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A B S T R A C T

Pulsed laser deposition (PLD) of thin carbon films on SiO2/Si substrates was performed and the resulting films
were examined by X-ray photoelectron spectroscopy, transmission electron microscopy (TEM), Raman spec-
troscopy and ellipsometry. The deposition process was accomplished by laser ablation with Nd:YAG laser (third
harmonic λ=355 nm, pulse width τ=18 ns and a repetition rate of 10 Hz) on 320–420 nm SiO2/(001) Si
substrates with surface area of 15× 15mm2. The laser ablation process was carried out in two different de-
position regimes: i) continuous regime with a deposition time of 15–1800 s; and (ii) pulse mode. As a target,
carbon microcrystalline graphite disks (OD 15mm, thickness 0.5 mm) were used. We established that films
consisting of graphite nanoparticles/graphene grains of 5 to 30 nm thickness were deposited by the continuous
PLD process while films comprising one to few-layered nano-sized graphene were deposited by pulsed PLD.
Some films have low resistance (ρ=(0.1–1.5)× 10−3Ω·m) and consist predominantly of sp2 hybridized carbon
with Raman spectrum, which resembles that of nano-sized graphene. Regardless of the PLD process used, we
observed an interface film enriched with sp3 hybridized carbon, which could be related to CeO, CeH and other
interface bonds.

1. Introduction

Graphene is a two dimensional (2D) material that consists of fully
sp2 bonded carbon atoms packed tightly in a honeycomb lattice. Many
application areas were predicted due to its promising properties [1].
There is only one reliable way of synthesizing high-quality graphene
directly on a large area silicon substrate compatible with microelec-
tronic applications: by epitaxy on SiC [2,3]. However, this method is
relatively expensive as it requires the use of SiC substrates or SiC epi-
taxial films, high vacuum and high temperatures. On the other hand,
the most commonly used methods are based on thermal and plasma-
assisted chemical vapor deposition (CVD) on catalytic metallic sub-
strates (usually copper or nickel) [4], i.e. even if the synthesized gra-
phene is perfect, it cannot be used directly in microelectronics and must
be transferred from the metal to another surface, which usually gen-
erates a large number of defects.

One of the techniques for physical vapor deposition widely applied

in “bottom-up” technology is pulsed laser deposition (PLD). Originally,
PLD technology was mainly used to deposit thin films with high crys-
tallinity, accurate stoichiometry and thickness controlled up to the
atomic monolayer [5]. In recent years, this method has been applied
intensively for the cultivation of nanostructures with properties de-
pending on the deposition conditions [6–8]. PLD has also been em-
ployed for growth of carbon nanostructures of different dimensions,
including fullerenes, carbon nanotubes, graphite and diamond-like
carbon [9,10]. The growth of graphene nano-sheets by using PLD has
been reported for the first time by Cappelli et al. in 2005 [11]. The
authors study the effect of substrate temperature on carbon film growth
and the results showed that graphene could be produced at tempera-
tures up to 900 °C [11]. Following this work, Scilletta et al. [12] re-
ported that formation of graphene nano-sheets was affected not only by
the substrate temperature, but also by the ambient atmosphere and that
graphene nano-sheets are formed at high temperature in vacuum. Using
PLD, Koh et al. [13] reported the growth of graphene with a few layers
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on Ni/Si substrate. The growth of graphene on a Ni substrate by PLD
was also reported by Wang et al. [14] who found that the number of
graphene layers could be controlled by altering the laser pulses. In
addition to Ni substrates, graphene was deposited on other metal sub-
strates [15]. Recently, graphene was directly grown on a Si substrate by
Qian et al. [16]. Graphene grown directly on insulating substrates was
obtained using a Nd:YAG laser operating at 532 and 1064 nm
[12,17–19]. The formation of graphene layers with photon energy
of< 2.3 eV (corresponding to 532 nm) was explained by a photo-
thermal mechanism that did not involve entanglement of CeC bonds.
An alternative research effort has been devoted to the deposition of
graphene films by using an ultraviolet pulsed laser (i.e. the photon
energy higher than the CeC bond energy in highly oriented pyrolytic
graphite (HOPG) without catalytic substrates [20,21].

The aim of the present study is to contribute to the creation of re-
liable methods for synthesizing single- to multi-layer nanosized gra-
phene directly on SiO2/(001) Si substrates.

2. Method and materials

We applied PLD by laser ablation (LA) of micro-crystalline graphite
target in a standard on-axis configuration. The targets (OD 15mm,
0.5 mm thickness) were made from microcrystalline graphite by hot-
pressing and high temperature annealing (TUVEX Ltd. Bulgaria). We
used pulsed Nd:YAG laser (third harmonic λ=355 nm, pulse width
τ=18 ns and a repetition rate of 10 Hz). The experimental conditions
were Tsubstrates = 700 °C at pressure of 1×10−3 Pa. The carbon films
were deposited on (001) Si coated with SiO2 of thickness 320–420 nm.
The SiO2 films on Si substrates are obtained by oxidation of silicon in
oxygen flow wetted by water vapor for 20min on top of a dry oxygen
flow for 15min at about 1100 °C. Noting that the estimated ablation
threshold is 1.5 J/cm2, the PLD process was carried out in two different
regimes of deposition: i) continuous regime with 15–1800 s deposition
time at laser fluence of 5 J/cm2; and ii) pulsed regime: we decreased the
laser fluence to 2.5 J/cm2 and varied Na (duration of laser ablation, or
equivalently, the number of light pulses). We used Na=1 or 2 s (10 to
20 light pulses, respectively) followed by a fixed time Nb= 5 s for re-
laxation of the deposited film. For Na= 1 s we applied 12 pulse series
(see Fig. 1) with total duration of the process Nc= 12× (1+5)
s= 72 s, while for Na= 2 s we applied only 6 pulse series with

Nc= 6× (2+5)s= 42 s.
After a lot of experiments conducted in continuous regime two

problems remains unsolved: i) the increasing content of sp3 hybridized
carbon with decreasing thickness of the deposited film and ii) we could
not deposit a continuous film with thickness below 1 nm in continuous
regime. Furthermore, we established that continuous films with thick-
ness below 1 nm could be reliably deposited in the pulsed regime,
however, a residual sp3 hybridized carbon phase of about 20% re-
mained. In order to investigate a possible influence of the interface
carbon film or the substrate, several depositions were carried out on
different substrates: polished copper (10×10×0.5mm foil, 99.999%
Sigma Aldrich), 10×10×0.5mm SS304 as well as on hydrogenated
diamond-like carbon film deposited on SiO2 (330 nm)/Si.

The XPS including Auger electron analyses were performed on a
Kratos AXIS Supra spectrometer with a non-monochromatic Al X-ray
source under vacuum better than 10−8 Pa at 90° take-off angle. Each
analysis started with a survey scan from 0 to 1200 eV, pass energy of
160 eV at steps of 0.5 eV with 1 sweep. To achieve a high resolution
analysis, the number of sweeps increases and passive energy decreases
to 20 eV in steps of 100meV. The C1s photoelectron line at 285 eV was
used for calibration of spectra. The C1s, O1s, N1s and Si2p lines as well
as CKLL Auger line were recorded for each specimen and further on, the
C1s lines were subjected to additional fitting procedure with
XPSPEK4.1 software.

The ellipsometry measurements were performed using Woollam
M2000D rotating compensator spectroscopic ellipsometer in the wa-
velength range from 193 to 1000 nm. Film thicknesses and optical
constants were determined by analyzing the experimental Ψ and Δ data
taken at room temperature at angles of incidence 45°, 55°, 65° and 75°.
The thicknesses and optical constants of the graphene (or DLC or gra-
phite) layers and the thicknesses of the thick SiO2 layers were de-
termined simultaneously employing the interference enhancement
method [22]. The optical constants for the SiO2 layers and the Si sub-
strates were taken from the Complete EASE software database. The top
graphene layer was first modeled with b-spline model and afterwards
converted to a General oscillator model consisting of one Cody-Lorentz
oscillator and one Gaussian oscillator [23]. The top layer roughness was
assumed to be zero.

The Raman spectroscopy studies were accomplished with a HORIBA
Jobin Yvon Labram HR 800 spectrometer (excitation with a HeeNe
(633 nm) laser). The laser beam with 0.5mW power was focused on a
spot of about 1 μm in diameter on the studied surfaces, the spectral
resolution being 0.5 cm−1 or better. The high-resolution transmission
electron microscopy (HR TEM) characterization was carried out on a
HR STEM JEOL JEM 2100 microscope. The value of the accelerating
voltage during TEM analysis was equal to 200 kV.

To determine the electrical resistivity of the layers the four-contact
van der Pauw method as well as two-contact schemes were applied. We
used indium (In) contacts (~1mm2) deposited on the layer surface. All
contacts were distanced at least at 6mm away from each other. The
measurements were done in a dark camera using HP4140B pA-meter/
dc voltage source.

3. Results and discussion

The results of the XPS study and detailed interpretation of C1s
photoelectron line used for evaluation of sp3/sp2 ration are shown in
more detail in the Supplementary materials Section. A short presenta-
tion of all deposited films (specimens C1 to C8) with description of the
corresponding PLD process parameters as well as numerical results
from the different characterization methods used in this work are given
in Table 1.

Another simple way of using XPS to estimate the sp3/sp2 ratio in
carbon materials is the measurement of the separation in energy of the
most positive and most negative excursions of the first derivative of the
carbon KLL peak, the so-called D-parameter — see J.C. Lascovich et al.

Fig. 1. The scheme of the pulsed laser ablation regime: for Na and Nc two
combinations were used: 1 s and 72 s or 2 s and 42 s, respectively, while Nb was
fixed at 5 s.
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[24]. This parameter is related to the width of the C KLL peak in pulse-
counting form and is sensitive to the sp3/sp2 ratio because of the way in
which the production of C KLL Auger electrons samples the structure of
the valence band. The differential spectrum form (dN[E]/dE) allows
evaluating the D-parameter — see Ref. [25], which is a measure for the
abundance of sp2 and sp3 hybridized carbon. The D parameters of
graphite and diamond are 21 eV and 13 eV, respectively.

In a recent spectroscopic study of the main carbon allotropes — S.
Kaciulis et al. [26], it is pointed out that graphene is characterized by a
diamond-like Auger spectrum when the spectra are excited by X-rays,
whereas its Auger spectrum excited by electron beam exhibits a gra-
phitic shape. Therefore, the proximity of our measured D parameter
value to the one of diamond (D=13.0 eV) implies the presence of
graphene — see also Refs. [27, 28]. If the excitation is switched to the
electron beam source, then this value is shifted to the graphitic one
D=21.0 eV. We obtained D parameters for the C5–C8 samples between
13.8 eV (for C8 specimen) and 17.5 eV (for C7 specimen) — see Fig. 2,
i.e. they are typical for graphene — C8 specimen and diamond-like
carbon (DLC) C6 specimen [26–28], respectively.

A detailed analysis of the ellipsometric studies of the films deposited
by a continuous PLD process can be found in the work of A. Dikovska
et al. [29]. Here we will focus our attention on the carbon films

deposited on SiO2/Si substrates by PLD in pulsed regime — for example
the C8 specimen. The spectral dependence of the basic optical para-
meters of the film (the refractive index n and the extinction coefficient
k) are derived from the ellipsometry measurements and are plotted in
the inset of Fig. 3. The absorption coefficient (α) is calculated using the
wavelength (λ) dependence of the extinction coefficient (k): α=4πk /
λ [30]. By means of the Tauc equation: αE=A(E− Eg)m, where E is
the incident photon energy, Eg is the optical transition energy, m is 0.5
for the direct allowed transition and 2 for the indirect allowed transi-
tion [31], we can estimate the band gap. In Fig. 3, the obtained Eg
values are plotted against photon energy, and extrapolation to lower
energies of the linear portion can be used to estimate the band gap for
direct transitions which shows that the band gap of C8 tends to zero.

TEM samples were prepared by dissolving the SiO2 layer between
the (001) Si substrate and the deposited film in a 15% solution of HF in
doubly distilled water. The C layer removed from the substrate was
several times washed in doubly distilled water, transferred onto a for-
mvar mesh and dried. The HRTEM of specimen C3 (Fig. 4a) reveals an
image typical for mixed ordered and disordered materials where in only
few areas (delineated by black line as rectangles) some ordering can be
detected. It is worth noting that (002) planes possessing d(002)= 3.4 Å
[32] can be distinguished which corresponds to the observations of E.
Cappelli et al. [18], i.e. the 〈001〉 direction is parallel to the surface in
these nano-sized flakes. The HRTEM image taken from C8 (Fig. 4b) is

Table 1
Summarized data for the experimental conditions and results of the ellipsometry, XPS and electrical measurements.

Nd:YAG laser λ=355 nm continuous regime

Experiment Substrate Deposition time, s sp3/sp2ratio Thickness, nm ρ, Ω·m

C1 SiO2/Si 180 0.15 32.5 0.1× 10−3

C2 SiO2/Si 150 0.17 26.6
C3 SiO2/Si 30 0.29 2.5 50× 10−3

C4 SiO2/Si 600 0.15 90

Nd:YAG laser λ=355 nm pulsed regime

Experiment Substrate Na, s Nb, s Nc, s sp3/sp2ratio Thickness, nm ρ, Ω·m

C5 Copper 2 5 49 0.19 1.2
C6 SS304 2 5 49 0.87 1.2
C7 aC/SiO2/Si 2 5 49 0.44 2.5 540×10−3

C8 SiO2/Si 1 5 90 0.24 0.5 1.5× 10−3

Fig. 2. Differentiated CKLL spectra after applying Savitzky-Golay algorithm
excited by the X-ray source for all specimens. The determined D-parameter is
13.8 eV, 17.5 eV, 16.6 eV and 15.7 eV for specimens C8, C7, C6 and C5, re-
spectively.

Fig. 3. Energy of the direct transition in specimen C8. The red line is a guide to
the eye. The inset: plot of the spectral dependence of n and k of specimen C8.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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significantly different as (100) planes with d(100) = 2.14 Å — Ref. [32],
are visible in some areas, i.e. the 〈001〉 direction is perpendicular to the
surface.

The Fast Fourier Transformation (FFT) images derived from the
square-shaped areas bordered by white lines in Fig. 4a and b are shown
in the insets of the Fig. 4a and b and clearly indicate the presence of
(001) and (100) planes, respectively — the reflections are marked by
white arrows. The HRTEM image of the specimen C2 is displayed in
Fig. 5 a and shows lattice fringes distanced at about 5.5 Å from each
other which are marked by D. The HRTEM and SAED pattern obtained
from specimen C4 (thickness of 90 nm) should be related to nano-
crystalline graphene — Fig. 5b. The SAED pattern (the inset of Fig.5b)
reveals interplanar distances d(100) = 2.13 Å and d(110)= 1.23 Å which
are typical for graphite — see Ref. [32]. The HRTEM images and SAED
pattern in Figs. 4 and 5 can be used for assessment of the in-depth
distribution of orientation and size of the graphene flakes. In the im-
mediate proximity (~1 nm) to the interface the flakes lie parallel to it
(Fig. 4b). At a distance of several nm from the interface the flakes orient
themselves perpendicular to the surface (Fig. 4a). With increasing film
thickness (20–30 nm) the flakes adopt again a planar orientation and
increase in size. The HRTEM image taken from of specimen with
thickness of about 30 nm in Fig. 5a reveals lattice fringes which point to
flakes with significantly larger area than only several nanometers as
those in Fig. 4a. With further increasing in film thickness the flakes
preserve their planar orientation but with increasing disorder in the
basal plane. The HRTEM and SAED pattern from C4 specimen (with
thickness of 90 nm) unambiguously point to disordered graphene: the
SAED pattern is typical for polycrystalline samples (see the inset of
Fig. 5b). We ascribe the appearance of Fig. 5a to superimposed images
of a large number of few-layered graphene flakes (due to the increased
film thickness) which are misoriented to each other in the basal plane.

The Raman spectrum of perfect graphene has several strong bands:
the G-band (only first order Raman feature of graphene which stems
from E2g phonons at Γ point of the first Brillouin zone) and 2D band (the
overtone of the disorder (D) band), as well as few combination bands
[33]. The D band and the additional bands: D′ and D″ arise from
breathing-like modes of the carbon rings activated by defects via
double-resonance Raman process [34–37]. Furthermore, the spectrum
of mixed sp2/sp3 carbon films has two prominent features: D and G
bands which appear at different wavenumbers depending on the sp2/

sp3 ratio, sample crystallinity etc. [38]. On the other hand, the Raman
spectrum of nano-sized graphene (nano-graphene) cannot be so

Fig. 4. HRTEM images taken from specimens C3 (a) and C8 (b). The black-line delineated rectangles in image (a) mark areas where (001) planes are clearly visible.
Insets: Fast Fourier Transformation images derived from the square-shaped areas bordered by white lines.

Fig. 5. a. HRTEM image taken from specimen C2. The black lines denoted two
lines from lattice fringes with mean period D=0.55 nm.
b. HRTEM image taken from specimen C4. The inset: SAED pattern taken from a
specimen C4.
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definitively classified but nevertheless, few guiding lines could be de-
rived from the spectra [39–41]: i) The D and G bands are not com-
pletely separated (even in the work of Zhang et al. [40]) and a low-
intensity background or a low-intensity broadened band between D and
G, centered at 1430–1450 cm−1 exists); ii) The G and D′ bands are more
or less merged and iii) The intensity of the 2D band is 10–20% of that of
the G-band.

The measured Raman spectra (Fig. 6) are complex and can be as-
cribed to nano-sized carbon phases possessing different phase compo-
sition (the ratio sp2 to sp3 hybridized carbon etc.). In order to reveal the
fine differences between the main features of the experimentally ob-
tained spectra they were deconvoluted (the deconvoluted spectrum of
C8 specimen in shown in the Supplementary Materials section) and
results are summarized in Table 2. Judging from the location and the
band shape of the D, G and 2D bands, the Raman spectrum of specimen
C8 (Table 2 and Figs. 6 and SM 3 from the Supplementary Materials
section) may be regarded as a spectrum of nano-crystalline graphene.
The spectrum of C2 is quite similar and the same assumption can be
made by analogy — see Fig. 6. The Raman spectrum of specimens C3
and C6 (Fig. 6) can be ascribed to amorphous carbon (aC) and DLC,
respectively, with a different content of sp3/sp2 hybridized carbon [38].
The spectrum of carbon film deposited on copper substrate — C5 (the
orange trace in Fig. 6) should be similar to those of C2 and C8 but the
observed worsening (the anomalously broaden bands) could be attrib-
uted to the coupling between the nano-graphene and copper substrate
as shown by E. Cazzanelli et al. [42]. The Raman spectrum of C7 fol-
lows the spectrum of the substrate as shown in the Supplementary

Materials section.
Electrical resistivity measurements were carried out on specimen C1

by means of a van der Pauw circuit, while for the other higher-re-
sistance samples the measurements were done in a two-contact circuit
at DC constant voltage supply. Linear I/V dependencies were observed
for all samples. This fact confirms the ohmic behavior of the samples
and the contacts and allows measurement in a two-contact scheme. As
expected, the aC/SiO2/Si substrate for deposition of C7 sample has the
highest resistivity and it is in the range of 10Ω·m. The I/V character-
istics of specimen C8 is shown in Fig. 7. The determined resistivity at
room temperature is ρ=1.5× 10−3Ω·m. The results for C1, C3, C7
and C8 are presented in Table 1. The resistivity of C3 is similar to that of
evaporated carbon films, while that of C7 resembles the resistivity of
sputtered carbon films [43]. Assuming that graphene layers typically
have lower resistivity, the following analysis of the results can be made.
Considering the close values of the thicknesses of the films C3 and C7
and that at the substrate of C7 there is a layer additionally enriched
with sp3-hybridized carbon, we attribute the higher resistivity of the
carbon layer in specimen C7 to influence from the properties and
structure of the deeper aC layer on SiO2/Si and the interface film.
Further, looking at samples C1 and C3 of differently thick carbon layers
with different sp2/sp3 ratios deposited directly on SiO2, it appears that
the thicker carbon layer in C1 exhibits a lower resistivity, from which it
can be concluded that upon increasing the layer's thickness its prop-
erties become more and more similar to those of graphene. However, an
interesting observation is that the thinnest carbon layer (only 0.5 nm —
specimen C8) exhibits relatively low specific resistance for the series of
samples (in the order of 1×10−3Ω·m), which can be taken as an in-
dication of good deposition conditions of graphene-like layers or single
to few-layered films of nano-graphene [44]. As the distance between
the electric contacts was always larger than 5mm, we consider I/V
characteristics an integral sample property and can thus conclude that a
reproducible deposition of single to few-layered nano-sized graphene
was achieved with a resistivity similar to that of graphene with good
crystalline quality. Considering that in the low-energy limit the energy
of the direct optical transitions tends to 0 in both samples (see Fig. 3)
[29] as determined by ellipsometry measurements, we can conclude
that the films most likely consist of nano-sized graphene flakes parallel
to the surface of the substrates. The HR TEM images (see Figs. 4b and 5)
support such a conclusion.

According to the experimental results, several suggestions can be

Fig. 6. Raman spectra of specimens C2, C3, C5, C6, C7 and C8. (For inter-
pretation of the references to color in this figure, the reader is referred to the
web version of this article.)

Table 2
Summarized data for the position and FWHM of D and G bands as well as the
intensity IG/I2D ratios obtained by deconvolution of the Raman spectra of
specimens from experiments C2, C3, C5, C6, C7 and C8.

Experiment D band
Position/
FWHM
cm−1

G band
Position/
FWHM
cm−1

D′ band
Position/
FWHM
cm−1

Intensity ratio
IG/I2D
%

C2 1323/130 1590/69 1610/53 21.7
C3 1332/150 1601/86 –/– 13
C5 1330/135 1592/71 1610/72 –/–
C6 1331/89 1585/65 1611/55 9.5
C7 1336/66 1594/74 –/– –/–
C8 1328/126 1595/71 1612/42 14.6

Fig. 7. I/V characteristics of the C8 specimen measured at room temperature.
The measurements in the region from −0.20 to 0.20 V were repeated in a
different measurement run.
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deduced for continuous as well as for pulsed regimes. The deposition of
carbon films in continuous regime starts with formation of local areas
with amorphous structure where a significant quantity of sp3 hy-
bridized carbon (> 25–30%) is observed. Simultaneously, a local
bonding of nano-sized few-layered graphene flakes with a 〈001〉 di-
rection parallel to the substrate's surface takes place on the rest of the
surface — see Fig. 3a and results of XPS study (Table 1). Further on,
after deposition of such a mixed layer with thickness of 10–20 nm the
deposition of nano-sized graphene flakes with 〈001〉 direction per-
pendicular to the surface occurs (see Fig. 5). The deposition of such
graphene flakes is indirectly confirmed by resistivity measurements
where a very low resistivity of sample C1 is established — see Table 1.
The co-deposition of very small fraction of aC nanoscale regions as well
as a predominantly nano-sized single- to few-layer graphene (direction
[001] perpendicular to the surface of the substrate) occurs during the
initial stages of the PLD in pulsed mode. Thus nano-graphene films with
area of about 10× 10mm2 are deposited. The presence of single to
few-layered graphene is confirmed directly by the C KLL Auger and
Raman spectroscopy, HRTEM and indirectly by the resistivity mea-
surements of specimen C8.

We still cannot avoid the formation of a sp3 hybridized component
on the interface substrate/carbon film — the content of sp3 hybridized
carbon in the thin film remains in the range of 15–20% even when
copper substrates are used. Here it should be clearly pointed out that
the ambient air even at room temperature decouples the graphene film
deposited on copper by reversible oxygen intercalation and ad-
ditionally, the residual atmosphere oxygen decouples graphene from
copper by formation of an interface layer between the copper and
graphene [45,46]. Therefore, we can ascribe the significant content of
sp3 hybridized carbon (up to 20%) to the influence of oxygen from the
residual oxidation film of copper substrate and/or from the ambient
atmosphere. The sp3 fraction increases twice in the film deposited on
aC/SiO2/Si substrate (C7 specimen) and four times in the films de-
posited on SS304 substrate (C6 specimen). The sp3 hybridized fraction
of carbon in specimen C7 is practically the same as it is in the substrate
thus revealing that the main reason for its presence in C7 specimen is
chemical bonding at the interface. The extremely high concentration of
sp3 hybridized carbon in specimen C6 can also be related to bonding of
the carbon to oxygen (from the surface of substrate) or other the re-
sidual species.

4. Conclusions

We successfully deposited thin carbon films on SiO2/Si substrates
by PLD using Nd:YAG laser (third harmonic λ=355 nm) at two dif-
ferent laser fluences (about 66% as well as about 3.3 times higher than
the estimated ablation threshold) in continuous as well as in pulsed
regimes. The deposited films were studied by ellipsometry, XPS (in-
cluding C KLL Auger measurements), TEM, Raman spectroscopy and
electrical resistivity measurements and a high process reproducibility
was established. From the characterization results for the films we can
conclude that: i) films consisting of nanosized few-layer graphene with
a thickness of about 25–30 nm are deposited through the continuous
PLD process; ii) nano-sized graphene with single to few layers is de-
posited by pulsed PLD; and iii) regardless of the PLD process used, we
observed an interface enriched with sp3 hybridized carbon which
should be related to chemical bonding of carbon and oxygen, transition
metal atoms etc. at the interface substrate/thin carbon film. The most
interesting result from our point of view is the reproducible deposition
of single to few-layered nano-sized graphene with a resistivity similar to
that of graphene with good crystalline quality.
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