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A method to obtain depth-resolved structural information from hydrogen-free amorphous carbon films of high
roughness, high thickness and grown on unpolished substrates was developed. The characterization was based
on combining secondary ion mass spectrometry (SIMS) sputtering for craters at defined depth with X-ray pho-
toelectron spectroscopy (XPS) and visible Raman spectroscopy analysis. After determination of the etching
rate for the carbon film, areas with a defined end position corresponding to different known depths of the
films were obtained. The SIMS etching process used did not significantly affect the structure of the amorphous
carbon layer. XPS measurements of the crater bottoms provided information about the composition of the
films. Visible Raman spectroscopymeasurements inside of the craterswere correlatedwith theXPS results taking
into account the penetration depths of both techniques, and models aimed at predicting the sp2/sp3 ratio from
Raman measurements were evaluated.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

For the last ten years, formation of carbon based thin films have been
widely investigated due to their interesting physical and chemical prop-
erties, such as high hardness, low static and dynamic friction coefficient,
optical transparency, high thermal conductivity and biocompatibility
[1]. Carbon films are grown by different methods, such as chemical
vapor deposition with hydrocarbon gases that lead to films with signif-
icant hydrogen content or processes that produce hydrogen free amor-
phous carbon films as cathodic arc evaporation using a high purity
graphite cathode [1]. In general a Ti, Al or Cu interlayer is introduced be-
tween the carbon film and the substrate in order to improve adhesion.
The presence of the interlayerwithmore compatible thermal expansion
coefficient with the carbon film helps to reduce the intrinsic and inter-
facial stress [2].

The most frequently used methods to characterize the structure of
carbon films have been visible Raman spectroscopy and X-ray photo-
electron spectroscopy (XPS). Raman spectroscopy is based on the anal-
ysis of two peaks related to the sp2 bonded sites arising near 1560 and
s. Facultad de Ciencias Exactas y
a.
1360 cm−1 labeled as theG andDpeak respectively,with theG peak as-
sociated to the stretching mode and the D peak to the breathing mode.
XPS provides a direct evaluation of the sp2 and sp3 bonding proportion
on the surface of the films. Structure depth profiles of amorphous car-
bon films have been limited to films of low thickness and grown on
low roughness substrates such as Si. Detailed depictions of the internal
film structure have been determined by X-ray reflectivity (XRR) and
depth profiles on cross-section samples by electron energy loss spec-
troscopy (EELS) [3,4].

The growth of amorphous carbon films employing cathodic arcs
with different filtering systems to remove macroparticles, ranging
from S-bends to linear filters, has been extensively studied [5]. In
these devices, the fraction of sp3 bonded carbon can be controlled by ap-
plying a negative bias to the substrate which changes the energy of the
impinging ions. The maximum sp3 percentage, of approximately 85%, is
found for an ion energy of 100 eV that roughly correlates to 80–100 V of
negative bias depending on the characteristics of the arc and the filter-
ing system [1]. Filmswith high content of sp3 bonded sites, called tetra-
hedral amorphous carbon films (ta-C) presented higher hardness and
higher optical gap than amorphous carbon films with high content of
sp2 bonded sites (a-C). ta-C films often feature a layering pattern
where layers of low density with higher fraction of sp2 bonds were
detected. By employing cross-sectional EELS, Davis et al. identified an
sp2-rich surface layer with thickness around 1–2 nm in ta-C films
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Fig. 1. Schematic view of the filtered vacuum arc system employed for production of the amorphous carbon films.
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25nmthick [6]. A lowdensity layer near thefilm-substrate interface has
been also found in other works on ta-C films studied by grazing-inci-
dence XRR, cross-sectional transmission electron microscopy (TEM)
and EELS [3,4,7].

Characterization of the amorphous carbon structure using Raman
spectroscopy has been based on the analysis of the G and D peak in
order to obtain information on the proportion of sp2 and sp3 bonds.
Ferrari et al. proposed a three-stage model that correlates the Raman
spectra of all disordered carbons to the carbon local bonding state for
different excitation wavelengths [8]. The three stages of increasing dis-
order considered in the model are: graphite to nano-crystalline graph-
ite, nano-crystalline graphite to a-C, and a-C to ta-C. The first stage
corresponds to the reduction of the in-plane correlation length in an or-
dered graphite layer, the second stage represents the introduction of to-
pological disorder with sp3 sites ranging from 0 to 20% in a-C, and the
third stage is the conversion of sp2 sites to sp3 sites with a percentage
of 85% in ta-C. Based on experimental data from films with cross-sec-
tional uniformity in their structure, they identified characteristic ranges
of the G position and the intensity ratio between the G and D peaks
(I(D)/I(G)) for each stage of the model. The authors fitted the G and D
peaks with a combination of a Breit-Wigner-Fano (BWF) and a
Lorentzian function, and defined the peak position as the maximum of
the BWF. For an excitation wavelength of 633 nm, they found that for
the third stage of the model the G position varies from 1500 cm−1 to
1508 cm−1 and I(D)/I(G) decreases from 0.2 to 0 for ta-C (where no D
peak is found). Other authors have proposed fitting the G and D peaks
by Gaussian functions. Schwan et al. used this fitting procedure for
amorphous carbon films grown bymagnetron sputtering, by previously
subtracting the background of the spectra and proposing two additional
peaks [9]. Tarrant et al. fitted only the Raman spectra of amorphous car-
bon by Gaussian functions, while proposing Lorentzian or BWF func-
tions only for bands arising from crystallites [10].
Typical Ti macroparticles

Fig. 2. Typical SEM image from the coated sample surface.
In the present work, a-C and ta-C films of approximately 1 μm thick-
ness with a thin Ti interlayer grown on unpolished stainless steel have
been studied. A method for obtaining depth-resolved structural infor-
mation for the films was developed by combining oxygen SIMS
sputtering with XPS and visible Raman spectroscopy analysis. The pro-
posed method can be applied on different carbon films regardless the
roughness, thickness and substrates employed, with the roughness
being only a limitation on the depth resolution. XPS results were also
correlated with the corresponding Raman spectra, and the different
cited models aimed at predicting the sp2/sp3 ratio from Raman mea-
surements were evaluated.
2. Materials and methods

The amorphous carbon films were grown by a filtered cathodic vac-
uum arc (filtered CVA or FCVA) system consisting of a grounded stain-
less steel vacuum chamber acting as anode, and a graphite cathode of
99% purity. The vacuum chamber was a cylinder of 25 cm diameter
and 40 cm length with an axially centered cylindrical cathode of 8 cm
diameter connected to a high power DC source (model ARCC 18 kW
150 A, ALTATEC). Both vacuum chamber and cathode were connected
to a water cooling system. In Fig. 1 a schematic view of the complete
FCVA device is shown. The vacuum system was comprised of a
turbomolecular pump assisted by a mechanical pump reaching a base
pressure lower than 10−4 Pa. The discharge was run at a current of
75 A. The graphitic macroparticles produced by the cathodic arc were
filtered by a linearmagnetic island filter, which consisted of an external
coil and a permanent magnet inside the chamber producing opposing
fields [11]. The permanentmagnetwas placed inside an aluminum jack-
et of 7 cm diameter and 5 cm length, and it was placed at a distance of
15 cm away from the cathode. Samples were introduced in the vacuum
chamber on a water-cooled electrically insulated sample holder which
was placed beyond the magnet 25 cm from the cathode.

The Ti films used as interlayers were grown by non-filtered CVA (as
much less macroparticles are formed for Ti) and a detailed description
of the deposition system can be found elsewhere [12]. Prior to the Ti
film deposition, the substrates were cleaned in an ultrasonic acetone
bath and by an Ar glow discharge plasma at 50 Pa for 60 min. The
films were deposited on unpolished stainless steel 316L substrates
with a surface area of 500 mm2. The thickness of the Ti layer was
700 nm. After the Ti film deposition, the samples were introduced in
the carbon FCVA system and a cleaning by Ar glow discharge plasma
at 50 Pa for 30 min was carried out. Carbon films were grown with
two different bias conditions: with the sample holder kept at the float-
ing potential to obtain a-C films andwith the sample holder dc biased at
−100 V to deposit ta-C films. For both types of films the growth rate
was estimated around 4 nm/s with thicknesses between 1.1 and 1.6 μm.



Fig. 3. XPS measurements of C 1s peak for an a-C film (a) before and (b) after the Ar+ etching process with their corresponding fits.
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The surface morphology of the coatings was studied by scanning
electron microscopy (SEM) using an Ultra 55 field emission microscope
(CARL ZEISS).

Secondary ionmass spectrometry (SIMS)measurements of the sam-
pleswere carried out using a time-of-flight Tof-SIMS 5 (IONTOF) equip-
mentwith 15 keVGa+ ions for the analysis and 2 keVO2 ions for sputter
profiling. The incidence angle for both ion species was 45° at a pressure
of 2 × 10−7 Pa, dominated by the oxygen gas leaking from the ion
source. No sample rotation has been employed. The sputtered area
was 300 μm × 300 μm and the analyzed area was 50 μm × 50 μm. The
analysis beam current was about 2 Pa with the sputter beam current
around 700 nA. The depth of the craters performed by SIMS was esti-
mated by optical profilometry.

To analyze the film structure as a function of depth, several craters at
different depths in the amorphous carbon film were produced by SIMS
sputtering and were subsequently studied by XPS and Raman spectros-
copy. The depths of interest were determined after analysis of the com-
plete ToF SIMSmeasurements for each sample under study. For the new
craters the chosen total area was 1000 μm× 1000 μm and the analyzed
area was 500 μm × 500 μm. The selection of a larger crater area was to
avoid any crater edge effects on the characterization techniques applied
afterwards.

The XPS measurements were carried out using an Axis ULTRA DLD
spectrometer (KRATOS), which was also equipped with an Ar+ gun
for sputtering. For selected craters, etching with 1 kV Ar+ ions was per-
formed and XPS measurements were taken before and after the
sputtering process. The area analyzed by XPS was chosen to be a spot
with 110 μm diameter. The information depths of the different photo-
electron signals are limited by electron scattering processes. They
should be in the range between 5 and 8 nm. Analysis of XPS measure-
ments was performed using the commercial software Unifit 2015
(UNIFIT),whichuses photoionization cross-sections andmodeled infor-
mation depths. The precision of the determined atomic concentrations
is 1 at% for higher concentrations, for low concentrations lower. This
precision could be reached by determining the instrument specific
transmission function for electrons, which is involved in the Unifit pro-
gram. But higher systematic errors due to concentration gradients in the
analysis volume are possible.
Table 1
Calculated atomic concentrations in at% for each chemical bonding before and after the
Ar+ etching process.

Peak Bond Before Ar+ etching After Ar+ etching

C 1s sp2 (at%) 26.1 47.9
C 1s sp3 (at%) 44.4 35.7
C 1s C\\O (at%) 6.9 5.5
C 1s O\\C_O (at%) 5.4 1.9
sp2/sp3 0.6 1.3
Raman spectra were recorded on a LabRAM HR 800 Visible Raman
system (Horiba JobinYvon) using a 100× objective with an exposure
time of 20 s. The He-Ne laser line at 632.8 nm was used as excitation
source with a power of 0.5 mW. The spot size was chosen to be 1 μm
in diameter and the accuracy resulted in 0.5 cm−1. Based on measure-
ments of the absorption coefficient for different amorphous carbon
films [13], the penetration depth was estimated around 100 nm for
the used excitation wavelength.

3. Results

Fig. 2 presents a typical SEM image from the coated sample surface.
The film presents high roughness associated with the unpolished sub-
strate surface, which is further increased by the presence of Ti
macroparticles.

SIMS measurements allowed identification of the interfaces among
the amorphous carbon layer, Ti layer and steel substrate. Surface con-
taminations including Na, K and Ca have been observed, which always
present prominent signals in SIMS due to their low ionization energies.
ToF SIMSmeasurements for both types of films showno appreciable dif-
ferences. The average removal rate for amorphous carbon films was es-
timated around 0.09 nm/s for 1000 × 1000 μm2 craters at 700 nA total
current from several optical profilometry measurements. The sputter
time of the carbon layer was converted into a depth-scale by using the
total crater depth as determined by the estimated removal rate.
Fig. 4. Typical XPS measurements for C 1s, Ti 2p, O 1s and Fe 2p at different depths of the
amorphous carbon layer.



Table 2
Average atomic concentrations in (at%) for C, O, Ti and Fe at different depths of the amor-
phous carbon layer.

Surface Zone without Ti Zone with Ti Near interface

C (at%) 79.9 ± 0.4 86 ± 3 25.5 ± 0.8 29 ± 2
O (at%) 14.9 ± 0.8 14 ± 3 50.7 ± 0.5 47.7 ± 0.4
Ti (at%) 0 0 23.4 ± 0.8 Up to 20.7 ± 0.1
Fe (at%) 0 0 0 Up to 17.1 ± 0.1

176 M. Fazio et al. / Diamond & Related Materials 74 (2017) 173–181
Nevertheless, highly selective matrix effects did not permit determina-
tion of the chemical composition of the samples from the signal intensi-
ty ratios. For both sputtering by oxygen and cesium primary ions these
massive matrix effects have been observed. It is known that for poly-
mers with increasing cross-linking a decrease of the total secondary
ion yield is observed [14] while the ratio of high mass fragments to
low mass fragments is also increased [15].

3.1. X-ray photoelectron spectroscopy results

For a depth-resolved analysis of the structure of the amorphous car-
bon film, the usual technique of XPS combinedwith Ar+ sputteringwas
evaluated. In order to determine whether the Ar+ sputtering affects the
film structure, XPS measurements were taken before and after remov-
ing a thin layer (around 5 nm) of the amorphous carbon film by Ar+

sputtering. Fig. 3 shows the XPS measurements of C 1s peak before
and after the etching process for an a-C film. The best fit for the C1s
peak in both caseswas found considering contributions of the following
chemical bonds: sp2, sp3, C\\O and C_O. The calculated atomic
Fig. 5. Typical XPSmeasurements of the C 1s peak for a-C filmswith its corresponding fits from
(c) with Ti content and (d) near the a-C/Ti interface. Note the different intensity scales in the p
concentrations for each chemical bonding obtained from the C 1s fit
are shown in Table 1.

The sp2 content increased from 26 at% before the sputtering to 48
at% after the process, and the sp3 content decreased from 44 at% to 36
at%. This change in the relative bond concentrations between two cra-
ters of similar depths is too high to be associated with a variation in
the film structure. Therefore, the ratio sp2/sp3 was strongly affected by
the Ar+ sputtering process leading to graphitization of the films. Thus
this technique is not suitable for studying the structure of the amor-
phous carbon films as function of the depth, and subsequent analyses
were carried out combining oxygen sputtering and XPS as previously
described in the Experimental section. Oxygen sputtering in SIMS
equipment was performed up to greater depths in the film presented
in Fig. 3 and no graphitization was detected by XPS. The oxygen
sputtering and intermittent exposure to air apparently do not change
the sp2/sp3 ratio.

The composition of the bottom of different craters etched by oxygen
sputtering (in SIMS device) was evaluated by XPS for both types of
films. Fig. 4 shows typical XPS measurements for C 1s, Ti 2p, O 1s and
Fe 2p at the surface, inside the carbon layer without the presence of
Ti, inside the carbon layer with the presence of Ti and near the interface.
Note that the intensity axis for XPS measurements at the surface has a
different scale from the rest of the plots. The corresponding atomic con-
centrations for each element are presented in Table 2, with the associat-
ed errors due to the dispersion in the values obtained for different
craters of similar depths.

At the surface of the films, the C content was found to be around 80
at% and theO content 15 at%. NoTi or Fewasdetected. In the amorphous
carbon film, zones with and without Ti macroparticles at similar depths
(a) the surface of the film, the a-C film at a depth around 30 nm (b) without Ti content and
lots.



Fig. 6.Typical XPSmeasurements of the C 1s peak for ta-Cfilmswith its correspondingfits from (a) the surface of thefilm, (b) at 36nmand (c) at 360nmdeep, and (d) near the Ti interface.
Note the different intensity scales in the plots.
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were identified by the Ti content. For zones with no presence of Ti,
which implies no macroparticles, the C content was up to 86 at% and
the O content was between 11 and 17 at%. For zones with Ti content,
Fig. 7. Fraction of the atomic concentration of carbon bonds referred to the total carbon atomic
error bars are not distinguishable for the graph scale.
associated with the presence of macroparticles, the carbon content de-
creased to 26 at% associated with Ti content in the range of 22–25 at%
(mainly associated with TiO2) and O content up to 51%. At the
concentration and sp2/sp3 ratio as function of the depth for (a) a-C and (b) ta-C films. The



Fig. 8. Typical Raman spectra measured at the surface and at different depths of the a-C
film.
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amorphous carbon/Ti interface, the carbon content detected was 28–31
at%, the Ti content around 21 at% and theO content remained around 50
at%. Also concentrations up to 17 at% of Fe were found.

Fig. 5 presents typical XPS measurements of the C 1s peak for a-C
films from the surface of the film, the a-C film at a depth around
30 nm without and with Ti content and near the a-C/Ti interface. The
corresponding fits are also plotted in the figure. At the surface of the
film, the sp2/sp3 ratio resulted in 0.2, with 11 at% of sp2 bonds and 47
at% of sp3 bonds. Also a total content around 20 at% of C\\O and C_O
bonds was found. In the a-C film for zones with no Ti content, the sp2/
sp3 ratio was around 0.6 with 26 at% of sp2 bonds and 44 at% of sp3

bonds while for zones with macroparticles the ratio was between 0.2
and 0with up to 3 at% of sp2 bonds and 17–22 at% of sp3 bonds. The con-
tent of C\\O and C_O bonds was around 5 at% regardless of the
macroparticle content. Near the a-C/Ti interface, no sp2 bonds were de-
tectedwith 26 at% of sp3 bonds and content around 3 at% of C\\Obonds.
Fig. 9. Typical Raman spectra measured at the surface and at different depths of the ta-C
film.
The presence of TiC was detected with concentration values around 1
at%.

Fig. 6 presents typical XPS measurements of the C 1s peak for ta-C
films with its corresponding fits from the surface of the film, the ta-C
film at 36 nm, at 360 nm deep, and near the Ti interface. At the surface
of the film, the sp2/sp3 ratio resulted in 0.7, with 27 at% of sp2 bonds and
39% of sp3 bonds. Also a content of around 15 at% of C\\O and C_O
bonds was found. In the ta-C film up to a depth of 36 nm, the sp2/sp3

ratio was around 0.4 with 6 at% of sp2 bonds and 16 at% of sp3 bonds.
For larger depths, however, no sp2 bonds were detected for zones
with or without macroparticles with up to 72 at% of sp3 bonds. The con-
tent of C\\O and C_O bonds was around 5 at% regardless of the
macroparticle content. Near the ta-C/Ti interface, no sp2 bondswere de-
tectedwith 23 at% of sp3 bonds and content around 2 at% of C\\Obonds.

The calculation of atomic concentrations of the carbon bonds from
the fit of the C 1s peak was performed for all craters at different depths.
The fractions of the atomic concentration of different carbon bonds re-
ferred to the total carbon atomic concentration and the sp2/sp3 ratio
as function of the depth for a-C and ta-C films are plotted in Fig. 7.
Only bondswith atomic concentrations higher than 3 at%were included
in the graphs, and for craters of similar depths the average values are
presented.

3.2. Visible Raman spectroscopy results

Raman measurements were performed on the surface of the films
and in craters at different depths. For craters at a depth near the amor-
phous carbon/Ti interface, no Raman peaks were identified due to the
low carbon content in the volume probed by the technique.

Fig. 8 shows typical Raman spectra obtained from measurements at
the surface and at different depths of the a-C films. The Raman spectra
show no significant variations and in all cases present an asymmetric
peak centered between 1508 and 1518 cm−1. This is consistent with a
spectrum dominated mainly by the G peak, which is associated with
low sp2/sp3 ratios [8].

For the deeper crater, the signal-to-noise ratio decreases significant-
ly which can be attributed to the lower carbon content in the probed
volume.

Fig. 9 displays typical Raman spectra corresponding to ta-C films
measured at the surface and at different depths of the ta-C layer. For
the surface and depths up to 36 nm the Raman spectra present two
peaks of similar intensities centered around 1360 cm−1 and
1570 cm−1. These peaks can be associated with the D and G peak re-
spectively, and are indicative of high sp2/sp3 ratios. For larger depths,
the Raman spectra show a single asymmetric peak with its maximum
around 1508–1510 cm−1 which can be identified as the G peak. This
is consistent with very low sp2/sp3 ratios [8].

4. Discussion

ToF SIMS profiles did not feature significant differences between a-C
and ta-C films, and due to matrix effects did not provide information
about the chemical composition. However, these measurements
allowed to identify the different layers and interfaces of the films and
to correlate the O etching time with the depth for the amorphous car-
bon layer. Knowing the etching rate, it was possible to obtain areas
with a defined endposition using SIMS sputtering, corresponding to dif-
ferent depths of the amorphous carbon layer. Information about the
structure and composition of the filmswas obtained fromXPSmeasure-
ments of the craters.

The effect of the O etching on the samples during SIMS can be eval-
uated from XPS measurements of the different craters for both types of
films. The O content was found to increase with the etching time, from
15 at% at the surface to 50 at% near the amorphous carbon/Ti interface.
However, the concentration of oxygen bonded carbon (C\\O and C_O
bonds) decreased from around 20 at% at the surface to 3 at% near the



Fig. 10. Typical fit of the Raman spectra for a-C films using only BWF functions for the peaks for (a) the surface of the film, (b) at 36 nm and (c) at 565 nm deep.
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amorphous carbon/Ti interface. It is possible that CO molecules formed
during the etching process but they are likely to be desorbed from the
surface. For etching times corresponding to depths inside the amor-
phous carbon layer, the highest O contents corresponded to zones
with high Ti content. This correlation between O content and Ti content
might be attributed to TiO2 formation induced by the O sputtering. This
effect does not seem to influence the sp2/sp3 ratio. Moreover, no corre-
lationbetween sp2/sp3 ratio and theO etching timewas foundwhich in-
dicates that the etching process does not significantly affect the
amorphous carbon layer structure. Neither a monotonic increase nor a
decrease of the sp2/sp3 ratio was observed.

a-C films presented a similar sp2/sp3 ratio at the surface and inside
the carbon layer, varying between 0.2 and 0.6, which is consistent
with the measured Raman spectra. Taking into account XPS measure-
ments and the difference in the penetration depth of both techniques,
it can be estimated that Raman is probing a volume with an average
sp2/sp3 ratio of around 0.3. Themodel proposed by Ferrari et al. was ap-
plied to fit the spectra, assuming the presence of both D and G peaks
which were fitted by a combination of a BWF + Lorentzian function. It
was found that a BWF function alone fitted the peaks well, and the
Table 3
Peak parameters from Raman spectra for craters of different depths for both types of films. Th
shown when the parameters were obtained by fitting the spectra.

Film type Crater depth (nm) D position (cm−1) G positio

a-C 0 1307 ± 4 1505 ±
36 1311 ± 1 1510 ±
565 – 1505 ±

ta-C 0 1354 ± 1 1573 ±
36 1336 ± 1 1572 ±
360 – 1510 ±
addition of a Lorentzian function did not significantly improve the fit.
Fig. 10 presents the fits of the signals shown in Fig. 8, using only BWF
functions for the peaks. A BWF function centered around 1310 cm−1

with a very low q fitted well the D peak, which indicates that the
lineshape approaches a Lorentzian function. The G peak was fitted by
a BWF function centered around 1500–1510 cm−1 and presents a
marked asymmetry as indicated by a value for q around −2. The posi-
tion of the D and G peaks, the intensity ratio between the peaks (I(D)/
I(G)) and the coefficient of determination (c.o.d.) for the fits between
1000 and 1700 cm−1 and extended up to 1850 cm−1 are reported in
Table 3. Selecting thewavelength range for the fitting around the signal
maximum, from 1000 to 1700 cm−1, resulting in the coefficient of de-
termination of up to 0.987 and extending the wavelength range up to
1850 cm−1 the coefficient decreases less than 10%. The c.o.d. value for
the range of interest was quite high and the decrease in the c.o.d.
when the range was extended can be associated to the relative weight
of the background compared to the G peak intensity. Background sub-
traction to the measured spectrum using a linear function was
attempted, causing a loss of asymmetry in the signal which rendered
the use of BWF functions unsuitable. The intensity ratio between
e coefficients of determination (c.o.d.) calculated for the specified wavelength ranges are

n (cm−1) Relative intensity I(D)/I(G) c.o.d. 1000–1700 cm−1/
1000–1850 cm−1

1 0.023 ± 0.005 0.992/0.906
1 0.113 ± 0.003 0.999/0.951
5 – 0.987/0.924
1 0.98 ± 0.02 –
1 1.04 ± 0.02 –
1 – 0.996/0.922



Fig. 11. Typical fits of the Raman spectra for ta-C films corresponding to craters with a depth larger than 40 nm using (a) BWF functions and (b) Gaussian functions with a linear
background for the peaks.
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peaks D andGwas determined to be lower than 0.12 and theG peak po-
sition between 1500 and 1510 cm−1 for all the fits. According to Ferrari
et al. and their proposed model, the measured spectra would corre-
spond to a sample with sp2/sp3 ratio between 0.2 and 0.3 which is in
good agreement with the ratio calculated from XPS measurements.

ta-C films feature a sp2-rich zone up to 40 nm deep while the rest of
the film has no sp2 bonded carbon, both features being reflected in the
Raman spectra for these films. Fig. 11 shows a typical Raman spectra
corresponding to craters with a depth larger than 40 nm, with the spec-
tra featuring a peak with a maximum around 1508–1510 cm−1 and a
FWHM between 340 and 380 cm−1. The model proposed by Ferrari et
al. was applied, proposing again BWF functions for the D and G peak
fits. The D peak intensity resulted lower than 3% of the intensity of the
G peak. Therefore, it seems that the spectrum is dominated by the G
peak and a good fit can be obtained with only this peak. Fig. 11a pre-
sents the fit, and the G peak position and c.o.d. are shown in Table 3.
The c.o.d. value was 0.996 decreasing by 8% when the wavelength
range was extended. According to Ferrari et al., the spectra should cor-
respond to a ta-C film with a sp2/sp3 ratio lower than 0.18 which is in
good agreement with the XPS measurements for the probed volume
where no significant sp2 bonded carbon was detected.

Anothermodelwas evaluatedwhich is frequently used for fitting the
Raman spectra [9,10] that consists of fitting by Gaussian functions. In
this case, the fitting can only be done following a subtraction of the sig-
nal background due to the peak asymmetry. A linear function was pro-
posed for the background in order to keep the model as simple as
possible. Fig. 11b shows a typical fit using a linear background and
two Gaussian functions. This model fits well all the range of wave-
lengths under study, and provides two peaks centered around 1393
and 1544 cm−1 respectively with similar heights. These peaks could
be labeled as the D and G peaks but XPS measurements indicate there
is a very low sp2/sp3 ratio for which no D peak (or a very low intensity
D peak) is expected. This model works well because after subtracting
the background, a Gaussian fit is a good choice due to the fact that the
lineshape lost its asymmetry. But by subtracting the background using
an arbitrarily chosen function, information of the real lineshape is lost
and a false fit is obtained which does not represent the real sp2/sp3

ratio of the sample under study.
In the case of Ramanmeasurements from ta-Cfilms for the surface of

the sample or at depths lower than 40 nm, the peak positions and rela-
tive intensity determined from the measured spectra are reported in
Table 3. Ferrari et al. developed their model employing samples with
cross-sectional uniformity. Based on XPS measurements, the Raman
probed volume presents zones with pronounced differences in the
sp2/sp3 ratio, in particular a sp2-rich zone near the surface. Given the
lack of uniformity in the film structure, an equivalent average value of
the sp2/sp3 ratiomight be expectedwhen applying themodel by Ferrari
et al. However, inconsistent values of sp2/sp3 ratio were obtained: the G
peak position corresponded to a ratio of 19 while the relative intensity
indicated a ratio of 6, both significantly higher than the values found
by XPS measurements for all depths. Hence, the model is not suitable
for samples with large variations in the sp2/sp3 ratio.
5. Conclusions

Depth-resolved structural information from a-C and ta-C films with
high roughness grown on stainless steel substrates has been obtained
by combining SIMS sputteringwith XPS and visible Raman spectroscopy
analysis. The application of the proposed method can be extended to
different carbon films regardless the roughness, thickness and sub-
strates employed, with the roughness being only a limitation of the
depth resolution. After determination of the etching rate for the carbon
films, areas with a defined end position corresponding to different
known depths of the films were obtained. The etching process used
did not significantly affect the structure of the amorphous carbon
layer. However, the usual etching technique of Ar+ sputtering used for
depth-resolved XPS analysis resulted in graphitization of the films.
XPSmeasurements of the craters provided information about the struc-
ture and composition of thefilms. Visible Raman spectroscopymeasure-
ments of the craters where correlated with the XPS results taking into
account the penetration depths of both techniques. Themodel proposed
by Ferrari et al. was found to be suitable for estimating the sp2/sp3ratio
from fitting the Raman spectra providing the film structure had no sig-
nificant variations in the probed volume. Models based on fitting the
spectra by Gaussian functions and subtracting the background have
been shown to provide incorrect determinations of the sp2/sp3 ratio.
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