Al–C phase) suggests that the aluminum plasma, ab-

lated from the aluminum top, does not react with background
reactive carbon plasma. The presence of a significant amount
of oxygen on the thin film surface is attributed to the oxi-
dation of metallic Al upon exposure to atmospheric environ-
ment, which is aided by the fact that thin films are in the form
of nanoparticle and nanoparticle agglomerates offering large
surface-to-volume ratios. FESEM images show the smooth
surface morphology consisting of nanoparticles and nanopar-
ticle agglomerates that form nanocomposite thin films. The
sizes of nano particle agglomerates increase as the number
of focus deposition shots increases. The hardness and elas-
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tic modulus values are found to be dependent on Al/C ratio
and sp3 content in the nanocomposite thin film. The hard-
ness and elastic modulus values of 10.7 GPa and 189.2 GPa
are achieved for thin film deposited with 20 focus deposition
shots.
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