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a b s t r a c t

Diamond-like carbon (DLC) thin films were grown on Si-(100) substrates by a magnetically-assisted
pulsed laser deposition (PLD) technique. The role of magnetic field on the structural, morphological,
mechanical properties and deposition rate of DLC thin films has been studied. The obtained films were
characterized by Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), atomic force microscopy
(AFM), field emission scanning electron microscopy (FE-SEM) and nanoindentation techniques. It was
found that the diamond-like character, thickness and deposition rate of the DLC films increase in the
presence of magnetic field. The films deposited under magnetic field exhibit a denser microstructure
and smoother surface with lower surface roughness. Meanwhile, the mechanical properties of the mag-
netically processed DLC thin films experience an improvement, relative to the conventionally processed
ones. It seems that the DLC films deposited under magnetic field can be better candidate for hard and
wear resistance coating applications.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Diamond-like carbon (DLC) thin films have attracted much
interest due to their unique properties such as high hardness,
low friction, good wear resistance, optical transparency and high
chemical inertness [1–4]. Due to these excellent properties, DLC
films have been widely used for several critical applications such
as protective coatings for magnetic recording disks, cutting tools,
optical components and micro-electromechanical devices (MEMs)
[5–9]. The properties and the quality of the DLC thin films are
strongly related to their microstructure, i.e., sp3 and sp2 bonding
ratio in the carbon network [10–12]. In deposition process, ener-
getic ion bombardment promotes sp3 bonding. According to the
sub-plantation model [1,13,14], low energy carbon ions cannot
penetrate the surface and just stick to the surface resulting in the
formation of amorphous sp2-bonded carbon network [13]. During
the deposition process, the incident carbon ion having a sufficient
energy (beyond the penetration threshold) can only penetrate into
the growing film. This carbon ion enters subsurface interstitial site
and therefore, results in the increase of the local film density [1]
and the development of compressive stress [15]. The local bonding
will then reform around that atom according to this new density.
In the highly energetic conditions of ion bombardment existing
during film growth, atomic hybridizations will adjust easily
according to the changes in the local density, and become more
sp2 if the density is low and more sp3 if the density is high [1].
Thus, the energy and amount of ion species are the most effective
factors determining the film growth and ratio of sp3/sp2 carbon
atoms of the DLC films [1,16,17]. Significant attempts have been
dedicated to improve the quality of DLC thin films by varying the
deposition technique and also the process parameters [18,19]. In
order to deposit a high quality, dense, and hard DLC thin film with
a higher degree of the diamond-like character highly ionized
plasma is needed.

Filtered cathodic vacuum arc (FCVA) [20–22] and pulsed laser
deposition (PLD) [11,23,24], as energetic and plasma based deposi-
tion methods, have been used for the preparation of DLC films. For
the formation of DLC film, FCVA process has some advantages such
as generation of high energetic carbon species with a fairly narrow
ion energy distribution, ability of low deposition temperature, and
an industrial scale production capability [20,22]. However, in FCVA
process, filtering is not sufficient for some applications and the
cathode spot is unstable [1]. Pulsed laser deposition (PLD) is also
an attractive technique for DLC films preparation because of its
outstanding advantages such as simplicity of preparing a target,
ability of low deposition temperature, low damage to the sub-
strate, and ablation of energetic carbon species from graphite
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target [11,23,24]. In the PLD process, the ablation plume contains
many particles such as electrons, ions and neutral atoms. In order
to achieve a high plasma density and an enhanced ionization of the
ablated species during the expansion of laser-produced plasma, a
magnetic field can be incorporated into conventional PLD tech-
nique. Kobayashi et al. developed a magnetically-assisted PLD
technique (known as aurora method) to deposit SrTiO3, NiO and
ZnO thin films on different substrates [25–28]. They have showed
that the aurora method increases the ionization of the growth spe-
cies in the plume in the vicinity of the substrate. As far as we know,
magnetically-assisted PLD technique has not been used for prepa-
ration of DLC thin films till now and is the main course of this
work. It is expected that the magnetically-assisted PLD will
improve the quality and properties of DLC films by the production
of the highly ionized plasma during deposition process. We have
tried to develop this method for obtaining high quality DLC films
with enhanced diamond like character.

In this work, we have deposited DLC thin films by PLD tech-
nique in the presence of an external magnetic field normal to the
substrate. Moreover, the effects of applied magnetic field on the
structure, morphology and mechanical properties and deposition
rate of the DLC thin films were studied. Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS) have been used to investi-
gate the structural properties and chemical bonding state of the
obtained DLC films. The mechanical properties, morphological fea-
tures and deposition rate of the DLC films are studied using
nanoindentation, atomic force microscopy (AFM) and field emis-
sion scanning electron microscopy (FE-SEM).

2. Experimental details

DLC thin films were deposited on ultrasonically cleaned single
crystal Si-(100) substrates by PLD technique with and without
the presence of non-homogeneous magnetic field. A commercially
available pyrolytic graphite target with high purity was used as a
target in the present work. The deposition chamber was evacuated
to a base pressure of 1 � 10�6 Torr. A KrF excimer laser (wave-
length 248 nm, 20 ns FWHM, 10 Hz repetition rate) with 200 mJ
energy per pulse was used for the ablation of the rotating pyrolytic
graphite target. The typical experimental setup of the pulsed laser
deposited diamond-like carbon films with the presence of the mag-
netic field is schematically shown in Fig. 1.

In this study, a magnetic field with direction (central) perpen-
dicular to substrate surface and parallel to the plume expansion
axis was incorporated into the conventional PLD technique. Two
cylindrical-shaped Nd–Fe–B permanent magnets with similar
diameter of 45 mm and thickness of 10 and 20 mm were used in
Fig. 1. The typical experimental setup of the pulsed laser deposition technique used
for obtaining the diamond-like carbon films in the presence of magnetic field.
order to produce two different magnetic fields with surface mag-
netic flux densities of about B1 = 220 and B2 = 350 mT, respectively.
The magnet with larger thickness produces a stronger magnetic
field. The used magnets were directly adjoined on the substrate
holder and the substrates were just placed on the surfaces of the
magnets. All DLC films were deposited by 10,000 laser pulses at
room temperature (RT) and the target to substrate distance was
about 45 mm. The magnetic flux density distribution normal to
magnet surface for two magnetic fields which was measured by
Gaussmeter is shown in Fig. 2. It is observed that the magnetic flux
density decreases with the distance from the magnet surface and
the magnet surface (substrate position) exhibits a higher magnetic
filed. Three series of DLC films were prepared with different
deposition conditions. A series of thin films were deposited by
conventional PLD technique in the absence of magnetic field
(DLC sample). Two other films were deposited with the application
of two magnetic fields with different strengths, one of which was
under a weaker external magnetic field (B1-DLC sample) and the
other under a stronger magnetic field (B2-DLC sample).

Raman spectroscopy (excitation wavelength of 532 nm and a
power of up to 2 mW) and X-ray photoelectron spectroscopy
(XPS: Specs model EA10 plus) were used to study the structural
properties and chemical bonding of the samples. Thickness, surface
morphology of the samples were investigated using field emission
scanning electron microscopy (FE-SEM: Hitachi model S4460) and
atomic force microscopy (AFM: Park Scientific Instruments,
AUTOPROBE CP). The mechanical properties of the samples were
measured by nanoindentation measurements (Compact Platform,
Switzerland) using the continuous stiffness measurement (CSM)
technique. The CSM technique is the most reliable method which
has been widely used for evaluating the mechanical properties of
thin films from the load–displacement curves of the indenter
[11,29].
3. Results and discussion

3.1. Deposition rate (thickness) and film structure

The thickness of the samples was determined from the observa-
tion of the cross-section FE-SEM micrographs. Fig. 3 shows
cross-section FE-SEM micrographs of the samples deposited in this
work.
0 10 20 30 40 50
0

100

200

300

B1
B2

M
ag

ne
ti

c 
fl

ux
 d

en
si

ty
 (

m
T

)

Distance from the magnet surface (mm)

Fig. 2. The magnetic flux density distribution normal to magnets surfaces (mea-
sured by Gaussmeter) versus the distance from the magnetic surface for two
magnetic fields.
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Fig. 3. Cross-section FE-SEM micrographs of (a) DLC, (b) B1-DLC and (c) B2-DLC
samples.
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Fig. 4. Raman spectra for (a) DLC, (b) B1-DLC and (c) B2-DLC samples.
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The results of thickness and deposition rate (thickness/pulse
number) for samples deposited in this work are shown Table 1.

The thickness and deposition rate increase with the magnetic
field. The thickness and deposition rate significantly increase when
the stronger magnetic field (B2) is applied. Raman spectroscopy is a
Table 1
Thickness and deposition rate, variation of G-band position, ID/IG ratio and FWHM of G pe

Sample Thickness (nm) Deposition rate (nm/pulse)

DLC 165 0.016
B1-DLC 205 0.020
B2-DLC 335 0.033
standard non-destructive technique to obtain the microstructural
information and the nature of bonding structure in the amorphous
carbon thin films [30–33]. Usually, amorphous carbon thin films
exhibit two main Raman bands in the wavenumber region of
1000–1800 cm�1 for visible excitation [31]. Fig. 4 shows the
ak for deposited samples.

G-Peak position (cm�1) ID/IG FWHM of G peak

1567 1 167
1555 0.82 190
1546 0.55 231
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Raman spectra for different samples. The Raman spectra in all sam-
ples consist of two characteristic (D and G) bands indicating the
formation of DLC phase. The G peak is related to the stretching
mode of all pairs of sp2 carbon atoms in both rings and chains,
whereas the D band is attributed to the breathing mode of sp2

atoms in rings [31,34]. The Raman spectra were deconvoluted
using Gaussian peaks and the parameters of interest were
extracted. Table 1 shows the variation of G-band position, intensity
ratio of D and G bands (ID/IG ratio) and full width at half maximum
(FWHM) of G-band for DLC, B1-DLC and B2-DLC samples. It is seen
that the G-peak position shifts to lower wavenumbers, ID/IG ratio
decreases and FWHM of G-band increases with magnetic field
increasing. The G band is centered at 1567 cm�1 for DLC sample
which shifts to the lower wavenumbers of 1555 and 1546 cm�1

for B1-DLC and B2-DLC samples, respectively. This behavior is
attributed to the enhanced sp3 bonding in structure [3,35–39].
Moreover, the ID/IG ratio is 1 for DLC sample which decreases to
0.82 and 0.55 for B1-DLC and B2-DLC samples, respectively. The
decrease in the ID/IG ratio indicates the decrease in the size and
number of the sp2 carbon clusters and increased sp3 content [40–
42]. FWHM of G-band is 167 for DLC sample which enhances to
190 and 231 for B1-DLC and B2-DLC samples, respectively. On the
other hand, FWHM of G peak is related to the structural disorder
(i.e., bond lengths and bond angles) and amorphization degree of
the films. Therefore, the G-band becomes broader as the sp2 clus-
ters become more disordered [37,43]. In other words, the increase
in FWHM of the G band with the magnetic field is attributed to
enhanced amorphization degree and disordering the films
[37,44,45]. Thus, the results obtained from shifting of G peak posi-
tion, ID/IG ratio and FWHM value clearly reveal an enhancement in
diamond-like character under applied magnetic field and the
B2-DLC sample exhibits the higher degree of diamond-like charac-
ter (sp3 bonding) and lowest value of sp2 carbon clustering.

The XPS analysis was employed to estimate the surface bonding
states in detail and obtain the sp3 fraction in the deposited sam-
ples. Fig. 5 shows a typical survey scan spectrum for B1-DLC sam-
ple. The observed peaks located at around 284.8 and 532.8 eV are
due to the photoelectrons excited from the C1s and O1s core levels,
respectively [46]. The presence of oxygen on the surface of the
samples is related to some residual contaminations due to air
exposure [46,47]. The feature in the binding energy range of
960–1030 eV is attributed to the carbon KVV Auger transitions
[46].

Fig. 6 shows C1s high resolution XPS spectra for DLC, B1-DLC
and B2-DLC samples. The XPS C1s spectra contain a large
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Fig. 5. A typical survey scan spectrum for B1-DLC sample.
asymmetric peak suggesting the existence of carbon atoms in var-
ious bonding states [48]. The C1s peak position shifts toward
higher binding energies, the peak width broadens and its shape
becomes more symmetric with magnetic field, indicating the
enhancement in the disordering and sp3 bonding [49,50].
Moreover, FWHM of C1s spectra increases with an increase in
the applied magnetic field. FWHM of DLC sample C1s spectrum
is 1.85 which increases to 2.18 and 2.30 in B1-DLC and B2-DLC sam-
ples, respectively (Fig. 6). These results indicate an increase in the
sp3 content with an increase in magnetic field [51,52]. It has been
reported in literature [50–52] that the sp3 content vary with
FWHM value. Higher FWHM value means higher sp3 content. In
principle, there are two significant reasons that are responsible
for the broadening of C1s XPS spectra; namely the hybridization
composition and the non-crystalline features [50]. The component
representing tetrahedral bonding increases with the application of
external magnetic field. Moreover, the structure of the film
becomes more disordered. These lead to a broadening of C1s
spectrum.

In order to estimate sp3 fraction for the samples, the C1s XPS
spectra were deconvoluted into three distinct Gaussian–
Lorentzian peaks using Shirley backgrounds [53–55]. Fig. 7 shows
the deconvoluted spectra for C1s peak of DLC, B1-DLC and B2-DLC
samples. These peaks were centered at 284.3 ± 0.1 eV and
285.2 ± 0.1 eV, which were assigned to the C–C sp2 hybridized car-
bon atoms and C–C sp3 hybridized carbon atoms, respectively. The
observed peak positions in this report are almost identical to those
reported in the literature [11,53,56] for amorphous carbon films
deposited by PLD. Another peak in the binding energy range of
286–289 eV is due to C–O (or C@O) bonds [46,47]. The sp3 hybri-
dized carbon atom fraction was then estimated as the ratio of
the corresponding peak area to the total C1s peak area. The per-
centage of sp3 hybridized carbon atom is about %30 for DLC sample
which increases to about 44 and %65 for B1-DLC and B2-DLC sam-
ples, respectively (see Fig. 7). These results indicate that the sp3

fraction increases with an increase in the magnetic field and the
sample deposited under applied stronger magnetic field exhibits
the highest value of sp3 bonding. This result is in good agreement
with the Raman spectroscopic analysis explained above. Other
researchers have reported sp3 content in the range of about 40–
85% by FCVA process [50,57–60] through changing the ion energy,
substrate temperature, and substrate bias voltage. Zhu et al. [50]
have deposited the tetrahedral amorphous carbon (ta-C) films by
FCVA process and reported its sp3 content as a function of the
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substrate bias voltage. In that work the maximum sp3 content of
70% (estimated by XPS analysis) at a bias voltage of �80 V was
reported. Weiler et al. [57] have also obtained the maximum sp3

content of about 75% at ion energy of 92 eV per carbon ion for
the hydrogenated tetrahedral amorphous carbon (ta-C:H) film
grown by FVCA. It seems that the B2-DLC sample with 65% sp3 con-
tent is comparable with the above reported results.

The observed increment in diamond-like character (sp3 carbon
bonding) and deposition rate (thickness) of the obtained samples
may be explained by an enhanced ionization of the carbon species
inside the plume and their confinement on the magnet (substrate
position) due to the presence of magnetic field. Due to Lorentz
force, the magnetic field affects the charged particles in the plume.
It is known that the electrons move in spiral trajectories in the
magnetic field and their collision probabilities with neutral carbon
atoms are increased. This increases the possibility of the ionization
of the carbon growth species in the plume leading to enhancement
of the plasma density. Kobayashi et al. [25–27] found that an
enhanced plume ionization from SrTiO3, NiO and ZnO targets
occurs with application of a magnetic field. They have assumed
that a magnetic mirror effect occurs in the higher magnetic field
zone (near the substrate), which contributes to the increment of
interaction between electrons (confined by the magnetic field)
and ablated species in the plume (see the distribution of the mag-
netic field shown in Fig. 2). It can be discussed that the plume ion-
ization increases effectively, due to the collisions between the
electrons reflected by the magnetic mirror effect from a high den-
sity magnetic field zone (substrates side) and neutral carbon
atoms. This suggests that a large amount of ionized carbon species
were produced. On other hand, due to convergence of the magnetic
flux lines on the magnet (see Fig. 1), ionized carbon species move
toward the substrate along the flux lines (confined) and leads to
enhancement of the number of species depositing on the substrate
surface. Thus, under application of magnetic field, an enhanced
ionization of the carbon species inside the plume and confinement
of the ionized species occurs which lead to production of highly
ionized plasma consisting of carbon ions on the substrate position,
which in turn promotes diamond-like character of the obtained
samples. This fact was approved by Raman and XPS results.

The evolution of a dense sp3-rich phase can be described by the
sub-plantation model [14,58,61,62] which is based on the incident
energetic ions penetrating the surface and providing subsurface
growth. Under application of magnetic field, an increase in the
amount of ionization of the carbon species enhances the ion bom-
bardment of the growing film. This effect in turn increases the
number of the carbon ions trapped in the subsurface interstitial
sites. An increase in the amount of trapped energetic ion carbon
species results in an increase of the local film density and induces
internal compressive stresses, which is conducive to sp3 hybridiza-
tion via sub-plantation model [1,15,62,63]. It is observed that the
thickness and deposition rate increases in the presence of the
external magnetic field (Table 1). This improved deposition rate
could be explained also by the enhancement of the density of car-
bon ionic species due to their confinement by the applied magnetic
field. In other words, the confinement of increased ionized carbon
species leads to the increase in the number of species arriving to
the substrate position, which in turn increases the deposition rate
[26]. One must note that the convergence of the magnetic flux lines
and ionizing collision probability of energized electrons with neu-
tral carbon atoms is proportional to the magnitude of the magnetic
field. As a result, with the presence of the stronger magnetic field
(B2), ionized plasma density on the substrate surface enhances
remarkably in comparison with the application of the weaker mag-
netic field (B1). Therefore, the sample deposited under stronger
external magnetic field (B2-DLC) exhibits the higher sp3 carbon
bonding with an appreciable increment of deposition rate.
3.2. Morphological studies

The surface morphology of the samples obtained at the different
deposition conditions were characterized by AFM technique. The
AFM micrographs showed in Fig. 8 illustrate the significant
changes in surface morphology and roughness of the obtained
samples with and without application of the magnetic field.
These micrographs clearly indicate the nanostructured morphol-
ogy with the uniform and smooth surface for all the samples. In
particular, the overall surface roughness values of all these samples
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(estimated by averaging on 1000 nm � 1000 nm area) were found
to be less than 0.5 nm.

The morphology shown in Fig. 8 suggests that the surface of the
DLC sample contains a large number of fine asperities and is rela-
tively rougher than B1-DLC and B2-DLC samples. In contrast, with
application of the external magnetic field during deposition, the
features on the morphology change and the samples become
smoother with a denser microstructure, which is confirmed by
roughness analysis (see surface roughness value in Fig. 8).
Moreover, the sample deposited under stronger magnetic field
(B2-DLC) has a much smoother surface and exhibits the lower sur-
face roughness (Fig. 8c). The average surface roughness value of the
DLC sample is 0.47 nm, which decrease to 0.27 and 0.18 nm for
B1-DLC and B2-DLC samples, respectively. These roughnesses are
in the range of those for the ta-C films deposited using FCVA
[58]. Chhowalla et al. [58] reported roughness values in the range
of 0.3–0.4 nm as a function of the deposition temperature for
the ta-C films deposited using FCVA process. The improvement of
the surface morphology and reduction of the surface roughness
can be attributed to decrease of size and amount of sp2 clusters
and increase of the degree of diamond-like phase as confirmed
by Raman and XPS results [16,44,62,64]. It has been reported by
Lifshitz et al. [62,64] that there is a clear correlation between
surface roughness and the degree of diamond-like (sp3 bonding)
character; i.e., the roughness decrease with an reduction in the
amount of graphitic (sp2) content.

3.3. Mechanical properties

The nanoindentation technique was used to characterize the
mechanical properties of the samples obtained. Fig. 9 indicates
load versus displacement curves at maximum indentation load of
1 mN for deposited samples. From these curves, it is observed that
the DLC sample has broader hysteresis curve and lower recovery
during unloading. On other hand, the B1-DLC and B2-DLC samples
reveal lower hysteresis between loading–unloading curves and
higher recovery during unloading. Furthermore, the hysteresis
decreases and recovery enhances with increasing magnetic field.
It is evident from Fig. 9 that the DLC sample exhibits maximum
penetration depth and residual penetration depth. However,
B1-DLC and B2-DLC samples have lower penetration depth and
residual penetration depth and these characteristics decrease with
increasing magnetic field. The observed decrease in hysteresis,
penetration depth and residual penetration depth and the
observed enhancement in recovery may be attributed to enhanced
diamond-like character of the samples induced by the magnetic
field application as confirmed by XPS and Raman results.

The load–displacement curves are also used to determine the
mechanical properties such as hardness (H), elastic modulus (E),
plastic index parameter (H/E), elastic recovery (%ER) and ratio of
residual displacement after load removal with displacement at
maximum load (hres/hmax) of the deposited samples. In order to
avoid substrate effects in the nanoindentation measurements, the
indenter penetration depth for our samples did not exceed about



Table 2
Variations of H, E, H/E, %ER and hres/hmax for deposited samples.

Sample H (GPa) E (GPa) H/E ER (%) hres/hmax

DLC 13.2 152 0.087 64 0.35
B1-DLC 16.3 175 0.093 68 0.30
B2-DLC 29.7 300 0.099 80 0.20
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35% of the total film thickness [51,65–67]. The variations in the H,
E, H/E, %ER and hres/hmax values for various deposited samples are
shown in Table 2. It is observed that the values of H and E in DLC
sample is found to be lower than B1-DLC and B2-DLC samples
and increase with increasing magnetic field. H is about 13.2 GPa
for DLC sample which enhances to 16.3 and 29.7 GPa for B1-DLC
and B2-DLC samples, respectively. Similar trend is observed for
E value and is found to be 152 GPa for DLC sample which increases
to the 175 and 300 GPa for B1-DLC and B2-DLC samples,
respectively. Thus, it can be said that the application of the mag-
netic field in PLD technique enhances the H and E of deposited
samples. The H value of B2-DLC sample is similar to those reported
by Motta et al. [59]. They have reported the H value in the range of
26–30 GPa as a function of the substrate bias voltage for the ta-C
films deposited by FCVA process. Xu et al. [60] reported better H
value in the range of 34–42 GPa as a function of the ion energy
by FCVA process. The E value of B2-DLC sample is also close to that
reported by Weiler et al. [57] for ta-C:H film deposited by FVCA.
They have reported the maximum E value of 288 GPa at the ion
energy of 92 eV per carbon ion. Other report by Xu et al. [60] indi-
cates the E values ranging from 295 to 345 GPa as a function of
impinging carbon ion energy for ta-C films (60 nm thickness)
deposited by FVCA process.

H and E are strongly depended on the microstructural and sp3

bonding in the structure [11,68]. Observed increase in H and E with
the application of magnetic field can be correlated to the magnetic
field incorporation in PLD technique which enhances the formation
strong sp3 bonding and promotes the diamond-like structure
(see Table 1 and Fig. 7). B2-DLC film exhibits an improved
diamond-like character, with a higher proportion of sp3 fraction
that lead to higher H and E values. Thus, the application of external
magnetic field in PLD can be used to obtain high quality samples
with improved mechanical properties.

Besides H and E, the wear resistance is another important prop-
erty for amorphous carbon films. The plastic index parameter (H/E)
explains elastic–plastic characteristics and is an indirect measure
of wear resistance [69]. For DLC coatings, the H/E ratio variation
is in the range of 0–0.1. The lower ratio (0) indicates the elastic–
plastic behavior and the upper one (0.1) indicates the elastic
behavior. On other hand, a very high value of H/E is required for
high wear resistance DLC coatings [69]. The values of H/E for
DLC, B1-DLC and B2-DLC samples is found to be about 0.087,
0.093 and 0.099, respectively (see Table 2). It is observed that the
H/E ratio increases with the application and increasing the mag-
netic field during deposition. The minimum value of H/E ratio of
DLC sample indicates that more fraction of the mechanical work
is dissipated during plastic deformation and hence a large plastic
strain is expected [51,70]. On the other hand, the higher value of
H/E ratio in B2-DLC samples is related to highly sp3 bonding or
an enhanced diamond-like structure, lesser plastic deformation
and hence higher wear resistance [51]. Therefore, the sample
deposited under stronger applied magnetic filed (B2-DLC sample)
seems to be more beneficial for fabrication a hard and high wear
resistant coatings which can be used for the magnetic storage
media.

Elastic recovery (%ER) and hres/hmax are other important
mechanical parameter, which also provide information about the
elastic and plastic behaviors and quality of the coatings [71]. %ER
of the deposited samples can be calculated by the following
relation:
%ER ¼ ðhmax � hresÞ
hmax

� 100 ð1Þ
As can be seen in Table 2, %ER in DLC sample (about 64%) is found to
be lower than B1-DLC and B2-DLC samples. It can be seen that the
%ER in the sample deposited under applied magnetic field gets
enhanced from about 68% to 80% with increasing magnetic field
from B1 to B2 (Table 2). The results of %ER are in good agreement
with the similar results for H. The hres/hmax ratio variation is in
the range of 0–1 for DLC coatings. The lower limit (0) and upper
limit (1) is related to the elastic and plastic behavior, respectively.
The value of hres/hmax ratio in DLC, B1-DLC and B2-DLC samples is
found to be 0.35, 0.30 and 0.20, respectively (see Table 2). The
hres/hmax results are also in good agreement with %ER results.
The maximum value of %ER together with minimum value of
hres/hmax ratio in B2-DLC sample seems to be in relation with the
high sp3 content (diamond-like bonding) as revealed by Raman
and XPS results. Finally, it can be said that the mechanical proper-
ties of the obtained samples are strongly depended on the applied
external magnetic field, sp3 content and nature of plasma. All the
mechanical parameters such as H, E, H/E, %ER and hres/hmax improve
for samples deposited under applied magnetic field. Particularly,
we observed the appreciable improved mechanical properties in
B2-DLC sample (the sample deposited under stronger applied mag-
netic field). These attractive mechanical properties make our devel-
oped method desirable for fabrication of diamond-like carbon thin
films which are a better candidate for mechanical and tribological
applications. On other hand, magnetically-assisted PLD is quite gen-
eral, very simple and can be employed as a powerful, cost effective
ion-based method for the deposition of a wide range of metals,
alloys and compounds by simple applying the magnetic field of a
permanent magnet.
4. Conclusions

In this work, DLC thin films were deposited on Si-(100) sub-
strates using a magnetically-assisted PLD technique and their
microstructure, morphology, mechanical properties and deposition
rate were studied. The following conclusions can be drawn from
this work:

– It is found that the deposition rate increase under application of
an external magnetic field.

– The results of Raman and XPS analysis indicated that the dia-
mond like character and sp3 bonding enhance under applied
external magnetic field.

– AFM results indicate that the morphology features changes
with magnetic field application and a denser microstructure,
smoother surface with lower surface roughness value obtained
under these conditions.

– Nanoindentation measurements indicate that the incorporation
of an external magnetic field with conventional PLD technique
improves the mechanical properties of the obtained DLC thin
films.

However, it seems that more systematic works under applica-
tion of wide range of magnetic fields with different strengths are
required for in-depth understanding the effect of magnetic field
and mechanism of evolution of DLC thin film in presence of exter-
nal magnetic fields.
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