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An a-C:H thin film deposited by plasma immersion ion implantation and deposition on alloy steel (16MnCr5)
was analyzed using a self-consistent ion beam analysis technique. In the self-consistent analysis, the results of
each individual technique are combined in a unique model, increasing confidence and reducing simulation er-
rors. Self-consistent analysis, then, is able to improve the regular ion beam analysis since several analyses com-
monly used to process ion beam data still rely on handling each spectrum independently. The sample was
analyzed by particle-induced x-ray emission (for trace elements), elastic backscattering spectrometry (for car-
bon), forward recoil spectrometry (for hydrogen) and Rutherford backscattering spectrometry (for film mor-
phology). The self-consistent analysis provided reliable chemical information about the film, despite its
“heavy” substrate. As a result, we could determine precisely the H/C ratio, contaminant concentration and
some morphological characteristics of the film, such as roughness and discontinuities.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Thin films of hydrogenated amorphous carbon (a-C:H) can exist in
two phases: diamond like carbon (DLC) and polymer like carbon, differ-
ing in the distribution of their carbon hybridization states (specifically,
sp1, sp2 and sp3 bonds) and the atomic H content [1].

In the DLC phase, which is the most common application of a-C:H
films, the hydrogen concentration may vary from less than 1% up to
about 50% with significant amounts of sp3 type C bonds, giving it inter-
esting physical and mechanical properties that are, to a certain extent,
similar to those of diamond [2]. DLC films have the property of high tri-
bological performance in a wide variety of operating environments,
being established in many industrial applications due to their hardness
[3], chemical inertness [4], optical transparency [5] and semiconductor
properties [6]. A review on DLC, its properties and applications can be
found in [7].

There is a need to characterize the elemental composition (H/C ratio
and contaminants) of a-C:H films and, since they are usually thin (typ-
ically thinner than a micrometer), ion beam analysis (IBA) techniques
are well suited for almost all the required elemental analyses [8].

IBA comprises a set of analytical techniques suited for material
analysis, of which the most important are the following: particle-
induced x-ray emission (PIXE) [9] used to determine the elemental
concentration and trace elements (Z N 11) in the sample; elastic
backscattering spectrometry (EBS) [10,11] used to quantify a unique
ghts reserved.
element in the samplewhen a resonant non-Rutherford cross section
is available; forward recoil spectrometry (FRS) [10,11] used when
atoms from the sample recoiled by collisions of the beam are detected;
and Rutherford backscattering spectrometry (RBS) [10,11], mainly used
for concentration and depth profiling measurement, based on the de-
tection of particles of the beam elastically backscattered to the detector.
The concentration measured by RBS, in units of mass by unit of area, is
related to the thickness of the film by its density.

Ion beam methods are commonly used for a-C:H characterization
[1,8], but the combination of light elements, such as carbon and hydro-
gen, on a heavy element substrate, represents an analytical challenge for
IBA techniques. A solution is the use of several techniques to provide
complementary information about the sample, avoiding ambiguities re-
lated to limitations of each technique. However, the characterization of
the film itself is usually derived from independent analysis of eachmea-
surement and the simple use of different techniques may lead to mis-
takes if the analysis is not done self-consistently.

In this paper, we present a self-consistent IBA analysis of an a-C:H
film deposited by plasma immersion ion implantation and deposition
(PIIID) on 16MnCr5 alloy steel. The self-consistent approach adopted
in this study combines several ion beam measurements in a unique
model where experimental data of all measurements are fitted simulta-
neously. The simultaneous fit of all the spectra means that information
obtained from each technique is used as a boundary conditionwherever
applicable on the others. In this way, all information about the sample
emerges consistently from the set of spectra analyzed, providing a pow-
erful tool tomodel the sample unequivocally and reliably [10], and even
to characterize some morphological aspects of the film, like roughness
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(measure of non-uniformities) and the presence of discontinuities. We
also present a study of themain parameters that influence themeasure-
ment uncertainty for this approach.

2. Methods

Weused four IBA techniques to characterize an a-C:H film deposited
by PIIID on a 16MnCr5 alloy steel substrate. The selection of techniques
was done in order that they should complement each other, resulting in
a complete characterization of the sample's composition. High sensitiv-
ity makes PIXE well suited to determine trace elements of the sample
but with no depth profile information; RBS analysis has poorer ele-
mental discrimination but very good accuracy for depth profiling
and stoichiometric determination; EBS analysis is appropriate to en-
hance the carbon signal for quantification in low concentrations and
high background counts due to the heavy element substrate; FRS
analysis was used for hydrogen measurement, completing the ana-
lytical set.

The measurements were performed in pairs using two different
experimental setups. In the first one, a surface barrier detector was
positioned at 170° and an x-ray detector at 90°, both with respect to
the direction of the incident beam (see schematic in Fig. 1a). With this
setup, PIXE analysis can be done together with ion scattering analysis
(such as EBS, FRS or RBS). EBS analysis was done with a 1.73-MeV pro-
ton beam to make use of a (p,C) resonance at this energy, and the spec-
tra were fitted using SIMNRA [12,13] code and cross-section data of
reference [15].

In the second setup, two surface barrier detectors were used: the
first at 170° and the other at 30°, both with respect to the direction of
the incident beam (see schematic in Fig. 1b). In the detector located at
30°, a 11-μm-thick aluminum foil was used as stopper filter to assure
that only hydrogen recoiling from the sample reached the detector.
The accuracy of the FRSmeasurements and the thickness of the stopper
filter were checked with the analysis of standard polymers samples
with different H/C ratios. The 80° beam incidence angle on the sample
(a)

(b)

Fig. 1. Schematic of the experimental setup. (a) for PIXE and EBS, (b) for FRS and grazing
angle RBS.
was chosen in order to enable the FRSmeasurement, and also toprovide
a grazing angle of incidence for the RBS analysis, increasing its sensitiv-
ity to very thin films. The choice of a 2.2-MeV He + beamwasmade as
a standard value for RBS analysis in our facility and determined the
choice of the aluminum filter thickness. When the beam strikes the
sample, some of the beamparticleswill be backscattered to the detector
located at 170°, and some of the hydrogen at the surface of the sample
will be scattered towards the detector located at 30°. These measure-
ments correspond to RBS and to FRS, respectively. The RBS and FRS
spectrawerefitted using the SIMNRA [12,13] code. At this beamenergy,
the cross section for a H recoiled by He beam deviates from the Ruther-
ford cross section [16], and can be found in reference [17].

Using the PIXE analysis, we can determine the presence of contami-
nation in the film. The EBS analysis determines the concentration of car-
bon in the film, which, combined with the hydrogen determination by
FRS analysis, can give the H/C ratio. The RBS analysis in a grazing
angle enables the analysis of some morphological aspects of the film.

Finally, the self-consistent analysis consisted in the interactive simu-
lation, with the SIMNRA [12,13] code, of the EBS, FRS and the RBS spec-
tra. The simulated model for the sample that best fitted all the spectra
simultaneously was considered the correct model for the sample.
2.1. Sample preparation

The alloy steel substrate was prepared as a slice with 20 × 20 ×
5 mm3, and sequentially sanded with 120, 200, 600 and 1200 grains
per square centimeter sandpapers. After sanding, the sample was
polished with felt paper and alumina powder with grain sizes in the
3- to 6-μm range andwashed with deionized water followed by isopro-
pyl alcohol. Finally, the samplewas submitted to a plasma technique for
oxide removal of the surface.

The thin film deposition was performed by PIIID [7] with no expo-
sure to air. The plasma was generated in a 4:1 mixture of methane gas
(CH4) and Ar; the radio frequency and power to generate the plasma
were 13.56 MHz and 100W, respectively. The deposition process lasted
for 1800 s. During this period, the sample was polarized with high-
voltage pulses of −3.6 kV for 30 μs and 300 Hz frequency. Pulsing the
high-voltage produces acceleration of the positive ions of the plasma
in the direction of the sample. These ions are implanted in the surface
of the substrate forming a very thin interface layer that improves adhe-
sion of the film on the substrate. It is a standard process of PIIID. The
thickness of the film was measured as 61(14) nm by profilometry
(Instrumentation: Veeco, model Dektak 150).
2.2. Experimental details

The beam energy calibration was made using 16O(α,α)16O reso-
nances at 3.031(1) MeV [14] and the 12C(p,p)12C resonance at
1.734(5) MeV [15]. Besides, a sample of ultra-dense amorphous car-
bon was used to check the terminal voltage at the 12C(p,p)12C reso-
nance prior to the EBS measurements.

The accuracy of the detector angular positioning is better than
0.5°. The solid angle was determined analyzing the backscattering
of 2.2 MeV α-particles on an amorphous silicon sample due to the
Rutherford character of its cross section and its well-known stopping
power, which presents good agreement between experiment and
the calculation [10]. The energy resolution (full width at half maxi-
mum) is 25 keV for the surface barrier detectors and 144 eV for the
x-ray detector, at Mn-Kα using 55Fe.

The charge collection system provides accuracy better than 1%,
confirmed by a calibrated current source and by RBS analysis on an
amorphous silicon sample (the sample holder is surrounded by a
suppressor in a negative high-voltage potential to avoid losses by
emission of secondary electrons).
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3. Results and discussion

3.1. PIXE measurements

The PIXE analysis was made by comparison between the spectra
of two samples: a blank (without a-C:H thin film), and one with
the a-C:H layer. It is possible to observe in Fig. 2 that both spectra
are very similar and a small Ar contamination in the covered sample
can be observed. Signals from Fe, Cr and Mn are due to elements
present in the substrate.

A sample of Kapton, with 21 keV-Ar implanted in a concentration of
3.6(8) × 1015 at/cm2, was used as standard to measure the concentra-
tion of Ar in the a-C:H film. SRIM [18] calculation showed average
depth of Ar as 35 nm in kapton, giving a negligible correction factor
due to x-ray attenuation for the K-a line of Ar (0.9993 correction factor
coefficient) calculated with XCOM [19].

The Ar concentration obtained was 2.8(8) × 1015 at/cm2. This value
is close to the detection limit of PIXE technique under these circum-
stances and could not be detected by the scattering analysis since this
concentration is under their detection limit. So that, the Ar contamina-
tion was not considered in the model for the fitting of EBS, FRS and RBS
techniques.
3.2. EBS measurements

The EBS analysis showed a very thin film of C on top of the 16MnCr5
steel substrate (see Fig. 3). The film is too thin to enable a profile mea-
surement since the width of the C peak is dominated by the detector
resolution. Thus, just the quantification of the C content was possible.
Fig. 3. EBS analysis for carbon quantification. (a) The blank sample spectrum containing
just alloy steel; (b) the C peak for quantification.
3.3. FRS measurements

The FRS analysis showed a hydrogen peak (see Fig. 4), which is not
completely dominated by the detector resolution but the information
on the depth profile is not accurate due to geometrical factors and
straggling in the stopper filter. However, as in the EBS case, the
height of the peak enables the quantification of the H content.

The presence of a small contamination of H on the surface of the
blank sample was observed (dashed line in Fig. 4). This contamination
is probably due to formation, after the plasma cleaning process, of a
thin layer of hydrogen-containing molecules, originating additional
hydrogen yield from the surface. These counts do not exceed 6% of
the counts for the film deposited sample.
Fig. 2. X-ray spectra for PIXE analysis. Detail of the x-rays lines of elements Mn, Cr, Fe (in
both samples) from the alloy steel, and the Ar contamination (on the sample with a-C:H
film), due to deposition technique.
3.4. RBS measurements

This measurement completes the set of techniques used in the
analysis. Fig. 5 shows a comparison between RBS spectra for the
blank sample and for the a-C:H deposited sample. It is possible to ob-
serve the formation of a step-like profile in the spectrum of the depos-
ited sample (see Fig. 5b)where the first trailing edge extends up to 1.67
MeV, which is the same energy as the trailing edge in the spectrum of
the blank sample (see Fig. 5a). This profile implies the presence of sub-
strate atoms on the surface of the sample. However, this information by
Fig. 4. FRS analysis for hydrogenquantification. The spectrumof the samplewith the a-C:H
film is compared with the blank sample that presents a small concentration of H on the
surface.

image of Fig.�3
image of Fig.�4


Fig. 5. RBS analysis formorphological examination of the a-C:H film. (a) The blank sample
spectrum; (b) the sample with a-C:H film.

(a)

(b)

Fig. 6.Optical imagewith 63× amplification. (a) Samplewith nodeposition; (b) deposited
sample. The arrows indicate two examples of discontinuities of the film.

Table 1
Summary of results and experimental parameters that most influence the total uncertain-
ty. The total uncertainty was calculated using standard propagation formulas.

C H

Quantity (×1015 at/cm2) 840 (60) 148 (17)
Fitting 1.9% 3.8%
Energy 4.7% 7.1%
Cross section 5.0% 6.0%
Stopping power 0.3% 4.8%
Filter — 2.9%
Total 7.1% 11.5%
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itself is ambiguous and cannot tell us if these atoms are contained in the
film as a contamination or if they are due to exposure of the substrate.

For this reason, we used optical microscopy imaging to examine
the surface of the sample. The presence of regions with the substrate
exposed was confirmed by the microscopy image presented in Fig. 6,
which was used to measure the uncovered area as 20% of the covered
area (not continuous). As a consequence, the spectrum in Fig. 5b
must be treated as a combination of two spectra: of a blank sample
(uncovered area) and a sample with film (covered area), both
weighted by the fraction of the incident charge on each region, de-
termined from the ratio uncovered/covered areas measured using
the microscopic image (assuming a homogeneous beam).

3.5. Self-consistent analysis

Attempts to fit all the spectra simultaneously using a model with
heavy-elements contaminants in the film were frustrated. However,
using the ratio uncovered/covered areas measured in the microscopy
image to correct the fit for substrate exposure, we were able to find
a model that fitted all the spectra simultaneously with no heavy-
element contamination in the film. This configuration proved to be
the model that was able to fit all experimental data. The Ar contam-
ination (measured by PIXE) was not considered in the sample for the
fitting of EBS, FRS and RBS data since it is under the detection limit
for these techniques. The corresponding fits for each technique are
presented in Figs. 3, 4 and 5.

The self-consistent analysis played an important role in solving
the RBS ambiguity: if heavy-element contamination was present in
the film, its stopping power would be different and the EBS, FRS
and RBS data would not be simultaneously fitted. Finally, with all
this information, we can say that, within our detection limits and un-
certainties, there is no evidence of heavy-element contamination in
the film.

The quantities of carbon and hydrogen in the film were determined
as 840(60) × 1015 at/cm2 and 148(17) × 1015 at/cm2, respectively. The
H/C ratio was determined as 0.17(2), with a 12% uncertainty. Fitting the
inclination of the second trailing edge of the RBS analysis allowed the
estimation of the normalized standard deviation of the areal density
(roughness) of the film as 50%. This is a measure of non-uniformities
of the film and is highly affected by the presence of film discontinuities.
The high value of the roughness can be explained by combination of a
high roughness of the substrate and the thin thickness of the film
together with the existence of film discontinuities.

The total measurement uncertainty of the self-consistent analysis
was calculated taking into consideration theparameters thatmost influ-
ence the final result [10]. A summary of this evaluation is presented in
Table 1.
4. Conclusions

In this paper, we explored the use of self-consistency of IBA tech-
niques in the analysis of an a-C:H thin film deposited by PIIID method.

image of Fig.�5
image of Fig.�6
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With the PIXEmeasurement, a small quantity of argon was found as
a contaminant. Using the EBS analysis, it was possible to enhance the
signal from carbon and determine its absolute concentration with 7.1%
accuracy, despite the heavier element substrate. With the FRS analysis,
we determined the absolute hydrogen concentrationwith 11.5% accura-
cy. The H/C ratio was determined with 12% accuracy. Finally, the RBS
data obtained in a grazing angle enabled the analysis of some morpho-
logical aspects of the film: not only was it possible to estimate the
roughness of the film but also its discontinuities, the last confirmed by
optical microscopy.

Using the background countswe estimated the lower detection limit
as 100 at. ppm for carbon and 200 at. ppm for hydrogen, for the combi-
nation a-C:H film over alloy steel substrate.

The combination of several IBA techniques in a self-consistent anal-
ysis proved to be useful to improve and to extend the information that
could be obtained from independent measurements.
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