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Hydrogen (H) stability in hydrogenated amorphous carbon (a-C:H) films with different structures

grown by (biased) electron-cyclotron-resonance chemical vapor deposition has been studied

against thermal annealing and swift-ion impact (2 MeV Heþ). For this purpose, a-C:H films with

either polymer-like (PLCH) or diamond-like (DLCH) character grown on grounded or biased

(�200 V) substrates, respectively, were annealed up to 450 �C. The local-order structural

evolution around C sites was analyzed by x-ray absorption near-edge spectroscopy (XANES) and

the H content and radiation-induced release were determined by successive elastic recoil

detection analysis (ERDA) acquisitions. A relatively high H content is measured for both as-

grown PLCH (�45 at. %) and DLCH films (�33 at. %). Upon annealing, PLCH films suffer

thermal-induced surface decomposition resulting in a thickness reduction and only above 350 �C
the H content in the film matrix decreases. PLCH films also display a pronounced H loss rate

during ERDA measurements, whereas H is stable in DLCH. These results indicate that H

bonding differs in both structures (i.e., weaker C-H bonds in PLCH). XANES shows that upon

annealing both structures suffer H loss at the near surface region together with a graphitization

process, although the impact is more pronounced in PLCH. XANES fine-structure reveals that

aromatic clusters are formed upon annealing in PLCH due to H loss, whereas this process is

partially inhibited in DLCH due to the thermal stability of the C-H bonds. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4764001]

I. INTRODUCTION

Carbon is the building block of numerous key engineer-

ing materials possessing exceptional properties, such as dia-

mond, graphene, carbon nanotubes, and various carbides. In

addition, many amorphous carbon (a-C) thin films present

high hardness, high wear resistance, low friction, and strong

corrosion resistance, being appropriate as protective layers

on magnetic discs, bearings, gears and engine components

such as pistons and fuel injection systems.1–3 The bonding

structure of such films is characterized by the presence of sp3

and sp2 C hybrids with tetrahedral or trigonal coordination,

respectively, as well as the incorporation of H in hydrogen-

ated films (a-C:H). Based on the relative percentage of these

sp3-C and sp2-C bonds and the amount of bonded H within

the film microstructure, four types of a-C:H materials have

been distinguished,4 i.e., polymer-like (PLCH), graphite-like

(GLCH), diamond-like (DLCH or DLC), and tetrahedral

(TACH). PLCH displays the highest H content and its

polymer-like structure, governed by the H terminated sp3

bonds, results in a low density and soft matrix. GLCH com-

bines low H content and high sp2 content. TACH films have

a relatively low H content (25–30 at. %) and a large sp3-C

content, whereas the content of sp3-C in DLC films can vary

significantly as a result of the varying content of atomic

hydrogen present in the film matrix. The Young’s modulus

and density of DLC films are generally much lower than

those of TACH films. Within the class of DLC coatings, the

bonding structure and composition can vary largely depend-

ing on the applied source gases as well as on the deposition

techniques and growth conditions. As a result, the mechani-

cal and tribological properties of DLC films differ substan-

tially from one to another.5,6

The ion energy of bombarding particles during growth is

a crucial factor in plasma processed a-C:H films. The

ion-(sub)surface interactions such as the dangling bond for-

mation, sputtering, atomic displacement, and hydrogen

depletion are strongly depending on the ion energy.7,8 The

application of a radio frequency or direct-current (DC) sub-

strate bias voltage allows the control of the energy of the

ions bombarding the surface. Thus, the substrate bias can be

regarded as a decisive parameter controlling the composi-

tion, structure, physical and chemical properties and even

surface morphology9,10 of the deposited a-C:H films.

Equally, the carbon bonding structure, the hydrogen content

as well as the size distribution and volume fraction of voids

in a-C:H films are correlating characteristics that determine

the mechanical properties of these materials.11

The characteristics of a-C:H and DLC in particular are

attractive for numerous industrial applications, including me-

chanical face seals, razor blades, magnetic hard discs, critical
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engine parts, invasive and implantable medical devices,

scratch-resistant glasses and microelectromechanical sys-

tems, and ultra-thin DLC foils are being successfully applied

to the instrumentation for fusion and space plasma

research.6,12 However, the structure and properties of the

a-C:H materials are strongly affected by heat treatment.13,14

The thermally induced changes in the a-C:H film structure

are crucial for these practical applications and the thermal

stability of a-C:H films with different microstructure has

therefore been studied repeatedly over the last two decades.

For this purpose, many different characterization techniques

such as Raman spectroscopy, infrared absorption, differential

scanning calorimetry/thermogravimetry, x-ray photoelectron

spectroscopy, Auger electron spectroscopy, high resolution

transmission electron microscopy, elastic recoil detection

analysis (ERDA), and thermal desorption have been

employed.11,15–19

Walters et al.19 performed a neutron diffraction and

infrared absorption study on the structure of a-C:H films

(�35 at. % H) and they evidenced a significant structural

reorganization up to about 300 �C. Overall, the initial room-

temperature amorphous network (a mixture of single bonds

and olefinic double bonds) became progressively aromatic,

then graphitic as hydrogen is desorbed up to 1000 �C.19

Recently, Peter et al.11 performed a comparative analysis of

the thermal induced gas evolution from a-C:H films depos-

ited from different hydrocarbons using thermal desorption

spectroscopy. Interestingly, they found the effused gases and

the threshold temperatures for gas effusion to be related to

the a-C:H structure with the film hardness as a measure—

independent of the hydrocarbon precursor.11

Until now, the exact mechanism of the thermally acti-

vated release of hydrogen and hydrocarbon molecules from

a-C:H films remains unclear, but several different models

have been discussed repeatedly. Wild and Koidl20 indicated

that the evolution of hydrogen is not limited by a diffusion

process, but hydrogen and hydrocarbon species desorb from

the edges of the sp2 clusters and effuse rapidly through a

network of boundaries decorated by hydrocarbons. Ral-

chenko et al.21 suggested delocalization of hydrogen atoms

followed by surface recombination into hydrogen molecules

as the mechanism of H2 release. On the other hand, Ger-

stenberg and Grischke22 speculated on the thermally acti-

vated rupture of neighboring bonds of network modifiers (-

H, -CH3) to the carbon network, the reconstruction of bro-

ken carbon bonds and finally the formation of a hydrogen

and/or hydrocarbon molecule in the formation of released

molecules.11

In this study, the stability of H in a-C:H films with tai-

lored microstructure is discussed. X-ray absorption near-

edge spectroscopy23 (XANES) and ERDA were used to

study the local-order structural evolution around C sites and

the residual H content, respectively. More specifically, the

impact of annealing and radiation exposure on the H content

is investigated for (soft) polymer-like and (hard) diamond-

like carbon films grown on grounded and biased (-200 V)

substrates, respectively. Under these growth conditions, a

strong variation in the structure and, subsequently, physical

properties of the deposited films is attained.24–27 The H

stability provides relevant information about the strength of

H bonding in H containing structures, which can be used to

unveil the remarkable different mechanical properties dis-

played by both structures.

II. EXPERIMENTAL

A. Sample preparation

a-C:H films were grown by electron-cyclotron-resonance

chemical vapor deposition (ECR-CVD) using a two-zone

vacuum chamber reactor (ASTEX, model AX4500) operating

with a 2.45 GHz microwave source at 208–210 W input

power. Double-side polished p-type Si(100) substrates with

a thickness of 280 lm were used. Gas mixtures of CH4/Ar

(15/35 cubic centimeter per minute at STP) were applied

keeping the operating pressure at 1.47 Pa. This gas mixture

was chosen to produce (ultra)smooth a-C:H films with rela-

tively high H content under negative biased substrates above

100 eV.10,28 Further details about the deposition conditions

can be found elsewhere.26

In order to study films with different structural and me-

chanical properties,24–27 two sets of films were grown for 1

hour on grounded and DC biased (�200 V) substrates,

respectively. Although no intentional heating was employed,

the substrate temperature was evaluated at the end of each

deposition run by a thermocouple attached to the substrate

holder. Maximum substrate temperatures of 65 �C and 96 �C
and average thickness of the as-grown films of about 800

and 1100 nm were recorded for a-C:H film growth on

grounded and biased substrates, respectively. Samples grown

under identical conditions were further annealed under high-

vacuum conditions (< 10�4 Pa) for 1 hour at temperatures of

150 �C, 250 �C, 350 �C, and 450 �C.

B. Sample characterization

The film composition was derived from ion beam analy-

sis (IBA) techniques. In particular, simultaneous Rutherford

backscattering spectrometry (RBS) and ERDA measure-

ments were performed. The spectra were acquired by using a

2 MeV Heþ beam impinging at an incidence angle of 75�

with respect to the surface normal. The backscattered projec-

tiles and recoil atoms were detected using silicon surface

barrier detectors located at scattering angles of 170� and 30�,
respectively. In front of the forward detector, a 13 microns

thick Mylar foil was placed to filter the H recoils from heav-

ier particles. Both RBS and ERDA experimental spectra

have been fitted using the same film structure by the

SIMNRA code.29 The cross-section for the 1H(a,p)4He pro-

cess given by Quillet et al.30 was used for quantification of

the ERDA yield. The H stability upon ion irradiation of the

different annealed structures was further studied from the H

loss during the ERDA measurements. For this purpose,

measurements steps with a partial charge of 0.25 lC were

acquired up to a total dose of 5 lC.

XANES measurements were carried out at the dipole

beamline PM4 using the SURICAT endstation of the syn-

chrotron facility BESSY-II in Berlin, Germany. The samples

were oriented with respect to the incident beam near the 55�

093502-2 Buijnsters et al. J. Appl. Phys. 112, 093502 (2012)



magic angle in order to avoid geometrical effects in the

absorption intensity. The data were acquired in the total elec-

tron yield (TEY) mode by recording the current drained to

ground from the sample. Intensities were normalized to the

signal recorded simultaneously from a gold covered grid.

The resonance p* peak from highly oriented pyrolytic graph-

ite (HOPG) at 285.4 eV was used for energy calibration at

the C(1s) edge.

III. RESULTS AND DISCUSSION

A. Elastic recoil detection analysis (ERDA)

Fig. 1 shows the scattered yield of H recoils after

0.25 lC irradiation with 2 MeV Heþ ions from the a-C:H

samples grown on grounded (a) and biased (b) substrates and

post-annealed at different temperatures. The highest energy

of detected H recoils corresponds to scattering events at the

sample surface whereas those detected at lower energies

(channels) provide information about in-depth H distribu-

tion. Particularly, the observed yield is a function of the

in-depth concentration, scattering cross-section for the pro-

jectile energy at each event, and the energy loss of the recoils

through the Mylar foil (higher for lower recoil energy). Note

that, although the yield decreases at lower energy channels,

the H content is homogeneously distributed in depth as

derived from simulations of the spectra with the SIMNRA

code (not shown).

The ERDA spectra clearly show that the H content in

the films grown with grounded substrates is higher than in

the case of biasing. Fitting of the ERDA spectra simultane-

ously with the C signal from RBS results in H contents of

�45 and �33 at. %, respectively. This implies a relatively

large amount of H in both structures. Furthermore, in both

cases, the H content is not significantly affected with anneal-

ing temperatures within the temperature window (up to

450 �C) sampled in this work and only a small decrease of a

few at. % has been detected (not very significant considering

the sensitivity of the technique). This is in line with the pre-

viously recorded starting temperatures for molecular hydro-

gen effusion in the range 450–600 �C for a-C:H films grown

with different hydrocarbon precursors.11 Despite of this,

there is a thickness reduction of the films grown on grounded

substrates for annealing temperatures of 350 �C and 450 �C,

which has been further verified by the thickness values

extracted from spectroscopic ellipsometry (not shown). This

indicates that some thermal-induced desorption of the depos-

ited material takes place (note that the thickness modification

does not affect significantly the H content in the remaining

part). In this respect, Peter et al.11 recently showed that,

when heated, a-C:H films release mainly molecular hydro-

gen, but also oxygen-containing gases such as H2O, CO, and

CO2 were measured in substantive quantities. Water vapor is

even the second dominant gas and its evolution typically

exceeds the hydrocarbon signals.11,31 In addition, the thresh-

old temperature for the effusion of argon from a-C:H films

deposited from hydrocarbon-argon mixtures and softer than

13 GPa was found to be lower than that of the release of mo-

lecular hydrogen. Our films were synthesized from an argon-

rich methane gas mixture, but RBS data show that only a

very limited number of argon ions (<1 at. %) is finally

trapped within these films.24 Nevertheless, argon effusion is

related to the changes and the size and number of micropores

in a-C:H films.11 The cauliflower-like surface morphology,10

higher hydrogen content, and relatively low hardness26

(�2 GPa) of the a-C:H films deposited on grounded sub-

strates indicate a porous and low-density as-deposited a-C:H

film structure with a weakly cross-linked hydrocarbon net-

work. After intermediate exposure to air, this porosity likely

has led to a large uptake of water and oxygen molecules that

chemically react with the a-C:H material upon annealing.32

Together with a relatively easy release of argon, this could

explain the thickness shrinkage of the a-C:H films grown

with grounded substrate for annealing temperatures above

250 �C.

Additional information about the H stability can be

extracted from the changes in the ERDA yield with exposure

time. For this purpose, ERDA and RBS spectra were acquired

after sequential dose steps of 0.25 lC and up to a total dose of

5 lC. The ERDA yield normalized to the initial value as a

function of the dose is plotted in Fig. 2. In this case, a consid-

erable H loss upon irradiation is present in the films grown on

grounded substrates (0 V), indicating that H is weakly bonded

to the C matrix. The loss rate is similar for all the samples

annealed at different temperatures except for that at 450 �C.

This result points out that the same release mechanism (or

bonding configuration) takes place for all annealed samples

except for the highest temperature where the residual or modi-

fied H bonds become slightly stronger in this case. On the

contrary, the films grown on biased substrates (�200 V) show

a remarkable stability during irradiation, pointing out a

very stable H configuration within the C matrix. These

FIG. 1. ERDA spectra for a-C:H films grown by ECR-CVD on (a) grounded

and (b) biased substrates. Note the different yield in both cases correspond-

ing to H contents of �45 at. % (a) and �33 at. % (b). The impact of anneal-

ing only results in a slight decrease in the H content (few at. %) in both

cases. For the film with the larger H content (a), the thickness decreases for

annealing temperatures above 250 �C.
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observations confirm the results obtained in previous

works33,34 showing that soft polymeric films are prone to

large migration of hydrogen under ion beam irradiation as

well as decomposition of its hydrocarbon constituents on ther-

mal annealing. Consequently, the amount of carbon in termi-

nal –CH3 groups decreases at the expense of more connective

–CH2– environments during hydrogen depletion due to ener-

getic ion bombardment.34 The ion-beam induced release of

hydrogen is caused by bond breaking due to the secondary

electron emission along the ion track and formation of a H2

molecule within a small recombination volume.34

B. X-ray absorption near-edge structure (XANES)

In order to verify structural changes in the C matrix and

C-H environments upon annealing, XANES analysis has

been performed in the as-grown and annealed samples.

Fig. 3 shows the C(1s) XANES spectra of as-grown a-C:H

films deposited on grounded (0 V) and biased (�200 V) sub-

strates. The signal has been normalized to the maximum of

intensity and shifted vertically for comparison purposes. The

spectra of graphite and diamond are also shown as reference

of pure sp2 and sp3 crystalline materials together with that of

an evaporated amorphous carbon (e-C) film as reference for

a disordered all-sp2 (�90%) structure.35

Generally, XANES spectra of a-C materials display a

two-edge structure with a low-energy edge starting at

�284 eV associated to 1s ! p*
C-C states from sp2 hybrids

and a high-energy edge related to 1s ! r*
C-C transitions

from both sp3 and sp2 hybrids. The position of the p* reso-

nance provides information about the arrangement of sp2

networks.36 In particular, values below that of graphite

(285.4 eV) around �285 eV indicate the presence of disor-

dered sp2 hybrids (e.g., see the spectrum of e-C) in chain or

ring structures whereas a transition towards the value of

graphite reveals the ordering of sp2 clusters into aromatic

rings. The onset of the r* edge shifts from 288 to 290 eV as

the amount of sp3 hybrids in the matrix decreases. Normally,

the r* states present a broad structure due to the superposition

of different sp2 and sp3 arrangements and atomic intermix-

ing.37,38 Additional features appear in the case of hydrogen-

ated structures. In the case of H in chain-like structures as in

polyethylene ([-CH2-CH2-]n), the spectra display a sharp fea-

ture at �288 eV related to 1s! r*
C-H transitions and a broad

band at �293 eV due to 1s ! r*
C-C.39 On the other hand, H

bonded to C atoms in aromatic rings such as in benzene dis-

play a C(1 s) with two p* (an intense peak at 285 eV and

another sharp one at 288.8 eV) and several r* (293.3 and

300.3 eV) features.23 The contribution of several H environ-

ments within the a-C network on the density of states has

been studied theoretically by Robertson et al.40

Two main features can be identified in the spectra of a-

C:H films grown by ECR-CVD, as is indicated in Fig. 3. The

first feature at about 285 eV is related to 1s! p*
C-C transi-

tions, whereas the intensity around 288 eV can be assigned

to 1s ! r*
C-H. It should be noted that the signal from C-H

bonds presents a broad contribution between 286 and 290

eV.41 The origin of the minor peak at about 287 eV is not

clear but it could be related to some intermixing of sp2 and

sp3 C hybrids.

The different spectral shape for the as-grown samples is

a clear indication of the structural changes induced by ener-

getic particle bombardment during growth through substrate

biasing. In particular, the as-grown sample deposited on

grounded substrates presents a PLCH structure. This state-

ment can be extracted by the large contribution of C-H bonds

(note the pronounced intensity around 288 eV) and the

reduced content of sp2 hybrids (i.e., low signal of the p*
C-C

peak). In the case of substrate biasing, the film has a higher

content of sp2 hybrids derived by the filling of states in the

286–287 eV region and a lower contribution of C-H around

288 eV. Although the high H content precludes a precise cal-

culation of the sp2 content in the film, an estimate can be

derived by using the method described by Gago et al.35 The

calculation is based on the comparison of the relative inten-

sity of p* to r* states with respect to the reference spectrum

of e-C (�90% sp2-C) in Fig. 3. In this case, the integration

has been performed between 280–287 eV and 292–303 eV

regions of p* to r* states, respectively, in order to avoid the

influence of C-H states. This computation yields a value of

�55% sp2 C hybrids. Therefore, this film can be catalogued

as DLCH according to the criteria of Casiraghi et al.4

The C-H band in the XANES spectra for PLCH and

DLCH films has been highlighted in Fig. 3. It should be

noted that the intensity of such bands does correlate with the

H contents extracted from ERDA. In an earlier publication,24

it was pointed out that the non-proportional relation between

ERDA and XANES intensities could be explained from the

presence of H atoms not bonded to C. It is expected that the

number of such H atoms is higher in PLCH films, which

results in the inferior stability of H in such structure. Another

contribution could come from different bonding environ-

ments for each structure with different sensitivity factors

(X-ray absorption cross-section). In particular, the low sp2

content in PLCH suggests the dominance of saturated (weak)

C-H bonds in chain-like structures, whereas H is presumably

incorporated in (stable) terminating bonds within the C

matrix in DLCH. Both assumptions correlate well with the

low (high) stability of PLCH (DLCH) films upon MeV Heþ

FIG. 2. Normalized H loss rate during ERDA measurements for a-C:H films

grown by ECR-CVD on grounded (lower graphs) and biased (upper graphs)

substrates. The H loss is noticeable in the case of no substrate biasing, indi-

cating weak H bonding. Note that the loss rate is reduced above 350 �C in

such films. In the case of biased growth, the H content is stable during irradi-

ation (within experimental errors) indicating stable C-H arrangements.

093502-4 Buijnsters et al. J. Appl. Phys. 112, 093502 (2012)



irradiation (Fig. 2). This hypothesis is further discussed

below.

The evolution of the XANES spectrum with annealing

temperature for as-grown PLCH (0 V) and DLCH (�200 V)

films is shown in Fig. 4. In both cases, a clear decrease in the

C-H intensity (label C3) takes place, which is shown quanti-

tatively in Fig. 5(a). The impact is more pronounced in

PLCH, especially above 350 �C. This trend correlates with

the major changes observed in the ERDA profiles of Fig. 1

(i.e., thermal desorption and thickness decrease). However,

ERDA did not show such a significant H decrease, suggest-

ing that strong structural modifications and H-loss occur

mainly at the near-surface region of the samples upon

annealing (while keeping the bulk properties in terms of H

concentration mainly unaltered). An additional common fea-

ture in both types of films is a graphitization process (i.e.,

promotion of sp2 hybrids). This transformation is derived

from the progressive increase in the p* intensity and the shift

of the p* resonance towards the value of graphite (285.4 eV).

Both trends are displayed in Figs. 5(b) and 5(c), respectively.

As in the case of the C-H signal, the changes are more severe

for PLCH where the final configuration is more similar to

graphite than in DLCH. This trend is an additional confirma-

tion of the high thermal stability of the DLCH structure. It

also points out that the aromatic rings in PLCH (shift of

�0.2 eV in the p* resonance position) are formed by struc-

tural transformation after release of weakly bonded H. In the

case of DLCH, the graphitization process is partially inhib-

ited by the high H stability which precludes the development

of dangling bonds that would collapse into aromatic rings.

In order to study the different C-H bonding configura-

tions in PLCH and DLCH, Fig. 6 shows the C-H contribution

to the XANES spectra after subtraction of the background

imposed by the r* edge. The intensity of the signal was used

for the quantification shown in Fig. 5(a). In general, the

XANES signal in the range from 286 eV to 290 eV is

ascribed to a single C-H band. However, the presence of

multiple C-H bonding states gives rise to a complex band

structure, as is the case for the multiple bonding geometries

corresponding to carbon sp2 hybrids forming p and r

FIG. 4. Evolution of the XANES spectra upon annealing for PLCH (lower

curves) and DLCH (upper curves) films grown on grounded (0 V) and biased

(�200 V) substrates, respectively. Positions corresponding to (local) maxi-

mum intensity of the 1s! p*
C-C and 1s ! r*

C-H transitions are labelled C1

and C3.

FIG. 5. Evolution of XANES spectral features with annealing temperature

for PLCH (�) and DLCH (•) films: (a) C-H intensity, (b) p* intensity, and

(c) p* position. The reference energy corresponding to the 1s! p*
C-C transi-

tion in graphite is indicated in (c).

FIG. 3. XANES spectra of a-C:H films grown by ECR-CVD on grounded

and biased substrates. The spectra of graphite and diamond have been

included as reference of pure sp2 and sp3 crystalline materials, respectively.

The spectrum of evaporated (amorphous) carbon, labelled as e-C, is also

included as a reference material of disordered sp2 (�90%) structures.
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bonds.37 It is noteworthy that both signals for as-grown sam-

ples (Fig. 6) display a maximum around C3b, indicating a

similar starting configuration. However, the intensity in

PLCH shifts towards lower energies (C3a) at intermediate

temperature and another contribution appears at higher

energy (C3c) as the annealing temperature is further

increased. The intensity in DLCH also shifts gradually from

C3b to C3c as the annealing temperature is increased. In

addition, there is a clear signal at about 286.5 eV (C2) for

both types of films which decreases in intensity with anneal-

ing temperature.

The different components in the C-H band originate

from variations in the number of H atoms per C atom and

differences in the bonding configuration of the C atom

itself, i.e., sp2-trigonal vs. sp3-tetragonal. This has been

observed for the case of well-defined bonding environments

in C6-ring molecules, which depending on the number of

double bonds within the molecule exhibit significant varia-

tions in the XANES C-H band from increased intensity at

higher energies in benzene (i.e., one H per C atom) to dom-

inance of the band at lower energies in cyclohexane (i.e.,

two H per C atom).42 When dealing with solids instead of

isolated molecules, the shape of the C-H band is also sensi-

tive to the degree of order beyond first neighbors, as has

been shown for the case of polyethylene chains with differ-

ent number of lateral branches.43 In the case of our a-C:H

films, the situation is even more complex, since a mixture

of alkane chains and different C-ring sizes is present, and it

is difficult to make a direct assignment of the observed fea-

tures. Nevertheless, in accordance with Refs. 42 and 43, the

XANES trends suggest a transition from alkane and non-

aromatic carbon sites towards more graphitic (benzene-like)

environments.

IV. CONCLUSIONS

We have shown that a-C:H films with PLCH and DLCH

structures can be grown by ECR-CVD on grounded and bi-

ased substrates, respectively. PLCH films are unstable upon

annealing and against swift-ion irradiation since they suffer

desorption above 350 �C and the hydrogen out-diffuses dur-

ing ERDA measurements. Remarkably, PLCH annealed to

the highest annealing temperature of 450 �C shows an

improvement in radiation resistance. On the other hand,

DLCH structures are quite stable upon annealing up to

450 �C and during swift-ion irradiation. The evolution of the

C(1s) XANES edge reveals a graphitization process upon

annealing in both types of films. However, the strong H loss

in PLCH drives to the formation of aromatic clusters due to

the collapse of the C matrix, whereas the higher H stability

of DLCH reduces the degree of graphitization.
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