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Abstract

Metal-doped amorphous carbon films (a-C:Me) wempced at RT by magnetron sputtering
using a metal (Me=Ti, V, Zr, W) and graphite targéhe metal distribution and the
temperature-induced carbide crystallite formaticasvanalyzed by X-ray diffraction (XRD),
electron microscopy (TEM, STEM) and X-ray absomt&pectroscopy (EXAFS, XANES),
focusing on low metal concentrations between 6& @5 %. In as-deposited samples, the
metal atoms are atomically distributed in the carbmatrix without significant formation of
carbide particles. With annealing to 900 K the laamic environment around the metal
atoms becomes similar to the carbide. The carbigitallites grow with annealing up to 1300
K, their size is depended on the metal type: V>T#¥. W,C and WG crystallites were
identified for W-doped films, whereas the monocdesi are formed for the other metals. It is
demonstrated, that EXAFS and high resolution ed&ctmicroscopy are required to get a

correct picture of the structure of the analyzecté/ films.
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1. Introduction

Metal-containing carbon films (a-C:Me, a-C:H:Me) n@antensively studied in the last years
and have great importance for application as hard wear resistant coatings. Most
frequently, the carbide forming metals Ti and W ased as dopants [1-7]. Improved
tribological and mechanical properties comparecuoe carbon films are achieved by a
nanocomposite structure with nanometer-sized carpatticles in an amorphous matrix of
(hydrogenated) carbon. Such coatings are alsotige#sd in respect to improved optical and

electrical properties [8, 9].

Our interest in a-C:Me films is motivated by resdaon the chemical sputtering process of
carbon by hydrogen impact [10]. This is of greapariance for future fusion devices like
ITER, where carbon — together with Be and W — iggested as plasma-facing material
(PFM) [11]. The reaction of hydrogen species wilbon-based PFM leads to its degradation
and to formation of undesired hydrocarbon layeepaditing in the reactor vessel [12]. If
radioactive tritium is used — together with dewterithe fuel for fusion — this leads to an
accumulating radioactive inventory, which is of Inigafety relevance. Doping of graphite
with carbide-forming transition metals (Ti, V, Zw) is a possible way to decrease its
reactivity against hydrogen species [10, 13, 14 Ppresence of metals influence the erosion
mechanism, and accumulate at the surface as d oéareferential sputtering of carbon [15,
16]. For a systematic investigation of the effettdoping, erosion experiments have been
performed with metal-doped amorphous carbon fil@&{Me), produced by dual source
magnetron sputter deposition. Their reactivity agahydrogen is determined by the kind of
metal and its concentration [17, 18], but deperlds an the nano-structure of these layers
[19]. To study particularly the effect of the a-GeManostructure on the erosion process, the
films were deposited at room temperature (RT) andealed after deposition to induce

structural changes.
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Therefore, our deposition conditions are in contrs most publications dealing with
characterization of a-C:Me films optimized for wlbgical applications. For those, the
formation of a stable carbide phase in the carbatrirnalready during deposition is desired,
which requires high adatom mobility. This can bdieeed either by increased substrate
temperature or by a high energy of the impingingcgs (e.g. by using ion-beams [20],
CVD/PVD hybrid deposition [21, 22], plasmas witigliner ionization [23, 24], laser ablation
[25]). A higher metal content is also beneficiat fmrbide phase formation [9, 26]. Also a
sample bias is generally applied to increase tleggndeposited in the growing film during

deposition.

In contrast, this paper gives a detailed structanalysis of a-C:Me (Me=Ti, V, Zr, W) films
with low metal content (1-19%) and the films werepdsited at RT by non-reactive
magnetron sputtering without bias. We focus on daspith 6.5-9.5 % metal content and
describe the metal distribution after film depasitiand the temperature-induced carbide
cluster formation by annealing up to 1300 K. Thdofeing methods were used: X-ray
diffraction (XRD), (scanning) transmission electromcroscopy (TEM, STEM), and X-ray
absorption fine structure spectroscopy (XAFS) ia #xtended energy (EXAFS) and near
edge (XANES) region. The influence on the carborucstire was studied by Raman
spectroscopy and XRD, and the results have beefishall in a separate paper [27]. A
catalytic effect on the $pclustering in the carbon phase during film deposithas been

observed, which is dependent on the type of m&al\M<Ti=Zr).

2. Experimental

2.1 a-C:Mefilm deposition and composition

The a-C:Me films (Me = Ti, V, W, Zr) were depositets Si (100) wafers by magnetron

sputtering using a graphite and a metal cathode angon as sputtering gas. The thickness
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varied from about 0.7 to 1.5 um. Details of thenfppreparation can be found elsewhere [27,
28]. The atomic film composition was determinedRuytherford backscattering spectroscopy
using a 3 MV tandem accelerator. All concentratiatues are given in at.%. After deposition

the samples were annealed at 700, 900, 1100 artdKL80high vacuum for 15 minutes.

2.2 XRD

The crystallographic phase and size of carbidetaltites formed in a-C:Me films were
determined by XRD using a Seifert XRD 3003 PTSrddfometer operated with CuoK
radiation. The experimental setup was optimizethaasure thin films applying a parabolic
multilayer mirror on the primary side to achievegarallel beam and almost complet@ K
suppression. On the secondary side, a parallek piatimator was installed to prevent
detection of non-parallel beam intensity. Diffragt@ms were acquired as theta-scans at a
fixed gracing incidence angle of 1°. For textureasw@ements the beam was restricted to 1
mn¥ at the primary side. Small sample$x5mnf) were mounted on Si wafers to exclude
contributions from the sample holder. The Scheiwemula with a pre-factor of 1 was used
for the estimation of the carbide crystallite si9] under the assumption that peak
broadening is dominated by the small crystalliteesiAn experimental line width of about
0.3° was determined for the Si (111) peaktat28.4° for the used setup. Nevertheless, since
the observed peaks are generally much broaderjnilsence on the crystallite size
determination was neglected. The peak FWHM wasimddaby fitting PearsonVII profiles to
the partly overlapping (100) and (111) diffractip@aks using the program fityk (0.7.6) [30],
including a linear background. Error bars were\agtifrom the uncertainty introduced by the

fitting procedure.
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2.3 Microscopy

For TEM analysis a set of samples of annealed aagi/a-C:Ti films on silicon wafers were
prepared by ion polishing and analyzed with a P&iEM 430 operated at 300 kV. Estimation
of the average carbide crystallite size was peréatrny analyzing about 200-400 particles,
giving the average diameter with standard deviathoriocused ion beam microscope (FIB)
was used for the preparation of a thin lamella.6#6and 9.5 % a-C:W samples. Argon ion
milling in a Gentle Mill device was applied for &hthinning and elimination of defects
introduced by FIB. STEM observation was carried @uta 200 kV UHR STEM microscope
(Hitachi HD-2700) equipped with asCorrector. Nano diffraction with the STEM was

applied for single crystal phase analysis.

2.4 XAFS measurements

XAFS measurements at tKeabsorption edges of Ti, V and Zr as well as the3Aédge were
performed at HASYLAB (Hamburg) on beamline C. XABBectra of a-C:Me films were
acquired in fluorescence yield mode using a 7 chlamiPGe-detector (Canberra, Olen,
Belgium) perpendicular to the incident X-ray. A(3il1) double crystal monochromator was
used at the Ti and V edge, a Si (311) crystal wasied for Zr and W. All measurements

were performed at room temperature.

For measurement of pure carbides (as powdes§; &¢ sintered particle) total electron yield
detection was applied. The measured energy rangeabaut -200 eV to +800 eV in respect
to the used absorption edge of the metal. The sotvATHENA [31] was used for data

analysis and extraction of the EXAFS data.

The WL1-edge measurements limited to the edge-near régeanXANES) were performed

at beamline ID26 of ESRF (Grenoble). A Si (311) lmewrystal monochromator was applied

6
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to collect high resolution XANES spectra at the maxm of the W Igz emission line (9819
eV), detected by a spectrometer consisting of é6&0) analyzer crystal and an avalanche
photodiode. The spectra were measured from 12086€L2V incident photon energy and

normalized to the edge step at the highest energy.
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3. Results

For this study, a-C:Me films (Me = Ti, V, Zr, and)W/ith metal concentrations from 1 up to
19 % were investigated by XRD, TEM/STEM and X-ragsarption techniques. The
presented results are focused on carbon films suttilar metal concentrations, ranging from
6.5 to 9.5 %. If different results are obtained lwwer (1-3.5 %) or higher (up to 11-19 %)

concentrations, it will be noted.

3.1 XRD and electron microscopy
3.1.1 Ti, V and Zr-doped films

The X-ray diffractograms for an annealing seriea Gt.5% a-C:Ti film are shown in Fig. la.
For the as-deposited and 700 K annealed samplesdmation for TiC formation can be
observed from the diffractograms. In a recent stogly.ewin et al. [9] a 12 % Ti containing
a-C:Ti film also remained X-ray amorphous. The kvbamp around 43° is due to scattering
from the carbon phase [27]. Annealing to 900 K &ngher leads to occurrence of peaks
which can be attributed to the (111) and (200)eaibn of TiC. A similar picture was

observed for a 8.5 % V containing film (Fig. 1b).

The diffraction patterns of the 7 % a-C:Zr film atepicted in Fig. 1c. A broad bump around
31° occurs already for the as-deposited samplerAfiinealing to 900 K a slight increase in
intensity and a shift of the maximum to 32° candbserved. For 1100 K the diffraction

pattern exhibits signals which can be attributethto(111) peak with a shoulder referring to

(200), and the (220) reflection of ZrC. For 1300ali{ three ZrC peaks are clearly developed.

The formed carbide particles are in the nanometege as shown in Fig. 2 for a-C:V films,
where the VC crystallite sizes are presented fdifférent metal concentrations, calculated by

using the Scherrer formula. A clear carbide sigreatelow 900 K was only visible for the

8
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19% V containing film. Generally, the carbide pa#isize in a a-C:V film of a given
concentration is increasing with the annealing terajpre. After annealing to 1300 K the
crystallite size is inversely proportional to thec¥ncentration in the film. Evaluation of the
crystallite size was also done by TEM for 3 specisjeconfirming the size determined by
XRD (Fig. 2). A TEM micrograph of the 1.5 % a-C:¥rsple annealed to 1300 K is presented
in Fig. 3. It clearly shows that the carbide pdeschave a broad size distribution, which is

reflected in the large standard deviation of thest@llite size determined by TEM (Fig. 2).

Fig. 4 summarizes carbide particle sizes derivethfiXRD for Ti, V, and Zr-doped films
annealed from 900 up to 1300 K. From this graphitiieence of the metal type on the
particle size can be observed. For the 1300 K datagverlap between the different dopants
occurs, showing best the general trend in crystadize: ZrC < TiC < VC. An explanation for
this sequence can be given by comparing the camieléng temperatures, which can be
regarded as a measure for the carbide crystatéitelisy: ZrC (3693 K) > TiC (3340 K) > VC
(3103 K) [32]. The lower the carbide crystal styjlthe lower the temperature at which
metal atoms can leave the surface of a carbidécjeatd diffuse to another particle, which

gains in size (Ostwald ripening process).

3.1.2 a-C:W

Fig. 5 shows the evolution of the diffraction patte of a 9.5% a-C:W film. Even without
annealing an intensive, broad peak can be obsemmdd 37.4°. With annealing, the peak
maximum shifts slightly to higher angles (38.6° 800 K), becomes more intensive and
decreases in width. The FWHM reduces from 11.3°d&sosited) to 6.1° (1300 K). Two

other peaks can be separated at 62 and 75° foakmgpnéo= 1100 K.

Similar spectra were observed for a 6.5% a-C:W ;filonly the intensities in the

diffractograms of the broad peaks are lower.



187 The broad diffraction peak around 37° is well knofwn C-W films and reported in earlier
188 publications [8, 20, 22, 23, 25, 33]. It is genbralxplained by the formation of very small
189 WC, crystallites with preferred (111) orientation drigh degree of disorder/amorphization.
190 However, to our knowledge, no proof of the textimg pool figure analysis has been
191 published. Also, unambiguous diffraction rings iEM are often found for high energy
192 deposition and/or higher W concentrations [6, 28], Zhe maximum of the peak for the
193 diffractogram after deposition fits to the (111l)ageof WG« at 37°, and the maximum for
194 1300 K coincides with the (002) reflection of,@/ However, since a) no other peaks can be
195 used to verify the phase and b) both peaks ar¢éheotost intensive for each carbide phase,
196 no assignment of a tungsten carbide phase was alotiee basis of our XRD data. Texture
197 analysis on the nominal angles of diffraction peatsWC, Wo,C and WGy confirm
198 unambiguously that the missing appearance of funieaks due to strong texture can be
199 excluded. An influence of changes in the film stretate during annealing on the observed
200 shift of the peak at 37° can be excluded: The ¢aied stress would be in the order of 15 GPa

201 which cannot not be accommodated in the film.

202 As described above, the unambiguous identificatiba crystallographic phase in the a-C:W
203 sample is not possible by XRD. Therefore, no evaunaby the Scherrer formula was
204 performed, and no data for a-C:W is included in. BigBy conventional TEM analysis, no
205 crystalline carbide particles could be detectedneweannealed a-C:W films (only diffuse
206 dark spots were observed for 1300 K annealed sapnpgtegh resolution STEM analysis
207 showed also no crystalline carbide particles in #@sedeposited 9.5 % a-C:W sample.
208 However, for the 1300 K annealed specimen, smallida particles with a diameter of up to
209 3 nm could be observed (Fig. 6a). Fig. 6b showss#me area in the Z contrast mode. Here,
210 regions enriched in W appear bright, carbon appeéars. It shows also W-rich regions with

211 clusters sizes in the order of 1 nm.
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Local nano diffraction of single particles reveakb@ presence of the M@ as well as the
WC; .« phase. From 9 analyzed particles, 5 were labeded/@ « and 4 as WC. A 1300 K

annealed 6.5 % a-C:W sample showed also both phasesimilar particle sizes.

3.2 XAFS

In contrast to XRD and TEM analysis, XAFS analydi®s not require a crystalline phase. It
is a local atomic probe, and only the atomic envinent in a few A distance around the metal

atom contributes to the signal [34].

3.2.1 a-C:Tiand a-C:V

Fig. 7a shows XAFS spectra of the 7.5 % a-C:Ti dapgnnealed up to 1300 K, as well as
the spectrum of a TiC standard. The spectra oathdeposited and 700 K annealed samples
show only one broad bump after the edge. After alnmg to 900 K the signal is more
structured and for higher temperatures the spexreespond to the spectrum of the TiC

standard.

The XANES region is shown in Fig. 7b. The absomptexige shifts to higher energy with
increasing annealing temperature; for the 1300 kealed sample the edge position
corresponds to that of the TiC standard. This trengbrobably related to a better Ti-C
bonding with increased electron transfer from TCtolhe position of the first peak above the
absorption edge does not vary, but slightly inogsas intensity with annealing. The pre-edge
region is magnified in the inset of Fig. 7b. It slsothat the pre-edge part around 4968 eV

decreases in intensity with annealing temperatodicating a change in symmetry [35].

Fig. 8 shows the EXAFS data after Fourier transfifom (k=2-8.5 AY). In this

representation, the EXAFS is plotted in radial ahse to the Ti atom. The data is not
11
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corrected for the phase shift, therefore the Rgive real atomic distances. A first neighbor
peak is present around R=1.5 A. This first sheltesponds to carbon atoms, and no defined
second shell from a Ti next neighbor (as in TiC3uws. However, a shoulder at the higher R
side can be observed which gains intensity forab@ K sample. With annealing to 900 K,
the second peak at 2.4 A — corresponding to thenskeshell (Ti-Ti) — is well developed. For

900 K and higher temperatures, the local atomiérenment of Ti is identical to TiC.

EXAFS data after Fourier transformation for as-d#enl a-C:Ti films with different
concentrations are shown in Fig. 9. For 1 % Tijraensive peak at lower R compared to the
7.5 % film occurs. For the 13 % a-C:Ti film, thedkiell is visible. The intensive peak for 1%
Ti could be attributed to the formation of a fishell consisting of O atoms (an oxygen
concentration of about 2 % was determined by RB®E Ti-O distance (1.93-1.96 A) is
shorter than the Ti-C distance (2.16 A). In additithe Ti edge energy position of the 1 % a-
C:Ti film is higher than for all other as-depositedC:Ti films (e.g. 1.2 eV higher as for the
7.5 % Ti doped film). This can be explained by there polar Ti-O bond and a more
pronounced electron transfer from Ti to O compaiedC. Annealing of the 1 % a-C:Ti
sample up to 1100 K leads to an increasing intgm$ithe oxygen peak, but not to formation
of TiO, crystallites. After annealing to 1300 K, the loealvironment changed and became

similar to TiC. This sample showed no TiC diffractipeaks in XRD.

In general, the 8.5 % a-C:V EXAFS data shows alamdevelopment for the annealing
series, as obvious from Fig. 10a. No indicationdnroxygen first shell can be observed for
the as-deposited sample of 1.5 % V (Fig. 10b). T&é&o a-C:V film shows a VC-like local

environment already after deposition which is conéid by carbide peaks in XRD.

3.2.2 a-C:Zr and a-C:W

12
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The as-deposited carbon films with 7 % Zr and esfigahe 9.5 % W show broad peaks in

the X-ray diffractograms (Fig. 1c, Fig. 5). Howevére EXAFS measurements show that
carbide crystallites are only present in anneatedptes: Fig. 11a presents EXAFS data for
the Zr-doped sample after deposition and anneadirf)O and 1100 K. Only after annealing

to 1100 K, the signal becomes similar to the Zr&hdard. However, the signal intensity of

the a-C:Zr film is lower, which is probably due tiee small particle size and the use of
electron yield detection for the ZrC standard. Tows the influence of the second next
neighbor of Zr on the EXAFS signal, Fig. 11b giye%)| of the as-deposited sample and the
backtransformed data for R = 1.1-2.1 A (data ravfge first shell) and R = 1.1-3.5 A (data

range of the first and second shelR(k)| is mainly determined by scattering at thetfirs

neighbor; however, including the second shell (R=835 A) slightly improves the

description of}(k)| between k=6-8.5 A

In Fig. 12a EXAFS data is presented for the 9.5@\& sample and a W standard. Only a
first neighbor peak is observed for the as-depds#@mple. Annealing up to 900 K only
slightly changesx|R)|. For the 1300 K annealed sample the signabrbes similar to the
W,C standard for the first and second shell (R =5143. However, the intensity is not fully
reproduced and diminishes for R > 4 A. Since STHidIysis showed the presence oj@V
and WG« phase it is clear, that the EXAFS (which is anrage over all W atoms) does not
fully correspond to the YC standard spectrum. As obvious from Fig. 12b, igaificant

contribution of a second shell contributesyid)| for the as-deposited sample.

EXAFS spectra for 14.5 % gave comparable resutisitte 2.5 and 4 % W containing films,

the second shell is not well developed even aftaealing at 1300 K.

The XANES region of the spectra acquired at the 3#dge is not very sensitive to the local
electronic structure: the edge region is dominated strong white line due to transitions into

almost empty 5d levels. In addition to EXAFS meaments, XANES measurements of a-

13
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C:W films at the WL; edge were performed to compare the local eleacrenvironment of

W in W-doped films with different W standard maédsi Fig. 13 compares XANES spectra
of W, W,C, WC and WG [33, 36] with the spectra of a 6.5% a-C:W film-¢ep., 900 K,
1300 K). It reveals significant difference of theape and energy position of the reference
spectra, which are the fingerprints of the locaheyetry, coordination, and valence of the
probed atom species [35]. The@®y WC,.x and WC spectra show a gradual shape evolution.

Upon increasing W/C ratio the edge energy shiftgatds lower energy.

The spectra of as-deposited and annealed sample®tidentical, showing a clear difference
especially in the pre-edge intensity. A gradualrelase of the pre-edge peak intensity with
increasing the annealing temperature is observedhws attributed to the enhancement of
the average local symmetry around the W atoms @mmealing [37]. The spectrum of the
1300 K annealed 6.5% a-C:W film is more similattat of the WC reference than to that of

WC]__X.
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4. Discussion

The absence of a second shell (metal-metal) pe#keilEXAFS data clearly shows that the
metal atoms are distributed atomically dispersthencarbon matrix in as-deposited samples,
surrounded by a carbon first shell. No significaatbide particle formation has occurred
(except 19 % V). This finding is independent frone tmetal type. For 1 % Ti, a Ti-O first

shell was proposed (Fig. 9). The results are relste¢he low metal content and especially the
soft deposition conditions used in our preparapoocess (RT, no bias). Other publications
dealing with the structural investigation of a-C:Mkns report the formation of carbide

crystallites even for lower [20, 21] or similar @@mtrations [38]. This can be attributed to the
higher energies of the impinging species in thesgosditions (unbalanced magnetron, ion

beam deposition). Also, significantly higher matahcentrations are used in most studies.

With annealing, carbide particle formation occurne@ll samples, which is evident from the
EXAFS data, but also from XRD. After annealing 800 K, the largest crystallites were
observed for V-doping, the smallest particles weyserved in Zr (Fig. 4) and W-doped films
(Fig. 6). The relatively low melting point of therigsten carbides (below 3100 K [39]) does
not fit to the above mentioned inverse relationMeein melting point and carbide crystallite
size for VC, Ti, ZrC. A possible explanation isaththe particle growth is not only limited by
the binding energy of the metal atoms in a carlbiystallite, but also by the diffusion in the

carbon matrix, which is the lowest for W due tohigh atomic mass.

The X-ray diffractograms of as-deposited samplegaining Zr and W (Fig. 1¢ and 5) show
broad peaks, especially for W. As mentioned absuwjlar spectra are often found for C
films containing W [8, 20, 22, 23, 25, 33] and gemerally interpreted in a way that textured
WC;.x nanoparticles have been formed. However, our EXAdR3lysis reveals that this
interpretation does not correctly describe thecstmal situation in our a-C:W films: The
majority of the W atoms is dispersed in the carlpoatrix and not present in a carbide

15



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

particle. In addition, high resolution STEM anatyshowed carbide particles only after
annealing. For 1300 K, both 3@ and WG crystallites are present. This is also not refldct
in the XRD pattern in Fig. 5. Still, only a singfeak is present betweer® 2 30-50°.
Therefore, the X-ray diffractogram of the 1300 Knealed sample is at least a result of
different crystallographic phases and small criigtasize. The texture analysis showed that
the tungsten carbide particles have no preferregzhi@ation. Therefore, a possible texture of
the crystallites is not responsible for the misspeaks compared to the pure carbides. In
addition, scattering from a small amount of W-Cstéus below 1 nm with possible high
distortion could contribute to the diffraction patt. This would also be an explanation for the
spectrum of the as-deposited a-C:W film. Howevaty @ minor fraction of W atoms can be
located in such clusters, because from the EXARB8It® significant clustering of W atoms
can be excluded. The combination of XRD, STEM arXAES analysis shows that the
occurance of the broad XRD peak around 37° doeslmays correspond to a carbon film

containing WG crystallites.

For 3d transition metals, large pre-edge peakhénXANES spectra are observed in low
symmetry coordination while their intensity almagtinishes in structures characterized by
inversion symmetry [35]. Therefore, the pre-edgenaity can be considered as an indication
of local distortion. In the XANES spectra of thedeposited 7.5 % a-C:Ti (Fig. 7b), a lower
coordination number and high distortion aroundThatom could explain the higher pre-edge
peak intensity compared to TiC. With annealing, ighr symmetry is achieved due to
increasing order and the formation and growth & Tiystallites. This is also reflected in the
shift of the edge position to higher energies, ttuecreased electron transfer from Ti to C.
For the 6.5 % a-C:W sample, the WXANES pre-edge also shows a decrease in intensity
with annealing. On the other hand, no significanftsn the edge position is observed. The
XANES of the 1300 K annealed sample is more sintitlathe WC standard than WG.

However, STEM analysis clearly showed the occuresfdooth phases. A XANES spectrum
16
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is a result of all probed atoms and strongly depasrddistortion, crystallographic phase and
crystallite size. Therefore, XANES analysis coutit be applied for phase determination in

the investigated a-C:W films.

5. Summary

In as-deposited a-C:Me films (Me=Ti, V, Zr) withwometal concentrations no carbide
particles could be observed after deposition, &ednmetal atoms are distributed atomically
disperse in the carbon matrix under the here appleposition conditions. The local atomic
environment around the metal atoms was probed b§HSXand becomes similar to the pure
carbides after annealing to 900 K (Ti and V) or@X0(Zr). Samples annealed to 900 K and
higher showed also carbide peaks in XRD. The carlpigrticle size depends on the metal

species: V>Ti>Zr.

For W-doped films, broad peaks can be observethenX-ray diffractograms already after
deposition. However, EXAFS clearly shows that igmsicant carbide clustering is present in
the samples. STEM analysis revealed up to 3 nne l&#@;.x and W,C particles in samples

annealed to 1300 K. This information cannot be dedudrom the XRD data, and shows that

relying only on XRD can lead to wrong conclusioosd-C:W films.
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List of Figure Captions

Fig. 1. X-ray diffractograms of a) 7.5 % a-C:Ti, 86 % a-C:V, c) 7 % a-C:Zr films after

deposition and annealing up to 1300 K. Diffractpmaks for TiC, VC, and ZrC are indicated.

Fig. 2: Crystallite sizes for VC crystallites detened by XRD for a-C:V films with different
concentrations and annealing temperatures up t@ K30Crystallite sizes determined by
TEM are given for three samples. The errors repitetbe uncertainty introduced by the peak

fitting procedure (XRD) or the particle size distrtion (TEM).

Fig. 3: TEM micrograph of a 1.5 % V containing a/Gilm after annealing to 1300 K.

Fig. 4. Carbide crystallite sizes in Ti, V, and dwped carbon films with different metal

concentrations annealed to 900, 1100 and 1300 ke the logarithmic y-scale.

Fig. 5: X-ray diffractograms of 9.5 % a-C:W filmftex deposition and annealed up to 1300
K. Diffraction peaks for the carbide phasesGVWC and WG are shown, the used PDF

card numbers of the ICDD database are indicated.

Fig. 6: a) STEM bright field micrograph of a 9.5 &C:W sample, annealed up to 1300 K.
Electron diffraction of single particles revealedCyy and W,C phase. b) STEM Z contrast

micrograph of the same area as in a).
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Fig. 7: a) Normalized Ti K-edge XAFS spectra of %5a-C:Ti films annealed up to 1300 K
and TiC standard. b) XANES region of the spectra)nThe inset shows the magnified

region of the pre-edge peak

Fig. 8: EXAFS data of the annealing series of the % a-C:Ti sample, after Fourier

transformation of & (k), k=2-8.5 A%, not phase shift corrected.

Fig. 9: EXAFS data of as-deposited a-C:Ti filmshndlifferent Ti concentrations and the TiC

standard, after Fourier transformation g{l), k=2-8.5 A*, not phase shift corrected.

Fig. 10: a) EXAFS data of the annealing serieshef 8.5 % a-C:V sample, after Fourier
transformation of ®&(k), k=2-8.5 A', not phase shift corrected. b) EXAFS data of as-
deposited a-C:V films with different V concentratgoand the VC standard, after Fourier

transformation of &(k), k=2-8.5 A%, not phase shift corrected.

Fig. 11 a) EXAFS data of the 7 % a-C:Zr samplerafiposition and annealing to 900 and
1100 K, and a ZrC standard (after Fourier transéiom of KX (k), k=2.5-8.5 A, not phase
shift corrected). b¥ (k) of the as-deposited sample and backtransfortta¢a for R = 1.1-2.1

A (data range of the first shell) and R = 1.1-3.%d&ta range of the first and second shell).

Fig. 12 a) EXAFS data of the 9.5 % a-C:W samplerafeposition and annealed up to 1300
K, and a WC standard (after Fourier transformation &§(k), k=2-8.5 A!, not phase shift
corrected). b) % (k) for the as-deposited sample and backtransfordatd for R=1.1-2.2 A

(data range of the first shell) and R= 1.1-3.5 Até&range of the first and second shell).
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578 Fig. 13: Normalized W L edge NEXAFS spectra of as-deposited and anne@@K, 1300

579 K) 6.5 % a-C:W films and W standard materials.

580

581

37



