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2 Department of Engineering, University of Cambridge, Cambridge CB2 1PZ, UK
3 INFM and Dipartimento di Ingegneria Nucleare, Politecnico di Milano, Via Ponzio 34/3, 20133 Milano, Italy

Received 25 June 2001

Abstract. Tetrahedral amorphous carbon films have been produced by pulsed laser deposition, at a wave-
length of 248 nm, ablating highly oriented pyrolytic graphite at room temperature, in a 10−2 Pa vacuum,
at fluences ranging between 0.5 and 35 Jcm−2. Both (100) Si wafers and wafers covered with a SiC poly-
crystalline interlayer were used as substrates. Film structure was investigated by Raman spectroscopy
at different excitation wavelength from 633 nm to 229 nm and by transmission Electron Energy Loss
Spectroscopy. The films, which are hydrogen-free, as shown by Fourier Transform Infrared Spectroscopy,
undergo a transition from mainly disordered graphitic to up to 80% tetrahedral amorphous carbon (ta-C)
above a threshold laser fluence of 5 J cm−2. By X-ray reflectivity roughness, density and cross-sectional
layering of selected samples were studied. Film hardness as high as 70 GPa was obtained by nanoinden-
tation on films deposited with the SiC interlayer. By scratch test film adhesion and friction coefficients
between 0.06 and 0.11 were measured. By profilometry we obtained residual stress values not higher than
2 GPa in as-deposited 80% sp3 ta-C films.

PACS. 81.15Fg Laser deposition – 78.30.Ly Disordered solids – 68.60.-p Physical properties of thin films,
nonelectronic – 62.20.Qp Tribology and hardness

1 Introduction

Diamond-like carbon (DLC) films are the object of
widespread attention from scientists and technologists due
to their mechanical and optical properties. These are
strongly dependent on the content of sp3 bonded carbon
atoms, on the amount of clustering of the sp2 phase, on
the orientation and anisotropy of the sp2 phase and on the
cross-sectional structure [1,2]. For mechanical applications
requiring low friction coefficient and very high hardness,
hydrogen-free high sp3 tetrahedral amorphous carbons are
most appealing, though they find one main limitation in
the high degree of as-grown compressive stress, which re-
sults in thin films not well adhering to the substrates.
Ta-C optical transparency in a wide spectral range and
absorbance in the UV are promising for scratch resistant
thin coatings of lenses.

An interesting technique to deposit a variety of thin
films is Pulsed Laser Deposition (PLD). Growth of DLC
films from vacuum laser ablated graphite was first re-
ported in 1985 [3], and rapidly proved to be effective
for the preparation of hydrogen- free amorphous carbon
films [4–7]. Low deposition temperatures, high deposition
rates and flexibility are some of the advantages offered
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by this technique; the degree of diamond-like character
considerably varies with deposition parameters, such as
vacuum, laser wavelength and fluence, which need there-
fore to be calibrated. In order to grow relatively hard films
by PLD, a vacuum of at least 10−4−10−5 Pa seems to be
required [4,8–10] and there is general agreement on the ex-
istence of a threshold fluence, which increases with laser
wavelength (≈3 × 108 J mm−2 for λlaser = 248 nm [11]).
The use of UV excimer lasers seems to be preferable to
obtain good quality films, since they reduce particulate
emission and allow the deposition of ta-C films using
lower laser fluences if compared to visible and Infra-red
lasers [8–12].

Here we report the preparation of PLD ta-C films and
their structural and mechanical characterisation. Our re-
sults show that we obtained films with a high content of
sp3 carbon (up to 80%), with an hardness of up to 70 GPa
and with a low as-grown compressive stress, working at
a vacuum level and fluence lower than those usually re-
ported. A multi-wavelength Raman spectroscopy investi-
gation, for excitation energies of 229, 244, 325, 458, 514.5
and 633 nm has been conducted to characterise the bond-
ing evolution in the films. Fourier Transform Infra-Red
spectroscopy (FTIR) was used to further study the struc-
ture and to assess the hydrogen content. X-ray reflectiv-
ity (XRR) was performed to non-destructively derive film
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Table 1. Collection of relevant data on deposition parameters, structural and mechanical properties of DLC films. The sp3

content of the samples grown at 0.5 J cm−2 and 20 J cm−2 were directly measured, the other values are estimates derived by
the comparison of the Raman spectra taken at different excitation energy.

Fluence
[J/cm2]

Substrate
Thickness

[nm]
Sp3

[%]
Hardness

[GPa]
LC2
[N]

Friction
coefficient

Residual
stress
[GPa]

0.5 Si (100) 120 42 27 8 0.07 0

1.13 Si (100) 400 Low (≈
40%)

- 20 0.065 0.30

1.7 Si (100) 760 Low (≈
40%)

32 21 0.09 0.48

2.1 Si (100) 1300 Low (≈
40%)

- 23 0.08 0.47

4.5 Si (100) 370 - - 17 0.06 0.92

7 Si (100) 230 High (≈
70%)

- 18.5 0.077 1.6

9.3 Si (100) 90 High (≈
70%)

- 14 0.053 1.4

20 Si (100) 130 80 36 18.5 0.07 1.7

31 Si (100) 130  ≈ 80 40 20 0.057 2

29 Si(100)+500nm SiC 210 ≈ 80 70 14 0.11(*) 1.9

35 Si(100)+250nm SiC 170 ≈ 80 65 17 0.066

35 Si(100)+900nm TiC 135 ≈ 80 - 8 0.055

35 Si(100)+200nm TiN 100 ≈ 80 - <4 -

(*): Surface roughness about 10 nm.

roughness, density and cross sectional layering. Electron
energy loss spectroscopy allowed to quantify the fraction
of sp3 bonded carbon. Nanoindentation was used to mea-
sure film hardness and elastic modulus. Scratch tests were
performed to study film adhesion to substrates and fric-
tion coefficient. Profilometry allowed us to measure the
macroscopic film stress.

2 Experimental

A series of films was deposited at an operating pressure of
10−2 Pa, from a starting base pressure of 10−3 Pa. Highly
oriented pyrolytic graphite (HOPG) (purity 99.99%), was
ablated with laser pulses from a Lambda Physik LPX220i
Excimer Laser (wavelength λ = 248 nm, pulse dura-
tion τ = 20 ns, repetition frequency 10 Hz, incidence
angle 45◦), with fluence ranging from 0.5 J cm−2 to
35 J cm−2. On purpose designed mechanisms moved the
graphite target disk in order to avoid formation of craters
and to obtain uniform surface ablation [13]. Different
types of ultrasonically cleaned substrates were used, as
shown in Table 1: we chose Si (100) for structural anal-
ysis and Si (100) coated with sputter deposited SiC, or
TiC, or TiN for mechanical analysis in order to reduce
substrate influence in nanoindentation. Substrate and film

thickness, as determined with a DEKTAK IIA profilome-
ter, are reported in Table 1 together with laser fluences.
Deposition rates were of the order of 0.6 nm s−1.

Unpolarised Raman spectra were acquired at λ = 229,
244, 325, 458, 514.5, 633 nm, (5.41–1.96 eV) using a vari-
ety of spectrometers [14]. The UV Raman spectra at 229
and 244 nm were excited using an intracavity, frequency-
doubled Ar ion laser (Coherent Innova 300 series) and
the 325 nm with a He-Cd laser. Fused silica optics were
used throughout, and Raman spectra were collected us-
ing two Renishaw micro-Raman 1000 spectrometers on a
40X objective, with 229, 244 or 325 nm filters, and an UV-
enhanced CCD camera. The spectral resolution was about
4–6 cm−1 at 244 and 325 nm, but rose to 12–15 cm−1 for
229 nm excitation. All the UV spectra must be corrected
by subtracting the system response signal, obtained by
measuring a background spectrum with an Al mirror and
normalising to the atmospheric N2 vibrations. Unpolar-
ized visible Raman spectra were recorded in backscatter-
ing geometry for 514.5 nm excitation from an Ar ion laser
using a Jobin-Yvon T64000 triple grating spectrometer.
Another Renishaw system with a 50X objective was used
to acquire spectra at 633 nm, from a He-Ne laser, with a
resolution of 3–6 cm−1. Care was taken to avoid sample
damage.
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FTIR spectra were taken at room temperature, in
dry air, using a Win-Bio-Rad Fast Transform spectro-
scope over the 400–4000 cm−1 range; the spectra were
recorded in transmission and corrected for Si substrate
contributions.

EELS measurements were carried out on a dedicated
VG501 scanning transmission electron microscope fitted
with a spectrometer with a McMullan parallel EELS de-
tection system [15].

Specular X-ray reflectivity (XRR) curves were ac-
quired with a Bede Scientific GIXR reflectometer,
equipped with a Bede EDRa scintillation detector, us-
ing the Cu Kβ radiation (λ = 0.13926 nm). Off-specular
curves were subtracted from specular curves to get real
specular data, with the incidence angle θi usually vary-
ing in the range 0–8000 arcseconds, with a step of
15 arcseconds.

The macroscopic stress of the films deposited on Si
was determined by Stoney’s equation [16], measuring the
substrate curvature before and after film deposition by a
UBM Messtechnik Laser Microfocus profilometer.

Film hardness was determined by a Nano Instruments
(type II) ultra low load depth-sensing nanoindenter (ind.
depth 50 nm); data were analysed by the Oliver-Pharr
procedure [17].

Film-substrate adhesion was tested by scratch tests,
performed with a CSEM Revetest Automatic Scratch-
Tester equipped with a Rockwell shaped diamond indenter
(conical angle 120◦, hemispherical tip of 100 µm radius),
at a scratching speed of 10 mm min−1 and a loading rate
of 10 N mm−1.

3 Results

3.1 Raman spectroscopy

Raman spectroscopy is a very popular, non-destructive
tool for the structural characterization of carbons. Raman
scattering from carbons is always a resonant process, in
which those configurations whose band gaps match the ex-
citation energy are preferentially excited. Any mixture of
sp3, sp2 and sp1 carbon atoms always has a gap between 0
and 5.5 eV, and this energy range matches that of IR-vis-
UV Raman spectrometers [14]. We thus performed a res-
onant Raman study of the samples deposited at various
fluences. The Raman spectra of carbons do not follow the
vibration density of states, but consist of three basic fea-
tures, the G and D peaks around 1600 and 1350 cm−1 and
an extra T peak, for UV excitation, at ∼1060 cm−1 [2,14].
The Raman spectra at any wavelength depend on 1) clus-
tering of the sp2 phase, 2) bond length and bond angle
disorder, 3) presence of sp2 rings or chains, and 4) the
sp2/sp3 ratio. A two wavelength study (visible-UV) can
however provide most of the information on the fraction
and order of the sp2 sites in amorphous carbon [14].

Visible Raman spectra for films deposited at different
fluences are reported in Figure 1, and the corresponding
UV Raman spectra in Figure 2. Figure 3 shows a compar-
ison of the Raman spectra taken at different energies for
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Fig. 1. 514.5 nm Raman spectra for a selection of samples
grown at various fluences. The inset shows the typical broad
band centred around 710 cm−1 in films deposited below ft.
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Fig. 3. Multi-wavelength Raman spectra for a sample grown
at a fluence of 4.5 J cm−2.

a film grown at 4.5 J cm−2. Figures 1–3 suggest that the
content of fourfold coordinated carbon changes with laser
fluence. Two main features are evident for visible Raman
spectra [2,18]: the D peak (∼1350 cm−1), due to breath-
ing modes of rings, and the G peak (∼1560 cm−1) due to
the relative motion of sp2 carbon atoms [2]. In UV Ra-
man spectra an extra T peak at ∼1060 cm−1 is evident.
This peak is due to the resonant enhancement of σ bonds
and directly probes the sp3 bonding [14,19–21]. Figure 2
shows how for low fluences the T peak decreases and is
replaced by an higher frequency residual D peak [14]. The
combination of a Breit- Wigner-Fano (BWF) lineshape for
the G-peak and a Lorentzian for the D (and T) peaks was
used to fit the Raman spectra taken at the different excita-
tion wavelengths (λ = 229, 244, 325, 458, 514.5, 633 nm).
Note that we considered the Raman shift corresponding to
the maximum (peak-value) of the BWF function, rather
than to its centre, to allow comparison with literature data
where symmetric lineshape fitting is used. The evolution
of the main 514.5 nm and 244 nm Raman parameters with
fluence is reported in Figures 4, 5.

The main information one gets from a multiwavelength
study is the dispersion of the Raman peaks. Figure 6 shows
the variation of the G position with excitation wavelength
for some representative samples. Figure 7 shows the trend
of the G peak dispersion (in cm−1/nm) for samples grown
at different fluences, obtained from a linear fit of the data
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Fig. 4. Fitting parameters of 514.5 nm Raman spectra
versus fluence: (A) G peak position, (B) Intensity ratio of G
and D peaks, I(D)/I(G).
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Fig. 7. G peak dispersion vs. laser fluence. The Y axis is the slope (in cm−1/nm) of the linear fit of the G position vs. excitation
wavelength data of Figure 6 and of the other samples not shown in Figure 6.

of Figure 6 and of the other samples not shown in Figure 6.
In order to understand Figures 6, 7 we note that G peak
does not disperse in graphite itself, nanocrystalline (nc)-
graphite or glassy carbon [14]. The G peak only disperses
in more disordered carbon, where the dispersion is pro-
portional to the degree of disorder. This means that the
physical behaviour of the G peak in disordered graphite is
radically different from amorphous carbons, even though
the G peak positions might accidentally be the same at
some excitation energy. The G peak in graphite cannot
disperse because it is the Raman-active phonon mode of
the crystal. In nano-crystalline graphite, the G peak shifts
slightly upwards at fixed excitation energy due to phonon

confinement, but it cannot disperse with varying excita-
tion energy, still being a density of states feature. The
G peak dispersion occurs only in more disordered carbon,
because now there are a range of configurations with dif-
ferent local band gaps and different phonon modes [14].
The dispersion arises from a resonant selection of sp2

configurations or clusters with wider π band gaps, and
correspondingly higher vibration frequencies. The G peak
dispersion separates the materials into two types. In ma-
terials with only sp2 rings, the G peak saturates at a max-
imum of ∼1600 cm−1, the G position in nc-graphite. In
contrast, in those materials also containing sp2 chains,
particularly ta-C and ta-C:H, the G peak continues to
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Fig. 8. FTIR transmission spectra for a selection of samples grown at various fluences. The main peaks are indicated.

rise past 1600 cm−1 and can reach 1690 cm−1 at 229 nm
excitation in ta-C. Indeed, for visible excitation, sp2 clus-
tering and ordering will always raise the G peak for ta-C.
In contrast, in UV excitation, increasing clustering lowers
the G position, as noted above [14]. Thus the higher the
dispersion, the lower the sp2 clustering and, if combined
with an I(T)/I(G) of at least 0.4, this is a sufficient condi-
tion to assess an sp3 fraction of ∼70–80% or more [14,21].

The data in Figures 1–7 clearly show how above a
threshold fluence (ft) value of 5 J cm−2 the films consist
largely of high sp3 ta-C. We note that the simultaneous
detection of an almost zero value for the I(D)/I(G) ratio
and of a G peak position greater than 1550 cm−1 for vis-
ible Raman excitation is a sufficient condition to assert
a high sp3 content in the films [2]. Comparing films of
similar thickness (e.g. films deposited at 0.5 J cm−2 and
20–30 J cm−2, see Tab. 1), we observe that the intensity
of the Si peaks from the substrate (I order at ∼520 cm−1

and II order at ∼970 cm−1), increases with fluence. This
again indicates greater transparency and hence is consis-
tent with higher sp3 content in the films deposited above
the threshold ft. Figures 5 and 7 directly confirm this ob-
servation, since they show I(T)/I(G) > 0.4 and an higher
G peak dispersion for films grown at fluences higher than
5 J/cm2. A closer inspection of Figure 7 shows that the
G dispersion changes with fluence even for samples grown
at high fluences, differently from the data of Figures 4
and 5. The fact that the film grown at 20 J/cm−2 has
the strongest G dispersion shows that this film, although
having a sp3 content similar to the other higher fluence
films, also has the lowest sp2 clustering [2,14]. We also
note that the maximum G dispersion (∼0.34 cm−1/nm)
is lower than the one reported for ∼88% sp3 uniform ta-C
films (∼0.44 cm−1/nm) [14]. This means that our PLD ta-
C films have more sp2 clustering or cross-sectional layer-
ing than the S-bend FCVA ta-C analysed in reference [14].
Indeed cross sectional layering was detected by XRR, as
described in Section 3.3. On the other hand the dispersion

is minimum for f < ft, thus indicating clustering of the
sp2 phase and lower sp3 content in below-threshold films.

The low frequency Raman spectra of low fluence films
show the low frequency double peak structure at about
400 and 800 cm−1, typical of a-C samples [22–24], see
Figure 1. This structure is lost, being replaced by a broad-
band centred at ∼600 cm−1, for fluences above the thresh-
old of 5 J/cm2. This is typical of sp2 bending modes in
ta-C [25]. Here we discuss the attribution of the peak at
∼710 cm−1 shown in the inset of Figure 1. This peak coin-
cides with a peak in the vibrational density of states of a
graphene sheet [26,27]. The peak frequency is the same as
that of the A2g phonon at point M in the Brillouin Zone,
which can be seen as a twisting motion of aromatic rings.
The intensity of this peak was found to correlate to the
intensity of the D peak [28], thus confirming that both
modes are related to the presence of condensed aromatic
sp2 rings.

The analysis of the Raman spectra clearly shows the
existence of a threshold fluence value around 5 J cm−2

for the deposition of ta-C films and this is confirmed
by EELS measurements. EELS detected an sp3 content
∼40% in the film deposited at 0.5 J cm−2, consistent with
the low I(T)/I(G), and of ∼80% in the film deposited
at 20 J cm−2. For the same samples X-ray reflectivity
measurements gave bulk densities of 2–2.2 g cm−3 and
2.9–3 g cm−3 respectively, with presence of layers. Refer-
ring to Table 1, all films deposited at fluences below ft

show a low content of fourfold coordinated carbon, while
in films deposited at fluences above ft the sp3 content is
increasing up to 80%.

3.2 FTIR

Typical FTIR transmission spectra of PLD films on Si are
reported in Figure 8. Three broad bands are visible in the
spectra of films deposited at fluences below ft: the first, at
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∼710 cm−1, corresponds to the feature seen in the Raman
spectra and previously discussed. The second is composed
of a peak at about 1250 cm−1 and a high frequency shoul-
der at about 1550 cm−1. No evidence of the above bands
is present in the spectra of the films deposited above ft,
which are transparent, thus confirming that with increas-
ing fluence a structural transition from low sp3 carbon to
ta-C occurs. The lack in all spectra of absorption bands
in the range 2800–3100 cm−1, due to the C-Hx stretching
modes, indicates that our films are hydrogen free (H con-
tent is lower than the detectable limit of 0.5at.%).

Although a full interpretation of the IR spectrum is
not yet possible, Figure 8 allows us to reach some con-
clusions. Comparing Figure 8 and Figures 1–3 it is clear
that the FTIR spectra do not resemble the Raman spectra
at any of wavelength we used. Indeed, given that Raman
spectroscopy in carbons is always a resonant process and
that the shape and intensity of the peaks change with ex-
citation energy, the similarity between the FTIR spectra
and green Raman spectra of certain amorphous carbons is
accidental [28]. However, the fact that in all kind of amor-
phous carbons the IR spectrum mainly shows two broad
bands in the 1300 and 1600 cm−1 region could suggest
that a link between these bands and the vibrations re-
sponsible for the Raman D and G peak should be present.
Figure 8 shows that the intensity of these bands in pure
carbon samples is related to the decrease in the sp3 frac-
tion. A higher fraction of the sp2 phase and higher electron
delocalisation allows higher charge fluxes and thus higher
IR activity. We can assume that the more delocalised sp2

phase is responsible for the vibrational modes seen in the
FTIR spectra. Indeed, in the case of ta-C, the localisation
of the sp2 phase is maximum and no features in FTIR
spectra are detected. One could assume that the sp2−sp3

bonds generate a dipole that should give IR active vibra-
tions. However, first it is highly doubtful that the sp2−sp3

hybridisation alone can give rise to a polarisation degree
sufficient to make the system IR active, and, second, if
this were the case, samples with the maximum content
of sp2−sp3 bonds should give the highest signal. How-
ever, this is not, since the spectrum observed for sputtered
a-C [28] shows the same overall features of the spectra of
our films prepared at low fluences (Fig. 8) and of a-C:H
samples annealed at high temperature. Furthermore no
new bands appear in the spectra of high sp3 (>40%) sam-
ples in Figure 8, which should have the biggest number of
mixed bonds.

The more delocalised sp2 phase is detected in the Ra-
man spectra at the lowest excitation energy [2,14]. It is
thus conceivable that the IR spectra should be compa-
rable with the non-resonant Raman spectra in the ideal
null-excitation energy experimental configuration. Both 0
energy Raman and IR spectra would probe the same,
most delocalised sp2 phase and this links the two mea-
surement techniques. Thus the 1550 cm−1 band will have
a stretching character both in Raman and IR spectra
and the ∼1250 cm−1 band will comprise also a bend-
ing character, although the symmetry of the modes giving
rise to these two broad bands in IR and Raman spec-

tra might be different. Indeed, for ordered poly-aromatic
hydrocarbons (PAH) the same normal modes are not re-
sponsible for both IR and Raman features. This is sup-
ported by experiments and density functional theory cal-
culations [30] on vibrational spectra of model sp2 coordi-
nated systems, such as the C114 and C222. In these highly
symmetric D6h tiles hydrogen does not significantly af-
fect vibrational spectra (no features are observed in the
1400–1600 cm−1 region, which could be attributed to
C-H modes): both molecules show structured IR bands
both around 1250 cm−1 and 1550 cm−1. These are due to
highly cooperative motions of the molecule as a whole, in-
volving combinations of C-C stretching and bending. Yet
these molecules do have an inversion centre and, as such,
selection rules forbid any Raman feature at the same fre-
quencies [31]. On the other hand, when disorder is present,
such as in our films, FTIR spectra and the ideal non- res-
onant Raman spectra could be more strictly correlated.

3.3 X-ray reflectivity

XRR can provide information on density, roughness and
cross-sectional layering of amorphous carbons, without
any sample preparation or damage [15,32–37]. The re-
fractive index for X-rays in solids is smaller than unity,
so that total external reflection occurs at low angles of
incidence. As the incidence angle θi increases above a crit-
ical angle θc, X-rays start to penetrate into the film. From
Snell’s law at the air/film interface, one can obtain the
critical angle for a medium composed by a single element:

θc = λ

√
NAr0

π
ρ
(Z + f ′)

M
(1)

where r0 is the classical electron radius, NA is the Avo-
gadro number, f ′ takes dispersive corrections into ac-
count, ρ is the mass density, Z and M are the element
atomic number and atomic mass respectively. For carbon,
at λ = 1.3926 Å, f ′

C ≈ 10−2. Thus from the critical an-
gle we can obtain the density of a material composed of
carbon only [15]:

ρ ∼= 2
π2c2ε0

3λ2NAe2
MCmeθ

2
c (2)

where me is the electron mass.
When a thin layer is deposited on a substrate, X-rays

reflected at the film surface and at the film-substrate in-
terface can interfere and from Snell’s law, one can see
that constructive interference produces fringes in the re-
flectivity curve. Thickness can thus be found from the
fringe period. XRR also probes atomic scale surface rough-
ness, which results in X-rays being scattered out of the
specular beam. By fitting the XRR data to simulated
curves a model reproducing the material parameters can
be obtained. Simulations were performed using the Bede
REFS-MERCURY software package, which uses Parrat’s
recursive formalism of the Fresnel equations to calculate
the reflected wave amplitude and, hence, the reflected
intensity [36,38–40].



276 The European Physical Journal B

500 1000 1500 2000
100

1000

10000

100000

ta-C critical angleIn
te
ns
ity

Incidence Angle (arcseconds)

Fig. 9. Critical angle in the reflectivity curve of a film grown at 9.3 J cm−2. The corresponding density is 2.88 g/cm3.
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Fig. 10. Reflectivity profile of a film grown at a fluence of 9.3 J cm−2 ; the upper line, shifted for clarity, is a simulation for a
film with structure:

Density (g cm−3) thickness (nm) r.m.s roughness (nm)
Si
C 2.47 6 0.8
C 2.88 58.5 1
C 2.74 30.5 0.85

If the material density is smaller than, or comparable
to the Si substrate density (ρ = 2.33 g/cm3), the X-rays
are reflected at the Si surface and so the Si critical angle
is seen, rather than that of the film, which only perturbs
the shape of the substrate critical angle. In this situa-
tion, we have to simulate the shape of the critical angle
thus obtaining broader error bands for the calculated den-
sity. This is the case of a film deposited below threshold
(fluence = 1.13 J cm−2) for which we obtained a den-
sity value of ∼2.0–2.2 g cm−3. For the same reason, if a
film consists of a bulk dense layer with thinner and less

dense layers at the top and the bottom, the critical angle
is that of the bulk layer [15]. Thus, from the critical an-
gle (see Fig. 9), we directly get the density of the densest
layer and not the average film density, that requires a fit
of the multilayer structure. This is the case for the film
deposited above ft: from the experimental critical angle,
we found a bulk density of ∼3.0 g cm−3 for the samples
deposited at 20–30 J cm−2, and of ∼2.9 g cm−3 for a flu-
ence value of ∼9.3 J cm−2. This last sample was the one
giving the best reflectivity curve shown in Figures 9, 10.
The different periodicities indicate internal layering, and
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the curve could be simulated considering three layers with
different densities (see Fig. 10). The number of layers,
their density, thickness and roughness are all variable pa-
rameters and the density within the layers is probably
not constant, which introduces further uncertainty in the
simulated parameters. The overall thickness, the surface
layer thickness and the bulk layer density can be consid-
ered the most reliable fitted data (see caption of Fig. 10).
Layering in PLD films was previously reported for pulsed
laser deposited ta-C, by cross-sectional High Resolution
TEM measurements [5]. For samples deposited at higher
fluences (20 and 30 J cm−2) only a weak periodicity cor-
responding to a top layer of ∼30 nm is present in the
measurement, while no fringes at all could be detected in
the sample deposited below ft. The absence of fringes for
low fluence samples could be due to the thickness inho-
mogeneity of the films. This problem is more important if
the films are very thick, as in this case (see Tab. 1) and so
the detected periodicity probably indicates a surface layer
with a different density. The top surface r.m.s. roughness
was found to be less than 1 nm for the samples examined
with XRR.

Note that the maximum density of our films is smaller
than the maximum density of ∼3.26 g/cm3 detected for
very uniform S-bend FCVA films [15]. This is in agreement
with the observation that the maximum dispersion of the
G peak in our films is lower than the G peak dispersion
in S-bend FCVA films.

3.4 Internal stress

The macroscopic stress was obtained by comparing the
substrate curvature before and after film deposition and
applying the Stoney’s equation (Tab. 1). Stresses are com-
pressive and increase with fluence, but they are always
lower than 2 GPa. This is the lowest value reported to
date for as deposited ta-C, with no B [41], or Si introduc-
tion [42], post deposition annealing [7,43], or soft interface
layer [44]. In fact the usual range of macroscopic stresses
in as deposited ta-C films is of the order of 10 GPa [45–47].
In films deposited at fluences below fc, with thickness up
to more than 1 micron, the residual stress is very low
(around 0.5 GPa). In high sp3 films the stress is nearly
independent of film thickness, within our thickness range,
between 90 and 230 nm. Also, the presence of a ceramic
interlayer appears not to affect the residual stress value.
Note that the G peak position in our relatively low stress
films is comparable with the one of highly stressed films.
This confirms that the high G peak position in ta- C films
is due to the presence of short sp2 chains and not to the
high stress [2].

3.5 Nano indentation

Hardness values for films deposited at various fluences are
reported in Table 1. In the films deposited on Si, hardness
increases with fluence up to values of 40 GPa. Since the

harder films are not thicker than 130 nm and the inden-
tation depth is 50 nm, film hardness is certainly under-
estimated due to the influence of the comparatively soft
substrate. Indeed it is not possible to detect a threshold
fluence value for the measured hardness, but a smooth
trend of increasing hardness with increasing fluence. Tak-
ing in account the bigger thickness of the low fluence films
we can assume that this smooth trend is due to the greater
influence of the substrate for the thinner films grown at
higher fluences. This also means that 30–35 GPa is a gen-
uine hardness value for the low fluence films. Table 1 also
shows that the hardness of high fluence ta-C films de-
posited on Si+SiC rises to 65–70 GPa. The harder SiC
interface layer has thus reduced the substrate effect.

The best way to non destructively determine the elas-
tic constants of thin films is using surface acoustic waves
based methods, such as surface Brillouin scattering [48] or
laser induced surface acoustic waves [6]. The relation be-
tween Young’s modulus and coordination derived in ref-
erence [48] for amorphous carbon would give a Young’s
modulus of ∼330 GPa for ∼40% sp3 films and ∼630 GPa
for ∼80% sp3 films. These would correspond to hardness
of ∼33 and 63 GPa respectively, according to the relation
between hardness and Young’s modulus in amorphous car-
bons, E/H ≈ 10 [49]. This agrees with our conclusion that
the hardness given by nanoindentation is a good measure
for thick films deposited at low fluences and that the ad-
dition of the harder SiC interface allows good estimates of
the hardness of thin high fluences films.

3.6 Scratch test

Table 1 shows that for films deposited on Si the upper
critical load LC2 increases with both laser fluence and
film thickness. LC2 is defined as the load for which the
film is completely removed from the scratch path [50].
As a rule, films deposited above ft, with thickness higher
than 100 nm, show LC2 between 16 and 20 N, correspond-
ing to a maximum Hertzian contact pressure pmax around
16 GPa; these values for LC2 and pmax are higher than
those reported for single layer ta-C films 500 nm thick, de-
posited on 440 steel (LC2 ∼ 10 N, pmax ∼ 1 GPa) [51,52].
In our films LC2 values are lower than 4 N for Si+TiN,
around 10 N for Si+TiC and around 15 N for Si+SiC.
Such results do not necessarily mean that ta-C films de-
posited on ceramics show adhesion and load supporting
capacity worse than those of films deposited on Si. Harder
substrates sink-in less under the indenter, so that stress
and strain distributions in the film and at the interface are
modified. Scanning Electron Microscopy (SEM) images of
scratches corresponding to LC2s indicate that scratch di-
ameters are larger in films deposited on Si than on Si+SiC.
Notwithstanding the different LC2 values, pmax is com-
parable in the two kinds of film. Scratch tests indicate
that ta-C adhesion to Si+SiC is better than to Si and to
Si+TiC (the two are equivalent to each other with respect
to adhesion, but Si+TiC is more suitable for mechanical
applications); ta-C adhesion to TiN is poor.
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Friction coefficients, as deduced from scratch tests in
ambient humidity, vary between 0.11 and 0.06, and are in
general lower than 0.08 (Tab. 1). This is consistent with
previously reported data for the ambient humidity ball-
on-disk measurements on PLD ta-C films [53].

4 Discussion

The existence of a threshold fluence ft at which the
film structure changes from graphitic to diamond-like can
be traced to a corresponding threshold in the values of
ablated particle energy. Indeed, according to literature
data [54,55] the detected species in the plume produced
by laser irradiation of graphite mainly consist of C, C2,
C+ and C++, where the C2 component is most probably
produced through ion-atom collisions followed by charge
neutralisation in the plume [55]. What is relevant in ta-C
formation is the energy of the C+ ions impinging on the
growing C film, which will be graphitic if only neutral, low
energy carbon atoms arrive on the substrate. A C+ energy
exceeding ∼100 eV is usually considered a necessary con-
dition to obtain a high sp3/sp2 bond ratio [45]. Indeed, we
observed ta-C formation in our films whenever the laser
fluence exceeded ft, as expected taking into account that
the energy of C+ ions is an increasing function of laser
fluence (see Tab. 2 of Ref. [54]). Given the strong sim-
ilarity between experimental conditions, we assume the
same energy values of plume particles as in [54], which
was measured to be 120, 175 and 440 eV for fluences of 7,
30 and 200 J/cm2 at a pressure of 5 × 10−3 Pa. Also, a
short laser wavelength makes the plasma plume, includ-
ing atomic and ionic species, much energetic and highly
ionised [56]. This explains why, by using lasers such as KrF
and ArF (193 nm), amorphous carbon films with a high
sp3/sp2 bond ratio have been successfully deposited even
at relatively low laser energy densities compared with the
PLD at longer laser wavelength [56].

Let us now make a few further considerations about
C+ ions impinging on a growing carbon film. All ener-
getic particles penetrate into the film and are stopped
at different depths, increasing with their energy, in in-
terstitial positions. According to SRIM simulations [57]
50, 100 and 175 eV particles are stopped within 0.5, 1.5
and 2.2 nm below the surface. Besides, each most ener-
getic ion (175 eV) produces 1.5 recoils; thus the thermal
spike model to explain ta-C formation [58] is ruled out
for our energy range, simply because dense cascades do
not form. The subplantation model predicts film densifi-
cation, and transition from sp2 to sp3 coordination, with
a maximum usually identified around 100 eV [59]. As al-
ready pointed out, residual stresses as high as 10 GPa, or
more [45–47] have been measured in ta-C films; on such
a basis it was postulated [47] that high compressive local
stresses are necessary to obtain ta-C films. However, the
fact that, e.g., post deposition thermal annealing releases
the stress without appreciable change in the sp3 fraction,
shows that high stresses are just the by-product of the
energetic deposition process [7,43,60]. Indeed, in our ta-C
films we measured relatively low residual stresses of 2 GPa,

at most (see Tab. 1). A possible explanation for this low
stress is that the stress self-annealing is prompted by low
energy particles. Below ft, the mechanism is most effec-
tive (see Tab. 1), but the sp3 fraction is lower; above ft

residual stresses increase because energetic C+ give rise
to a higher degree of stress, while the low energy plume
component is unable to completely relax it. This would
support the idea that the dominant mechanism in film
formation by PLD involves a delicate balance between
the number density and energy of charged and neutral
particles. Thus also PLD belongs to the family of beam
assisted deposition processes [60]. On the other hand the
heavy layering present in these films, as shown by XRR,
could contribute to stress lowering. Furthermore our rel-
atively high pressure leads to a lower average ion energy
with respect to the other PLD deposited ta-C films [61],
thus resulting in a lower stress. A deeper investigation is
needed to understand the stress release mechanism in our
as- deposited films, the ultimate target being the deposi-
tion of fully stress free ta-C films, without any additional
treatment. The main result we wish to underline is that
we clearly showed that the macroscopic stress is definitely
not inducing the formation of the sp3 phase, contrary to
what previously stated [47].

The threshold fluence we found corresponds to a power
density of 2.5 × 108 Wcm−2 [62] slightly below the limit
of 3 × 108 Wcm−2 reported for the same laser wave-
length [11,63]. It should be noted that we obtained ta-C
films with a simple configuration of the deposition sys-
tem, without any additional energy source. This result is
significant because our films were deposited in a vacuum
considerably worse than that sometimes suggested as nec-
essary to obtain ta-C [4,9].

5 Conclusions

We grew by Pulsed laser deposition and characterised
ta-C films on Si both with and without a carbide inter-
layer, working in a vacuum of 10−2 Pa. Structural char-
acterisation showed the existence of a threshold fluence of
∼5 J cm−2, above which the films largely consist of ta-
C. Our as deposited 80% sp3 films have low macroscopic
stresses (<2 GPa), an hardness of 70 GPa and a friction
coefficient in ambient humidity lower than 0.1. The better
adhesion properties are shown by ta-C on SiC. We showed
how a multi-wavelength Raman investigation is able to re-
veal the quantity and quality of the sp2 phase and thus
fully characterise the bonding structure. We also pointed
out how the FTIR activity in pure carbon films is corre-
lated with the increasing delocalisation of the sp2 phase
and is thus highest in low sp3 films. We proved how the in-
troduction of an harder SiC interface layer allows reliable
nanointentation measurements in thin ta-C films.
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58. H. Hofsäss, H. Feldermann, R. Merk, M. Sebastian, C.
Ronning, Appl. Phys. A 66, 153 (1998).

59. Y. Lifshitz, S.R. Kasi, J.W. Rabelais, Phys. Rev. Lett. 62,
1290 (1989).

60. M. Bonelli, A.P. Fioravanti, A. Miotello, P.M. Ossi, Euro-
phys. Lett. 50, 501 (2000).

61. Y. Lifshitz, Diamone Relat. Mater. 5, 388 (1996).

62. M. Bonelli, A.C. Ferrari, A.P. Fioravanti, A. Miotello, P.M.
Ossi, Mater. Res. Soc. Symp. Proc. 593, 359 (2000).

63. F. Müller, K. Mann, Diamond Relat. Mater. 2, 233 (1993).


