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Abstract
Using a set of ion beam analysis (IBA) techniques the compositions of hydrogenated
diamond-like carbon (DLC) nanocomposite coatings are scrutinized, including the hydrogen
content. The coatings are composed of two constituents: amorphous hydrocarbon matrix
(a-C : H) and nanocrystalline titanium carbide (nc-TiCa ) which makes it challenging to
quantify the sp3 /sp2 ratio of the a-C : H matrix. Using IBA and SEM data, the partial mass
densities of nc-TiCa and a-C : H matrix are obtained. The latter is analysed as a function of
hydrogen content and compared with the density of pure sp3 bonding DLC and of sp2 graphite
containing different contents of hydrogen. In addition, the fraction of sp3 bonding in the
matrix is estimated assuming a linear dependence on the mass densities of the matrix.
(Some figures in this article are in colour only in the electronic version)

(SIMS) and nuclear magnetic resonance is that it does not
require a reference standard for calibration if the energy
of incident ions is well below the Coulomb barrier and
therefore the cross-section does not deviate significantly from
the Rutherford cross-section.
In this work we have studied hydrogen containing
amorphous carbon coatings with TiC nanocrystallites
incorporated, nc-TiC/a-C : H. Incorporation of nanocrystalline
TiC particles into the a-C : H matrix makes the DLCbased nanocomposite not only much tougher but also nearly
frictionless and more wear resistant. For details on the
mechanical performance and corresponding analyses refer to
[13, 14]. A set of IBA techniques is used for a complete
characterization of the coating composition, i.e. ERD to
determine the hydrogen content, together with Rutherford
backscattering (RBS) and nuclear backscattering (NBS) to
characterize the concentration of carbon and heavier elements.
In contrast to the expensive usage of heavy ion beam
accelerators that are only available at a large facility, such as
85 MeV 58 Ni [9] or 11 MeV 12 C3+ [12], He+ ions’ beam of
2.3 MeV energy is used in this study, similar to publications
in [10, 11, 15]. Here, an additional step forward is made to
determine the atomic density in the coating and partial mass

1. Introduction
Carbon-based coatings play an important role in modern
industry due to chemical inertness, a large variety and
great flexibility of electronic, optical and mechanical
properties, which depend on the microstructure, the type and
concentration of the additives, and the size and crystallinity
of the inclusions. A large number of publications have been
devoted to the detailed study of the correlation between the
processing, microstructure and properties of diamond-like
carbon (DLC) coatings [1]. The effect of hydrogenation on
the functional properties of DLC coatings has been under
debate for a long time. It is shown qualitatively that hydrogen
promotes a conversion of sp2 -C to sp3 -CH bonding, resulting
in an increase in the sp3 -fraction in the DLC coatings [2].
However, the problem that arises is a quantitative examination
of hydrogen content, which requires a valid method of
hydrogen detection. Ion beam analysis (IBA) techniques,
such as nuclear reactions [3, 4] and elastic recoil detection
(ERD) analysis [5–12], play a unique role in the quantitative
determination of the hydrogen content. The advantage of ERD
for H profiling over other techniques such as infrared (IR)
and Raman spectroscopy, secondary ion mass spectroscopy
0022-3727/08/085402+07$30.00
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density of the a-C : H matrix in a composite coating. Finally,
we propose a method to estimate the sp3 and sp2 fractions in
the matrix.

2. Coating deposition
Nanocomposite nc-TiC/a-C : H coatings were deposited via
closed-field unbalanced reactive magnetron sputtering with a
Hauzer HTC-1000 deposition system, which was equipped
with two Cr targets and two Ti targets opposing each other
as well as Ar and acetylene (C2 H2 ) gas sources as described
in [16]. More details of the deposition can be found in [13].
A Cr/Ti interlayer was employed to enhance the interfacial
adhesion between the coating and substrate. For simplification
of the composition analysis, the substrate used was a silicon
wafer. The flow rate of acetylene and substrate bias varied in
the range 80–125 sccm and 0–150 V, respectively, to obtain
different C/Ti contents and nanostructures in the coatings.
The coatings are termed xVy in such a way that the numbers
before the character V indicate the substrate bias in voltage,
followed by the flow rate of acetylene gas in standard cubic
centimetres per minute (sccm). The thickness of the coatings
(and sublayers) was examined on fracture cross sections using
a scanning electron microscope (Philips FEG-XL30s) operated
at ultra-high resolution (UHR) mode.

(a)

3. IBA determination of concentration of coating
components

(b)

Figure 1. (a) RBS spectrum obtained with the He+ beam of
2.3 MeV, with arrows indicating the front of the constituent species
and an inset showing the experimental principle. (b) SIMNRA
simulation and deconvolution of the spectrum.

The compositions of the coatings were analysed by the IBA
technique, i.e. RBS, NBS and ERD, using He+ and H+ ion
beams with energies of 2.3 and 1.5 MeV (for NBS).
A typical RBS spectrum of nc-TiC/a-C : H coatings on the
Si wafer obtained with He+ ions of 2.3 MeV initial energy is
shown in figure 1(a). The channel number corresponds to
the energy of the detected backscattered particles. Due to
the difference in the kinematic backscattering factor K, the
particles backscattered by different atoms in a coating show
up in different parts of the spectrum as indicated by arrows in
figure 1(a). Figure 1(b) shows the deconvolution results of the
RBS spectrum showing the distribution of individual elements
in the coating. The step-like signals from Ti and C correspond
to penetration and scattering of the particles inside the coating
until overlapping with Cr signal and Si signal. The front of
these latter signals is positioned in the spectrum corresponding
to the thickness of the preceding layer and the K-factor values
of the species. The observed extension of the signal steps is
determined by the thickness of individual layers. The ramping
up of Ti content and ramping down of Cr in the interlayer, as
reported in [17], are clearly revealed as indicated by the arrows
in figure 1(b).
The quantitative analysis made to fit all the IBA
experimental spectra using the SIMNRA program [18] did
not differ significantly from those results obtained with the
RUMP [19] or DVBS [20] codes. From the fit one obtains the
atomic concentrations of ith species in a j th layer:
 j
j
j
j
j
ci = Ni /N0 ,
with N0 =
Ni ,
(1)

j

where Ni is the partial atomic density of the ith element and
j
N0 is the total atomic density in the j th layer. Inherently, the
IBA methods do not give the absolute value of the volume
j
atomic densities, but the surface atomic density (Ni tj ), where
tj is the j th layer thickness. In this paper we are concerned
mostly with the top coating layer with j = 1 containing
Cx Hy Tiz , on top of the CrTi interlayer. Therefore, we shall
neglect the layer number symbol in short, if not mentioned
otherwise.
The difference between RBS and NBS lies mainly in the
backscattering cross-section, which for RBS is proportional to
the squared atomic number of an element (Z 2 ) and therefore
is smaller for lighter elements such as carbon. For protons
with energy above 1 MeV the elastic backscattering crosssection can be much higher than the Rutherford cross-section
due to the contribution of the nuclear elastic cross-section,
giving the name the NBS analysis. Figure 2 shows a typical
NBS spectrum of the same nc-TiC/a-C : H coating, where
the carbon signal is much enhanced. The results of the
RBS and NBS analysis were consistent within the SIMNRA
treatment. Comparison of this combined IBA analysis with the
electron probe micro-analysis (EPMA) measurements [13] of
the titanium and carbon concentrations, in terms of their ratio,
is given in figure 3. It is evidenced that the two methods are
consistent with each other in the evaluation of the elements’
concentrations.

i
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Figure 2. NBS spectrum obtained with H+ ions of energy 1.5 MeV.
A SIMNRA simulation to the coating composition of Ti12 C57 H31 on
the Si wafer with a Cr interlayer is shown together with an inset
showing the experimental principle.

Figure 4. ERD spectrum of the coating 150V110 obtained with He+
ions of 2.3 MeV energy and simulated curves that differ from each
other by 2 at% of hydrogen. The lines demonstrate the sensitivity of
the SIMNRA simulations to the concentration of hydrogen in the
coating: 1—Ti10 C64 H26 ; 2—Ti10 C62 H28 ; 3—Ti10 C60 H30 . The
experimental principle is shown in the inset.

yield is determined by the differential cross-section, which is
the Rutherford recoil cross-section in laboratory frame [21]:
(dσ/d)R = [Z1 Z2 e2 /(2E0 )]2 (1 + M1 /M2 )2 / cos3 θ, (3)
where Z1 and Z2 are the atomic number of the incident ion and
the recoil.
The fitting of the experimental ERD spectra was done
using the SIMNRA code with hydrogen concentration NH /N0
as a parameter. The absolute accuracy of the H-content
determination is between 5% and 10%. It is limited by the
knowledge of the energy loss of He ions and H recoils and to
some extent by the accuracy of the setup of the experiment
geometry (see the θ dependence in equations (2) and (3)).
However, for a fixed geometry of the setup and a group of
samples of similar compositions, the (relative) accuracy of
the H content measurements can be fairly high. In figure 4
a recorded ERD spectrum of the coating 150V110 is shown
together with three curves of simulation that differ from each
other by 2% in the H concentration. The comparison between
the spectrum and the simulated curves clearly demonstrates
that the sensitivity of the simulations is as accurate as 1%
relatively to the hydrogen concentration of the coatings.
Figure 5 shows the ERD analysis results on the hydrogen
concentration of the coatings as a function of the flow rate
of acetylene gas and the negative bias voltage applied to the
substrates during the deposition. It follows from the figure
that the hydrogen concentration increases with the increase
in the C2 H2 flow rate. On the other hand, the net amount of
hydrogen in the coatings decreases with increasing the bias
voltage. It seems that enhanced concurrent ion impingement
promotes degassing of hydrogen from the growing coating.
The complete set of sample composition parameters obtained
by IBA is listed in table 1.

Figure 3. Comparison of Ti-to-C concentration ratios obtained
using the IBA and EPMA techniques.

However, both RBS and NBS are not sensitive to hydrogen
because of the kinematical restriction. The ERD technique, in
contrast, can only be used to detect species lighter than the ions,
i.e. hydrogen with an He+ beam. He+ ions of initial energy E0
knock out H atoms with energy
Er,max = KE0 = [4M1 M2 cos2 θ/(M1 + M2 )2 ]E0 ,

(2)

where K is the kinematic factor, M1 , M2 , are the mass
of incident ions and recoiled nuclei, respectively, and θ is
the angle between the beam and the detector (15◦ in our
experiment). Since He+ ions are four times heavier than the
mass of H atoms, up to 80% of the incident particle energy will
be taken by the outgoing recoil nuclei. To reduce the strong
background of elastically scattered He ions, a thin foil was
placed in front of the semiconductor detector. Due to larger M
and Z values, He ions have larger stopping power and smaller
penetration in materials than H recoils. The thickness of the
foil is chosen in such a way to stop only the He ions and to
let the faster H ions through (2 µm Al on lavsan). The recoil
3
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The backscattering spectrum is used for depth profiling of
species such that the scattering yield corresponds to the
concentration of species and the detection channels are
associated with the energy of scattered species determined by
its atomic mass and the depth where the species locate. In the
case of uniform distribution of elements over the thickness of
a layer, the energy width of a partial contribution of the ith
element in the spectrum, Ei , is equal to the product of the
thickness, t, of the layer in which the element is distributed, the
atomic density, N0 , and the stopping power with backscattering
by the species:

components, ci = Ni /N0 , is obtained from the IBA analysis,
not only partial surface atomic density (Ni t) but also total
surface atomic density (N0 t) can be estimated from the partial
width Ei in the spectrum as follows from equations (4)
and (5). In our case, the atomic surface density (N0 t) can
be determined from the energy spread of the RBS Ti-signal
ETi , which is easily identified for the Cx Hy Tiz coating as
illustrated in figure 1(a).
If one knows N0 then the thickness t can be obtained from
(N0 t) obtained as described above. Inversely, we estimate
here the thickness of a layer (tSEM ) with high resolution SEM
cross-section observation and knowing (N0 t)RBS from the RBS
analysis using (4) and (5); the overall atomic density N0 can
be determined from the ratio

Ei = (N0 t)[(dE/dx)i /N0 ],

N0 = (N0 t)RBS /tSEM .

4. Atomic density and elements depth profiling
from IBA

(4)

We underline that the total atomic density N0 for such a
complicated system cannot be easily obtained by any other
method. The surface densities(N0 t)RBS are listed in the seventh
column (RBS thickness) of table 1 and N0 values in the
eighth column. The N0 value is a useful parameter of the
microstructure in many cases, for example, for evaluation of
porosity. In our case it is noted that N0 shows a decrease with
increasing concentration of Ti, as demonstrated in figure 6. An
evident reason for this is related to the columnar microstructure
that becomes stronger with increasing Ti content [13]. It was
evidenced by the transition from column-free to thicker column
boundaries where a large number of atomic voids may form.

where
(dE/dx)i /N0 = (Ki / cos θin )j [ci εj (Ein )]
i
+ (1/ cos θout )j [ci εj (Eout
)]

(6)

(5)

i
εj (Eout
)

and εj (Ein ) and
are specific stopping powers [22]
of j th atoms for the probe ions at the average energies Ein 
i
and Eout
 for incoming ions into the layer and backscattered
ions by ith atoms in the layer. Since the concentration of the

5. Mass density of a-C : H matrix
Here we take a further step in expanding the area of application
of IBA by suggesting a method to estimate the partial mass
density of the a-C : H matrix. The composite consists of
multiple phases and the averaged parameters, such as average
mass density, do not give much information for understanding
the physics of functional properties. It is much more
inspiring to know the partial properties of the constituents of a
composite, i.e. what are the properties of the precipitate and the
matrix, say in the Cx Hy Tiz system in particular. Assuming the
top coating is homogeneous and knowing its composition by
having estimated N0 as just described, one can easily determine
the mass density via multiplying N0 by the molecular mass of
the coating material.

Figure 5. Hydrogen concentration (atomic percent next to the
points) with errors less than 1 at% as a function of the C2 H2 flow
rate and substrate bias voltage.

Table 1. IBA analysis results of the composition of nc-TiC/a-C : H coatings (with α = 0.49 in TiCα ).
Composition (at%)

Coating
code

tSEM
(µm)

Ti

C

H

0V110
60V110
100V110
150V110
100V80
100V125
100V115
130V115
130V120

1.14
1.24
1.16
1.17
1.06
1.37
1.19
1.15
1.17

7
11
13
12
29
7
9
9
7

51
58
59
60
49
62
63
63
64

35
31
28
28
22
31
28
28
29

a-C : H matrix

O

(N0 t)RBS
(×1019 at cm−2 )

N0
(×1023 at cm−3 )

H content (at%)

ρa=0.49 (g cm−3 )

sp3 fraction

7
—
—
—
—
—
—
—
—

1.35
1.42
1.30
1.38
1.15
1.66
1.40
1.35
1.45

1.18
1.15
1.12
1.18
1.08
1.21
1.18
1.17
1.24

42.3
37.0
34.7
34.1
38.7
34.6
32.3
32.3
32.4

1.42
1.64
1.67
1.78
1.84
1.74
1.78
1.77
1.73

0.06
0.19
0.16
0.27
0.49
0.24
0.22
0.21
0.17
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Atomic density (×1023 at/cm3)

1.30
1.25
1.20
1.15
1.10
1.05
5

10

15
20
25
Ti concentration (at.%)

30

Figure 6. The atomic density N0 of the coatings as a function of the
titanium concentration.

Figure 7. The mass density of the a-C : H matrix as a function of
H concentration for α = 1 (•) and α = 0.49 (). The solid and
dashed lines correspond to the estimates using equation (9) for the
mass densities of hydrogenated diamond and graphite, respectively.
Each colour of the symbols represents one coating.

To differentiate the properties of TiC precipitates from
those of the matrix, one knows the partial atomic density
if the total atomic density and composition of the layer are
known, i.e.
N0 = NC + NH + NTi = xN0 + yN0 + zN0 ,

sp2 bonding in a certain ratio, as supported by x-ray
photoelectron spectroscopy (XPS), and Raman and infrared
(IR) spectroscopy [2, 24–26]. In order to evaluate whether
the partial mass densities obtained above are reasonable we
compare them with pure sp3 and sp2 bonded substances—
crystalline diamond and graphite.
The experimental
DLC mass densities are lower than that of diamond
(3.5 g cm−3 ). Assuming the DLC matrix is a hydrogeninduced rearrangement of sp3 -bonds, the mass density of
diamond-like hydrocarbonate (DLHC) due to the presence of
hydrogen would vary according to the following simplified
relation:




NHDH
MH
ρDLHC = ρD · 1 − 1 −
,
(9)
MC NCDH + NHDH

(7)

with x + y + z = 1, though averaged over the layer thickness.
Due to strong chemical affinity, Ti and C form a TiC compound
precipitating into 2–5 nm nanocrystallites [13]. In this case, the
coating can be described as a nanocomposite of TiCα clusters
embedded in the Cx−αz Hy matrix or (TiCα )z (CHy/(x−αz) )x−αz .
The coating consists of zN0 TiCα quasimolecules with the
molecular weight of MTiC = 47.9 + α12.01(aem) and
(x − αz)N0 of CHy/(x−αz) quasimolecules with the molecular
weight of MCH = 12.01 + 1(1 − x − z)/(x − αz) (aem). The
value of α in TiCα depends on the deposition conditions, as
well as post deposition treatment and the size of the crystallites.
Stoichiometric composition in the Ti–C binary system allows
variation of α in the range from 0.49 to 0.92 [23]. The mass
density of bulk TiC is in the range 4.9–5.2 g cm−3 , which
depends also on the composition. In our estimation, we assume
the lowest value in this range to account for the nonequilibrium
process of magnetron sputtering. The mass density of the aC : H matrix can be estimated based on the IBA data from the
ratio of the partial mass and partial volume of the matrix:
ρCH =

mCH
(x − αz)N0 MCH m0
=
,
VCH
(1 − zN0 MTiC m0 /ρTiC )

where ρD is the density of diamond and NCDH and NHDH are
the atomic densities of carbon and hydrogen in the DLHC
matrix. The estimated density of DLHC as a function of the
H content is shown in figure 7 by a solid line, where the ratios
NHDH /(NCDH + NHDH ) in equation (9) are equal to the values
NH /(NC + NH − αNTi ) on the abscissa.
Similarly, one can estimate the density of the C–H matrix
by assuming H substitution of C-atoms in the sp2 bonded
graphite-like hydrocarbonate (GLHC). The density of graphite
coatings significantly scatters from 1.6 to 2.27 g cm−3 due
to the different growth techniques used [27]. Assuming the
theoretical density of pure graphite ρG = 2.27 g cm−3 , the
density of GLHC, ρG–H , as a function of the H content can be
estimated by a corresponding substitution in equation (9) and
is shown in figure 7 by a dashed line.
It follows that the mass densities of the a-C : H matrix are
higher than those of GLHC in most of the cases. The only
exception is the coating deposited at the floating substrate
bias, which also shows a low atomic density of the a-C : H
matrix attributed to an increased porosity formed under weak
concurrent ion impingement.
It was shown that the mass density correlates with the
fraction of sp3 C–C and C–H bonding, both in hydrogen-free

(8)

where m0 ≈ 1.66 × 10−24 g aem−1 is the mass of 1 aem. The
resulting mass densities of the a-C : H matrix are plotted in
figure 7 as a function of the H content in the matrix for two
values of α = 1 and 0.49 in TiCα clusters. One can see
that the uncertainty due to different α values is small. The
error bars indicate mainly uncertainties in the components’
concentrations. The mass density data for α=0.49 are also
listed in table 1. One can see that the density varies between
1.5 and 1.9 g cm−3 and decreases as the H content increases.

6. Discussion
The outstanding mechanical, chemical and electrical
properties of DLC are caused by the combination of sp3 and
5
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we have shown that the hydrogen concentration is a function of
both the flow rate of the C2 H2 gas and the substrate bias voltage.
This makes the correlation between the coating properties
and only the gas flow rate rather questionable (for example,
see [2]).
It has been demonstrated that IBA techniques are also
very useful in evaluation of atomic and mass densities of a
partial phase constituent. Such a possibility is of value in cases
when other methods are lacking. In particular, the technique
described can give the absolute atomic density of a composite
coating and partial atomic densities of individual phases. Also,
there is no other direct way to describe the mass density of
the constituents, such as the a-C : H matrix of the composite
coatings. These data can be used to describe the microstructure
in more detail. Under certain assumptions we are able to obtain
the sp3 and sp2 fractions in the matrix of the coatings.

0.6

Fraction of sp3

0.5
0.4
0.3
0.2
0.1
0.0
30

32

34
36
38
40
42
H concentration in matrix (at.%)

44

Figure 8. Estimated sp3 fractions in the a-C : H matrix. The colours
of the circles correspond to that in figure 7.
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