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In the present study, carbon films were deposited by a pulsed laser deposition method. A Cg fullerene target
has been irradiated by a frequency doubled Nd:YAG laser with a pulse duration of 7 ns. The carbon films
grown on Si(111) substrates at different substrate deposition temperatures (30, 300 and 500 °C) were
characterized by Raman, X-ray Photoelectron and X-ray Auger Electron Spectroscopies, Energy Dispersive X-Ray

Diffraction, Scanning Electron and Atomic Force Microscopies, and Vickers microhardness technique. The
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composition, structure, morphology and mechanical properties of films were found to be strongly dependent on
the substrate temperature. At 30 °C and 300 °C deposition temperature, superhard and hard diamond-like films
have been obtained, respectively. In the case of 500 °C deposition, a hard film, composed of crystalline Cgp and

Films diamond-like carbon, has been prepared.
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© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Pulsed Laser Deposition (PLD) is proved to be a versatile and
powerful technique for preparation of a great variety of films. This
technique is suitable not only to deposit films, maintaining the
stoichiometry and properties of bulk target, but also to produce the
coatings with the desired properties, quite different from those of the
starting material. Carbon, exhibiting several allotropic states, is a very
good example to demonstrate the latter statement. For instance, one
of the many forms of carbon, diamond-like carbon (DLC), otherwise
called tetrahedral amorphous carbon, could be obtained by laser
vaporization of graphite [1].

Amorphous DLC materials, at the atomic level, represent a material
with strong chemical bonding composed of the mixture of sp* and sp?
arrangements of atoms incorporated into an amorphous carbon
matrix. Theoretical models of this structure were proposed in [2,3].
Controlling the sp3/sp? ratio, DLC properties could be tailored, and
high quality DLC could rival properties of the crystalline diamond. PLD
has been successfully applied to deposit DLC films typically from
graphite, polycarbonate and Cgg targets [4-7]. Coatings, consisting of
carbon materials with structures and properties varying from
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graphite-like to diamond-like, depending on laser output parameters,
background environment and substrate temperature, as described
in literature, were obtained [4,8]. By the proper selection of PLD
parameters, DLC coatings of different hardness (from moderate to
superhard) can be produced. According to the literature [6], low
substrate temperature is required to grow amorphous DLC coatings,
while at temperatures above 150-200 °C, graphite-like coatings can
be prepared.

DLC films have been extensively studied due to their excellent
mechanical properties and their high potential in various industrial
applications. In 2006, the market for outsourced DLC coatings was
estimated to be about 30,000,000 € in the European Union. Diamond-
like carbon coatings exhibit a number of exceptional properties, such
as high density and electrical resistivity, chemical inertness, IR
transparency, high elastic modulus and elevated hardness. They
have a broad range of applications varying from wear-resistant and
low friction coefficient protective coatings. Furthermore, DLC coatings
were found to be biocompatible and suitable for potential use in
biomedical applications [9,10].

Another type of carbon materials, such as fullerenes, synthesized in
macroscopic quantities only in 1990 [11], could also be obtained as
films by the Pulsed Laser Deposition method. The unique structure of
Ceso and its derivatives have great technological potential in a wide area,
such as semiconductors, superconductors, electronic and optical
devices [12-15], Cgp-based solar cells [16], and Cgo-based devices for
space application [17]. Furthermore, microstructured fullerene layers
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could be used as a bioactive coating for bone implants providing good
cell adhesion and growth and good integration with the surrounding
tissue [18].

The present work provides a comparative study of carbon films
produced by PLD from a Cgp fullerene target over a wide range of
substrate temperatures (30-500 °C). The films obtained under the
same laser output conditions are of a rather different nature: those
deposited at 30 and 300 °C are composed of amorphous DLC, while at
500 °C the films contain both crystalline Cgg and DLC contribution. The
properties of the deposited films were investigated by Raman, X-ray
Photoelectron and X-ray Auger Electron Spectroscopies (XPS and
XAES), Energy Dispersive X-Ray Diffraction (EDXRD), Scanning
Electron and Atomic Force Microscopies (SEM and AFM), and Vickers
microhardness technique.

2. Material and methods
2.1. Pulsed Laser Deposition procedure

The Cgo target was prepared by cold pressing a Cgo powder
(99.98%, Term-USA) into a pellet. The films were deposited on Si(111)
substrates at different substrate temperatures, namely: 30, 300, and
500 °C.

The ablations were performed in a stainless steel vacuum chamber,
evacuated down to a pressure of 1.5x10~*Pa, equipped with a
rotating target holder and a heatable substrate support. The laser
beam was oriented with an inclination angle of 45° with respect to
the target, while substrate and target were assembled in a frontal
geometry at 2 cm of reciprocal distance. Depositions in the nanosec-
ond regime were carried out by focusing a frequency doubled Nd:YAG
laser (A =532 nm emission wavelength, pulse duration =7 ns, repe-
tition rate=10 Hz) on the pressed Cgo rotating target, the rotation
being necessary to ensure homogeneous ablation of the material. The
highest spot energy fluence was 18.0 J/cm?, and the total deposition
time was 2 h.

2.2. Film structure and properties characterization

2.2.1. Raman Spectroscopy

Raman spectra were recorded in a backscattered configuration using
a Jobin Yvon LABRAM HR 800 microRaman-spectrometer, equipped
with two gratings (600 g/mm and 1800 g/mm) and with an Olympus
microscope supplied with 10x, 50x and 100x objectives. The
spectrometer was connected to a CCD detector. Excitations were
performed with 632.8 nm radiation from a He-Ne laser source. The
laser power was maintained at 20 mW. The spectra were acquired using
the 600 g/mm grating and the 100x objective. In these conditions, the
estimated resolution was around 4 cm™ .

2.2.2. X-ray Photoelectron and X-ray Auger Electron Spectroscopies

X-ray Photoelectron and X-ray Auger Electron emission spectra were
acquired by a LH-Leybold X1 spectrometer using a non-monochroma-
tized MgKa radiation operating at a constant power of 260 W. Wide and
detailed spectra were collected in FAT mode with a pass energy of 50 eV
and a channel widths of 1.0 and 0.1 eV, respectively. The acquired XPS
spectra were analyzed using a curve-fitting program, Googly, described
in[19], which allows the simultaneous fitting of photo-peaks in the form
of a Voigt function and their associated background in a wide energy
range. Derivative XAES spectra were obtained using a 23-point
Savitzky-Golay convolution array. A second-order polynomial was
used in the Savitzky-Golay analysis.

2.2.3. Energy Dispersive X-Ray Diffraction

The EDXRD experimental apparatus consisted of a non-commercial
diffractometer [20] making use of a non-monochromatized primary
beam. After the interaction with the sample, the X-ray beam was

analyzed by a solid-state detector (SSD), capable of performing the
energy scan of the diffracted photons. The set-up is characterized by a
very simple geometry, since neither monochromator nor goniometer
are required in the Energy Dispersive mode, no movement being needed
during the measurements. The Bremmsstrahlung used as a probe is
produced by a 3 kW power, tungsten anode X-ray tube. An EG&G high
purity germanium solid-state detector, whose energy resolution is
about 1.5-2% in the 20-50 keV energy range, accomplishes the energy
scan.

The advantages of the Energy Dispersive method, with respect to the
conventional Angular Dispersive one, was discussed in detail in [21].
Furthermore, a Rocking Curve (RC) analysis was carried out by
recording for each film the intensity of the diffracted radiation as a
function of an asymmetry parameter o= (%; —9)/2, where 9; and I
are the initial (incidence) and final (deflection) angles, and 9; 4+ 9¢=29
is kept constant [22].

2.2.4. Scanning Electron Microscopy

Scanning Electron Microscopy (a LEO 1450 Variable Pressure
apparatus), working in secondary and backscattered electron modes,
was used for morphological studies of the deposited films. SEM
apparatus was coupled with a system for microanalysis EDXRS (Energy
Dispersive X-Ray Spectroscopy) INCA 300 that allows executing
qualitative/quantitative analysis of the elements, starting from atomic
number 5 (Boron) with a sensitivity limit of about 0.2%. The resolution of
the apparatus in vacuum conditions was about 4 nm. Both plane and
cross section view images of the film samples were obtained, the latter
being necessary for thickness measurements. Since the images of the
film cross sections were obtained by tilting the samples at 45°, the
measured thickness values were multiplied by ¥2/2. The film thickness
measurements were carried out in the backscattered electron mode by
means of the 4 Quadrants detector. The atomic number contrast,
presented in the SEM images as grey colour hues, allowed to precisely
distinguish the film boundary and the interface with the Si(111)
substrate. To confirm the results of the atomic number contrast, the
EDXRS analysis of the chemical nature of the observed phases has been
carried out.

2.2.5. Atomic Force Microscopy

The AFM measurements were performed in a non-contact mode
using a non-commercial air-operating atomic force microscope [23].
Several portions of the film sample surfaces were topographically/
phase-shift reconstructed in order to evaluate the morphological/
chemical homogeneity of the depositions. The topographic images
(3 umx 3 pm and 2 um x 2 um) were collected from the representative
portions of the films in order to quantitatively evaluate the surface
texture, roughness and the aggregate dimensions. To estimate the film
thickness, a scratch was made in the film layer and its profile was
measured in a contact mode.

2.2.6. Vickers microhardness measurements

Microhardness measurements were performed by means of a Leica
VMHT apparatus (Leica GmbH, Germany) equipped with a standard
Vickers pyramidal indenter (square-based diamond pyramid of 136°
face angle). The loading and unloading speed was 5x 10~ ®m/s, and
the time under the peak load was 15 s. The hardness of the Si(111)
substrate and of the deposited films was measured according to the
procedure described in detail in our previous works [24,25].

For film samples, the measured hardness was that of the film/
substrate composite system. To separate the composite hardness of the
film/substrate system (H,) into its components, film (H¢) and substrate
(Hs), a Jonsson and Hogmark model based on area “law-of-mixtures”
approach was applied [26], taking into account the indentation size
effect [27]. In this case, composite hardness H. is expressed as:

He = Hy + [Bs + 2ct(Hgo—Hy)] / D, (1)
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where c¢=0.5 for a brittle hard film on a more ductile substrate [26];
Hso and Hyy are the intrinsic hardness of substrate and film,
respectively; t is film thickness; D is the indentation diagonal, and
Bs is a coefficient, which can be deduced from substrate hardness
measurements.

To evaluate Hyg and B; values, the hardness of the Si(111) substrate
was measured first. The relation between the measured substrate
hardness, Hs, and the reciprocal length of the indentation imprints is
expressed by the following equation [28]:

Hy = Hyo + B/ D. (2)

The values obtained for the Si(111) substrate, Hsy and the Bs
coefficient, are equal to 8.3+ 0.5 GPa and (26.8+3.5)x 10~ GPam,
respectively.

To calculate the intrinsic hardness of films, special attention was
paid to choose correctly the indentation depths, d =D/7 (for Vickers
pyramidal indenter), i.e. in the range, where the applied model is
valid. The d/t=D/7t range for the deposited films was (0.9-3.6),
perfectly in the range of substrate-dominated mixed region, where
the film is fractured conforming to the plastically deforming substrate
[29]. In this d/t range, the results obtained using the Jonsson and
Hogmark model have been demonstrated to coincide quite well with
estimations resulting from more complicated models [29,30].

For hardness measurements on the film/Si(111) substrate system,
indentations were made applying 4 loads ranging from 0.147 up to
0.981 N. For each sample, approximately 10 indentations were made
at each load. Application of higher loads led to the film cracking.

3. Results and discussion

Raman scattering applied in this work is a powerful tool to investi-
gate the various carbon materials. From the characteristic Raman
spectra, the structure and bonding configurations of carbon can be
deduced. InFig. 1(A), the Raman spectra of the films deposited at 30,300
and 500 °C are presented. As one can see, the film deposited at 30 °C
shows a broad band in the range of 1200-1700 cm™ ! centered at about
1490 cm™ !, and a sharp peak at 520 cm ™ !, this latter coming from the Si
substrate. The broad band is likely a convolution of two peaks: G-band
(1580 cm™ ') and D-band (1350 cm™ '), typical for amorphous dia-
mond-like carbon films. Generally, the G-band is assigned to the sp?
trigonal bonding (graphite phase), while the D-band is attributed
to the “disordered carbon”, i.e. the bond angle disorder in the sp?
microdomains, induced by linking with sp* carbon atoms [31,32]. The
significant shift of the deconvoluted G-peak center (1510 cm™ ') from
graphite (1580 cm™!) indicates that the film has a considerable amount
of sp* carbon bonds [7]. It should be noted also that the obtained
spectrum is similar to that of the DLC films produced by PLD, where
predominantly sp> hybridization of carbon bonding was established
[33].

In the Raman spectra of the films deposited at 300 and 500 °C,
instead, both G- and D-bands are clearly visible. The G- and D-peaks
were deconvoluted (see Fig. 1(B)-(D)) using a Gaussian line shape, in
order to obtain the Ip/Ig ratio (reported in Table 1 for all the film
samples), which is proportional to the sp?/sp> ratio and, as well as the
G-peak position, being the most important parameter to evaluate the
DLC film structure [34-36]. According to the well accepted Beeman's
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Fig. 1. (A) Raman spectra of films deposited at 30, 300 and 500 °C; deconvoluted D- and G-peaks (B) 30 °C, (C) 300 °C and (D) 500 °C.
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Table 1
G-band peak positions and Ip/Ig intensity ratio obtained from Raman spectra of deposited
films.

Deposition temperature, °C G-band peak position, cm~' In/lg
30 1510 1.4
300 1568 1.9
500 1570 2.7

model, the DLC films present higher sp> content, as they present lower
Ip/Ig ratio [34].

Comparing all the samples, one can notice that, with the increase in
temperature, the D-peak position remains almost unchanged, while the
shift in the G-peak position towards graphite (1580 cm™!) is more
considerable, indicating the decrease in the amount of the sp> bonding
from 30 to 500 °C. For the sp® bonding decrease accounts also the
increase in the Ip/Ig ratio. As to the presence of some amount of not
decomposed Cgo buckyballs (sp? type of bonding) in the deposited films,
it cannot be excluded, since the literature Raman spectrum of pristine
Cso shows its most intense mode at 1465 cm™ !, corresponding to the
pentagonal pinch mode (the A; internal Cgo mode) and the bands
around 1420 and 1570 cm™ !, corresponding to the Hg symmetry modes
of Cgp [37], all being exactly in the range of broad and intense D- and
G-bands of our films.

The sp>/sp? ratio is one of the most important parameter defining the
quality of DLC films. In general, the higher this ratio is, the closer DLC
film properties approach those of diamond. To get the quantitative
results of film composition, XPS analysis was carried out. The sp>
fraction of the DLC films was deduced from XPS fitting for C1s core peak,
having contributions of diamond phase (sp> carbon), graphite phase
(sp? carbon) and C-bonded to O in carbonaceous contamination. The
amount of carbonaceous contamination is similar in all the samples and
is around 14% of the Cls peak area. The obtained binding energies
(experimental error about 0.2 eV), in good agreement with those
reported elsewhere [31,32,38], are presented in Table 2, while the
FWHM is fixed at 1.3 eV and 1.4 eV for sp? and sp> carbon, respectively.
The O1s peak at 531 eV, also present in the XPS spectra, is due to the
chemisorbed oxygen species. If we assume that all the oxygen atoms in
our film samples are of the same hybridization type, the O1s position can
be considered as reference to correct the charging effect.

Since the area of each peak is directly related to the concentration
of the corresponding phase, the sp> content was estimated from the
ratio of the diamond peak area over the sum of the sp? and sp> peaks
area. The so-obtained sp® percentage ranged from 46% in the 30 °C
deposited film to 38% in the film deposited at T=300 °C and 31% in
the film deposited at T=1500 °C (Fig. 2(A-C)). The uncertainty in the
reported values was about 10%.

The results obtained by Raman and XPS methods are in good
agreement with the XAES data. The first derivate of the XAES C KLL
spectra associated with the DLC films are presented in Fig. 3(A).
Performing the Lascovich analysis [39], the D-value, representing the
energy separation in eV between the major negative-going and positive-
going excursion in the first derivative XAES spectra, was measured for
each sample. For carbon species this energy separation indicates
whether the carbon is involved in sp? or sp® bonding. Carbon with sp?

Table 2

Binding energies obtained from XPS analysis of deposited films.
Binding energy, eV T=30°C T=300°C T=500 °C
Cls (sp?) 284.1 284.0 284.1
Cls (sp?) 285.2 285.0 2849
(€] 286.7 286.7 286.7
(€e]0] 290.0 289.4 290.1
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Fig. 2. XPS spectra of films deposited at: (A) 30, (B) 300 and (C) 500 °C.

bonding gives a wide energy separation of approximately 20 eV, in
contrast, carbon with sp> bonding yields a narrower energy separation
of about 14 eV. The increase in D-value could so be associated to the
increasing number of pm electrons or sp? sites in the film. For our films,
the D-value varied from 18.2 eV in the 30 °C deposited film, to 19.8 eV
for the film deposited at 500 °C. In Fig. 3(B), D-value vs sp> percentage
evaluated by XPS C1s core level spectra analysis is reported. The experi-
mental data are in good agreement with the literature data reported
elsewhere [38,39].

To deposit DLC coatings, authors [4] investigated the substrate
temperature range from — 198 to 4400 °C. It was ascertained, however,
that for DLC coatings preparation the temperature should be between
420 and + 75 °C, while the films deposited at elevated temperatures
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Fig. 3. (A) XAES spectra of films deposited at 30, 300 and 500 °C; (B) XPS evaluated
D-values vs the sp®> amount.

(300 °C) are graphitic in structure. A degradation of diamond-like
character with the increase in the substrate temperature above 20 °C,
and a transition of film properties from DLC to graphitic in the range of
150-200 °Cwas indicated. In our case, according to the results of Raman,
XPS and XAES analysis, DLC films can be produced up to 500 °C of
substrate temperature, and only the decrease in sp>/sp? ratio with the
increase of temperature is observed.

The Energy Dispersive X-Ray Diffraction method was applied in
this work to provide information on the structure of the deposited
films. Preliminary, EDXRD measurements were performed on the
pristine Cgp powder. The results, reported in Fig. 4, demonstrate that
the powder is characterized by a face-centered-cubic (fcc) crystalline
structure, in accordance with the literature [40] (Sys. cubic, S.G. F, card
number 44-0558). Subsequently, the films deposited at 30, 300 and
500 °C were investigated. For each film sample, a series of EDXRD
patterns were collected, at several scattering angles, in order to
explore a wide g-range and to detect the possible Bragg contributions.
Indium K, and K fluorescence lines were detected at an energy of
22.1 KeV and 24.9 KeV, respectively (see the insert of Fig. 5), arising
from the p-doped Si (111) substrate.

Once the optimal experimental conditions were set (E=55KeV,
scattering angle 29 = 6.00°, collimation slits aperture 300 pm *300 um),
the EDXRD patterns were collected in the reflection geometry and in
symmetric conditions (asymmetry parameter o= 0.00°), maximizing
the Si(111) contribution detected at g = 2.008 A~ ! and labelled in Fig. 5.
For the 30 °Cand the 300 °Cdeposited films, no crystalline contributions
were detected. Conversely, the film grown at 500 °C shows several Cggo
reflections, labelled in the insert of Fig. 5. They correspond to the cubic
face centered phase [40] (card number 44-0558). In order to maximize

(220)

—
on
—

Diffracted Intensity (a.u.)
(111

0.8 1.2 1.6 2.0 24
scattering parameter (A™)

Fig. 4. EDXRD powder diffraction pattern of pristine Cgo.

the film contribution with respect to the substrate, the Rocking Curve
analysis, in the (—2°<a<2°) range, was performed for all the film
samples. The sequence of patterns, collected under the same experi-
mental conditions at increasing values of the asymmetry parameter, are
characterized by vanishing of the Si(111) contribution. Nevertheless, no
Bragg reflection from the film was detected for both the 30 and 300 °C
samples, confirming that the films are not crystalline. In particular, in
the case of the 500 °C deposited film, the RC analysis was performed to
evaluate the film texture and the degree of epitaxy. However, the
rocking curve was found to be flat, and therefore, no presence of a
preferential growth direction was detected in the crystalline domain
distribution. Moreover, using the Laue formulae (the Energy Dispersive
analogous of the Sherrer formula, usually adopted for the conventional
Angular Dispersive X-Ray diffraction [41]), it was possible to deduce the
crystallites size: the nanometric dimension is in the 30/50 nm range,
depending on the reflection taken into account for the fit (namely, the
(220) reflection or the (331) reflection, respectively).

To correlate composition and structural properties of the prepared
films with their morphological characteristics, SEM and AFM analyses
were performed (Figs. 6-8). As one can see from the SEM images
presented in Figs. 6(A) and 7(A), the morphology of films deposited at
30 and 300 °C, respectively, is similar and presents an amorphous
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Fig. 5. EDXRD patterns collected from the carbon films deposited at 30, 300 and 500 °C.
In the inset, the pattern of the 500 °C deposited film, collected at 2° of asymmetry
parameter, is shown.
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carbon matrix with the embedded diamond-like carbon structures, in
accordance with the results of Raman, XPS and XAES analyses, with
the difference that, at 300 °C, less diamond-like inclusions are visible.
It can be noticed that the surface of the film deposited at 30 °C is
characterized by the formation of aggregate-like structures, visible in
the SEM image (Fig. 6(A)) and better evidenced by zooming of the AFM
image (Fig. 6(B)). The characteristic aggregate dimensions are in the
range of 30-40 nm (vertical dimension) and of 100-200 nm (lateral
dimension). The average surface roughness (rms) ranges from 9 to
14 nm. As can be distinguished in Fig. 6(B), the aggregates exhibit a sub-
structure, i.e. are composed of spherical particles, as evidenced by the
line profile, of about 10 nm vertical dimension and of 50 nm lateral
dimension. The film deposited at 300 °C is less homogeneous, and no
aggregates of characteristic shape and dimensions can be detected, as
better evidenced in Fig. 7(B). Moreover, the overall surface topography
is more disordered, giving rise to an average roughness as high as ca.
25 nm.

At 500 °C (Fig. 8) of deposition temperature, a drastic surface mor-
phology change is observed, the film is dense and compact presenting a
globular morphology with some nanotube-structures visible on the
surface (Fig. 8(A)). This film, with a highly textured surface composed of
globular aggregates, has the morphological characteristics of a fullerene
film [18,42]. The globular shaped aggregates have dimensions ranging
from 30 nm (corresponding to about 300 Cgp units) up to much larger
spheres of about 500 nm (corresponding to about 5000 Cgq units). This
result is in accordance with the EDXRD one, considering that the limited
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Spot Size = 248 Time :10:01:19
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Fig. 6. SEM (A) and AFM (B) images of carbon films deposited at 30 °C. The line profile was
deduced from the AFM image in correspondence to the horizontal line crossing point 1.

2um Mag = 697 I(X Brightness = 49.3 % Date :31 Mar 2009
F—— b= 1omm  Contast= 488% Time :10:44:47 (A)
o

69 nm
0nm
2.0 (B)

wm

Fig. 7. SEM (A) and AFM (B) images of carbon films deposited at 300 °C. The line profile
was deduced from the AFM image in correspondence to the horizontal line crossing
point 1.

resolution of the latter technique did not allow the estimation of grains
larger than 200 nm. The average rms ranges between 20 and 50 nm,
depending on the globular aggregate dimensions. Nevertheless, in this
case the roughness depends on the elevated texture of the film, while in
the film deposited at 300 °C, similar rms values were defined only by a
disordered growth.

Consistent results of the film thickness measurements obtained by
SEM and AFM techniques are summarised in Table 3. As one can see, at
30 °C, the film is about 0.6 um thick, while, at higher temperatures,
the thickness is slightly decreased (0.5 pm), being however almost the
same within the uncertainty limits (0.1 pm).

Finally, to examine the mechanical properties of the films, Vickers
microhardness measurements were carried out. In Fig. 9, the experi-
mental plots of composite Vickers hardness (H.) vs the inverse imprint
diagonal (1/D) for the 30 and 300 °C deposited film samples are shown.
The plot, corresponding to the 500 °C deposited film is not presented
here, since it is very similar to that deposited at 300 °C. Calculated
intrinsic hardness values for the films on Si substrates deposited at
different temperatures are summarized in Table 3. As can be seen, the
intrinsic hardness of film deposited at 30 °C is very high —80 GPa. The
film deposited at 300 °C is still hard (35 GPa), although its hardness is
more than 2 times lower than that of the film deposited at 30 °C, while
the hardness of film deposited at 500 °C (29 GPa) is close to that de-
posited at 300 °C. The coatings are classified as superhard if possessing
the hardness exceeding 40 GPa (while diamond is 100 GPa). Therefore,
our DLC film deposited at 30 °C may be classified as superhard, while
the other two depositions (300 and 500 °C) are hard (35 and 29 GPa,
respectively).
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Fig. 8. SEM (A) and AFM (B) images of carbon films deposited at 500 °C. The line profiles
were deduced from the AFM image in correspondence to the horizontal lines crossing
points 1 and 2.

Likely, the enhanced hardness of the film deposited at 30 °C could
be justified by its diamond-like nature, and the presence of 46% of sp>
carbon bonding. There are numerous literature data reporting hard
and superhard DLC coatings [4,6,8,33,43]. For example, pulsed laser
irradiation of carbon targets in vacuum allowed to produce DLC with
high sp? fraction 75-95% and a hardness of 70-100 GPa [4]. Comparing
these data with our deposition at 30 °C, DLC films with lower sp>
fraction (46%) and approximately the same hardness (80 GPa) were
obtained in this work.

The authors [33] prepared 0.7 pm DLC films, characterized by 52 GPa
hardness, while in [8], 55-65 GPa hardness of pulsed laser deposited
DLC films was obtained. The authors [6,43] reported for 0.5 pm thick DLC
coatings grown on steel substrates the hardness of 55-70 GPa.

Instead, there are very few literature data reporting the hardness of
Ceo films. The Cgp films deposited in [44] exhibit a very low hardness
(0.6 GPa), while, in [45], the reported hardness is even lower (0.2 GPa).
Our data are much different: 500 °C deposited film possesses high
hardness (29 GPa), likely, because our film is composed not only of Cg,
but contains also the DLC contribution (with 31% of sp® fraction).

Table 3
Hardness of films on Si(111) substrates deposited at different temperatures.

Substrate temperature, °C Thickness, um Vickers hardness, GPa
30 0.6+0.1 80+15

300 0.5+0.1 3546

500 0.5+0.1 2946
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Fig. 9. Experimental plots of Vickers hardness (H,) vs the inverse imprint diagonal (1/D)
for the 30 and 300 °C deposited films.

4. Conclusions

PLD was applied to deposit carbon films from Cgo target at different
substrate temperatures. The composition, structure and morphology
of films were remarkably dependent on the temperature. The results
obtained by numerous techniques are all in good agreement and
support each other. Upon increasing the substrate temperature from
30 to 500 °C, films of different nature were grown. At 30 and 300 °C,
the obtained films are entirely amorphous DLC, with a medium degree
of tetrahedral coordination, the sp> fraction ranging from 46% to 38%,
respectively. At 500 °C, films with the coexistence of amorphous DLC
(31% of the sp® fraction) and crystalline Cgo are grown. This latter
result evidences the fact that at 500 °C the film partially retains the
Ceo structure of the target, i.e. only partial disintegration of the Cgo
molecule upon the PLD process takes place.

SEM and AFM data suggest that the film deposited at 300 °C is
topographically nonhomogeneous with average roughness of 25 nm,
while in the 30 °C deposited film the aggregates of characteristic shape
in the range of 30-40 nm (vertical dimension) and of 100-200 nm
(lateral dimension) and average surface roughness of 9-14 nm are
present. At 500 °C characteristic globular shaped aggregates, confirming
the presence of Cgo-clusters, are detected. The aggregates dimensions
vary from 30 nm up to 500 nm, the average film surface roughness
ranging between 20 and 50 nm.

Films grown on Si(111) substrates held at 30 °C exhibit super-
hardness (80 GPa), while those grown at higher temperatures (300
and 500 °C) are hard (35 and 29 GPa, respectively).
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