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Multiwavelength Raman spectroscopy analysis of atge sampling of disordered
carbons extracted from the Tore Supra tokamak

Cédric PardanaudCéline Martin, Pascale Roubin

Aix-Marseille Univ, CNRS, PIIM UMR7345, 13397 Maile, France

Abstract—Disordered carbon often exhibit a complex Ramarctsp, with four to six
components. Here, a large variety of disorderetiares, forming a collection of samples
with a great variety of structures, are analysedgusulti-wavelength Raman microscopy
(325.0, 514.5, 785.0 nm). They allow us to exteraimBn behaviour known for nano-
crystalline graphite to amorphous carbons, (deparelevith the excitation wavelength)
and other known for amorphous carbons to nano-atyst graphite, (differentiation of the
smallest cluster size probed using different ekoitawavelengths). Experimental spectra
were compared to simulated spectra, built usingMmntaws, to evidence a new source of

broadening.
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1. Introduction

Raman microscopy is routinely used together witieotechniques to characterize
C-based materials, from nano-crystalline grapmte@) to amorphous carbons, tetragonal
or not (ta-C or a-C), hydrogenated or not (a-C:H-&2). It probes the structure [1] and is
highly sensitive to bonding properties by interjmgtthe 1000 - 1800 c region,
dominated by the G and D bands due fotsjbridization of carbon atoms [2]. The G band
Is assigned to the bond stretching of both aronaattt aliphatic C-C pairs, whereas the D
band (associated with a D’ band) is assigned tdtbathing of aromatic rings. The Raman
analysis of graphite and nc-G clearly shows tha I band exists only when there is
disorder [1], nc-G being most often representedramatic domain of limited size (typical
size named J), referred to as clusters in the following. Théo&nd has been successfully
explained by a double resonance mechanism [3, d] éme to electronic resonance, its
frequency and intensity depend on the excitationelength [5]. Even if the D’ band’s
frequency do not vary drastically with the excuatiwavelength, its origin was found
similar to that of the D band [6]. A dependencetlid D band Raman spectroscopic
parameters with the excitation wavelength was adported in detail for different types of
a-C, a-C:H, ta-C, ta-C:H [7]. In these cases, tlanBn effect is resonant and different
cluster sizes are probed according to the excitatM@velength [8, 9], the lower
wavelength, the lower cluster size. For a-C and:td-Ghe G band width is related to
disorder (cluster size, cluster size distributiahemical bonding) or stress [10]. For

disordered multilayer graphene the G band widtHugam is also related to disorder [11].

Spectra of a-C and nc-G are clearly distinct [0y €éxample, G and D bands are
much broader for a-C (widthl 80 - 200 crit) than for nc-G (width 15 - 40 crit). In

addition their relative intensities (D band intépsbver the G band intensity) strongly



depend on disorder, increasing or decreasing wihsordér increases, for nc-G or a-C,
respectively. Note that to fit nc-G data, additiobands at ~1500 chand at ~1200 cth
are very often needed, interpreted as sp out-of-plane defects, or as an additional
amorphous contribution [12-16], and called respetyiD3 and D4 bands. Raman spectra
thus contain information on disorder [10] such fas size clusters, . [1, 8], the sfisp’
ratio, the hydrogen content [17-19], etc. Correlativith other techniques is thus needed to

get quantitative information, still remaining in st@ases approximate [20].

Based on a multiwavelength analysis, this papeasitevhe Raman spectroscopy of
nc-G and a-C, using a large variety of disorderaohdes which exhibit very different
Raman spectra. Samples are carbon deposits exftifaote the fusion device Tore Supra:
they originate from different places in the machiwéh different deposition and surface
temperature conditions, resulting in a wide ranfiegrowth processes and provide an
extensive continuous sampling over nc-G to a-Cthis paper our aim is to highlight
unexpected similar Raman behaviours between bqtestyof carbon. Samples, data
acquisition and treatment are presented in se@titdata analysis is presented in section 3.
A simple model and a simulation are proposed terpret Raman parameters in section 4

and results are discussed in section 5.



2. Samples and methods
2.1 Samples

We investigated here carbon materials coming frlieenplasma facing components of
the Tore Supra tokamak, both the virgin materidC(Composite, referred to as C/C) and
carbon deposits (referred to as TS) created byntkeaction of the plasma {Dons) with
the plasma facing components [21, 22]. The C/C camgpaised in Tore Supra is a
graphitic material provided by the Snecma Propuls8wlid Company, composed of
carbon fibres embedded in a carbon pyrolytic mawixose properties are more detailed in
[23]. The deposits were collected on different comgnts inside the tokamak and were
studied in detail previously, mainly by Raman micagsy and electron microscopy (nc-G
[24], a-C [25, 26]). They form a wide range of aambmaterials from nc-G to a-C, all
described in more details in [24-26]. We used tleme to get an extensive sampling over

this series of materials to investigate a wide eabigRaman spectra.

We also compared our Raman spectra to the Ramantrapd different types of
plasma-deposited amorphous carbon layers as retelagers: ta-C:H [7], ta-C [27], a-
C:H [26, 28] and ultra nano-crystalline diamondnfl (referred to as a-C/nc-d) which
contain a spamorphous phase [29]. ta-C:H, ta-C and a-C:H kyegre heat treated at
various temperatures after deposition. The stratthranges of ta-C:H occurs at ~ 450 °C:
below this temperature this layer contains ~ 67 %pdtarbon, falling at 20 % at 800 °C
[30]. Conversely the ta-C, even annealed at T =01D, contains 85 % of 3arbon,
leading to a density of about 3.1 g:&nThe a-C:H layer is a typical hard hydrocarbomfil
with a hydrogen content of 33% and a density ofualio7 g crit. The different a-C/nc-d

data correspond to different synthesis conditiémisdetails, see [29]).



2.2 Raman microscopy

Raman spectra were recorded using a Horiba-JobonY¥R LabRAM apparatus
(green excitation wavelength,= 514.5 nm, and UV excitation wavelengih=325.0 nm,
with a 100X and a 40X objective, respectively) amging a Renishaw inVia apparatus
(infrared excitation wavelengtiA =785.0 nm, with a 100X objective). The laser power
was kept at less thad 1mW pum™ to prevent damages and spectra were recorded with
various exposure times to check that samples devamite under irradiation. About 300
samples extracted from Tore Supra, mainly in theodiion zone (see [25, 26]) were
analysed by Raman spectroscopy. Graphitic domamssall (few tens of nm, much
smaller than the laser spot) and randomly orieraed, therefore orientation effect is not

expected to be measured [24].

We analysed here the following Raman parameteesGthand wavenumberg, the
full-width at half-maximum of the G and D bandig, andl p, respectively, and the relative
heights of the D and G bands (R s/Hg). We introduced a scaled parameter by reference
to the green excitation wavelength,: R, = R x (514.5k.)*. In the case of nc-G, G and D
bands are always well separated while in the chae(or a-C like spectra recorded using
green and infrared excitations, G and D bands avadband most of the time overlap.
They can often be correctly fitted by two Gausdands but adding smaller components is
most of the time needed. An alternative way taléita [8] is to use an asymmetric profile
for the G band, called the Breit Wigner Fano pgfiind a Lorentzian profile for the D
band. It is known, but frequently ignored that, eleging on spectral decomposition used,
the number of bands involved in the decomposittbeir profile, the overlapping of the
different bands, or the operator, the experimespattral parameter values deduced can be

very different: in most of the cases there is nainggue way to fit the data. To get a



straightforward picture of Raman spectra, we chusd to analyse the following Raman
data with the raw Raman parameters, i.e. withoattspm decomposition, measuring in
case of overlap only the high-frequency and thefi@guency half-width for the G and the
D bands, respectively. Figure a in supplementafgrination resumes how the raw
spectral parameters were obtained for overlappetl reot overlapped spectra (which
represents two kinds of typical Raman spectra dembivithA =514.5 nm). Note that this

figure also gives a visual proof that Raman paramebbtained by fitting depends on the
spectral decomposition chosen. As we wanted todas problem, we preferred working
with apparent parameters, i.e. without spectrabdgiosition.

Note that in a second step, presented in sectiavedave built simulated spectra,
the corresponding Raman parameters of each bang bkosen realistically and/or using
existing relations between each other found inliteeature. We have then analyzed these
simulated spectra by measuring their raw Ramampeteas exactly in the same way as the
experimental spectra, for comparison. This methwdsgadditional constraints compared
to a classical fit which is not able to distinguisbtween several mathematical solutions
depending on different origins listed above. Figoref the supplementary material gives

four examples of such simulated spectra.

3. Results

Fig. 1 displays typical Raman spectra obtained @€ and TS samples with
A =325.0, 514.5 and 785.0 nm. C/C samples are graptarbons and their D and D'
contributions are significant only for, = 785.0 nm, due to resonance effects [31]. TS
spectra are more heterogeneous: some are simgaCtepectra with broad G and D bands

while some either are similar to nc-G spectra wittll separated G and D bands or look



intermediate, between nc-G or a-C spectra. Fosatiples, G and D bands both broaden

and R = H/Hg increases when excitation wavelength increases.
Figure 1

In Fig. 2vg is plotted againdtg for C/C and TS samples and for reference samples
(AL=514.5 nm). For each type of samples, data poirtse@narkably aligned. C/C data
points are all situated &g 025 cni* andvg 0 1580 cnitt. TS data points continuously
spread either along the positive slope straighg {ifs in the range 20-80 chvg in the
range 1580-1600 cm) or along the negative slope straight lifig {n the range 80-180 ¢m
! Vg in the range 1600-1520 €k Part of TS data points are very close to a-C:k da
points, at slightly lower frequency. This shift che attributed to an isotopic effect as TS
samples are deuterated samples (Note that thehstrgtmode frequency of benzene,
which varies linearly with the number of bonded logbn and deuterium atoms, is 1599
cm’ for CsHg molecules whereas it is 1557 ¢nfor CsDg molecules [32].). This plot
shows thaf ¢ andvg are correlated and, &g is usually used to estimate disorder [10], we

will use only thd g parameter in what follows.
Figure 2

Fig. 3 displays the G band widllg as a function of the scaled intensity ratioRR
x (514.5A.)* for the three excitation wavelengths. In the aafsthe green excitation, C/C
data points line up in the window R = 0.1 - 0.7 &ad- 17 - 30 crif: R increases whelfg
increases, in agreement with previous results [B3¢ linear fit of these data intercepts the
vertical axis at ~ 18 cth This latter value includes the intrinsic widthedto electron
phonon coupling occurring for infinite graphenemaa (~ 11 cm [34]) and an additional

broadening of ~ 7 cth A few TS data points follow the linear relatiasuhd for C/C data



and most of them deviate from it: R increases whgmcreases in the window R = 0.7 -
1.5 and g = 30 - 80 crit. On the contrary, for more disordered carbonse&ehses when
[ increases in the window R = 0.3 - 0.9 drg= 80 - 160 crit. All the green data points,
from C/C to TS, i.e. from nc-G to a-C, are spreatthiww a continuous "banana-like" cloud
of points. UV and near infrared data points are afgread in similar continuous cloud, but
shifted compared to the green data points. Howes@nmon trends between the three
wavelengths are evidenced: this figure clearly masethe validity of the linear relation
observed for green data and significantly reducas dpreading. A similar linear
dependence has been already reported in the came®fforl ¢ in the range 20 - 40 ¢
[31] and also in [35] and has been related to tiegeA * dependence of the intensity of
the G band. The plot of Fig. 3 indicates that tependence is valid also for high &d
probably also for a-C. Note that liic had been plotted against R and ngt BV data
points could appear significantly narrower thanegrelata points, while conversely, near

infrared data points could appear much more spifeatgreen data points.

We show in what follows that a simple model relgtihe width and the relative
intensity with the aromatic domain sizg ¢an provide a consistent picture of the plot of

Fig.3 for both nc-G, a-C and in carbons with sgetund in between nc-G and a-C.

Figure 3

4. Modelling and simulation
The Tuinstra relation [1], valid for nc-G and greeqtitation, is commonly used to
estimate L using:

R=C ! (1a)



with C = 4.4 nm. The authors of [31] have takew #mccount thé, dependence which
leads now to R = €, L™, withey = (\_ / 514.5)*. They have also shown that the G band
width, I, could be approximated for such materials by alinaw:

Fe=Bi+AiLs" (2a)
We thus obtain a linear relation: [c=Bi+A;C'R, (3a)
in agreement with data plotted in Fig. 2 for ncamples. A linear fit of these data leads
here to A 089 nm cm and B 18 cni', whereas for perfect graphites{b) B; is
determined af] 11cmi [36] which indicates the existence of an additidimaadening

compared to perfect graphite.

To fit a-C data, we use the relation proposed bydfieand Robertson [8] for R and
for the green excitation wavelength:
R=C'L’ (1b)
and we model the G band width by:
Fe=Bo+ Ay La" (2b)
Fitting the data found in [37], which has the adege to take into account a large variety
of samples, leads ton0.58. Then a similar dependence withfor a-C than for nc-G has
been taken into account, which looks like the anenfl by [35]. We also used R C' L,
and second, continuity between nc-G and a-G at Ly This finally leads to a non linear
dependence:
o =B+ A, C"2R ™ (3b)
with C' = C Lag> and A = A; Lag"™ + (B2 — By) Lag
With these simple assumptions, we succeed in figH€Q data by only adjusting,B
and Ly (Fig. 3), the intersection of the two fits at R3.6 corresponding to,b[11. 2 nm
(for a value of C=4.4 nm). Note this value of 1/& has to be taken with care as it is

9



related to the chosen value of C. Values of 2 torBwere found for other samples [8, 11].
Then our Iy value may not be the same in other samples. Thd fjpobtained indicates
that ther| dependence of R shared by both a-C and nc-G.

We thus divide TS samples in three groups: pur&npure a-C, and intermediate
samples, these latter samples being those notctigrdescribed by eq. 3a or eq. 3b. We
propose to interpret their spectra as the sum ofdets of bands: one nc-G set composed
of three bands, G, D and D', and one a-C set coatpafstwo bands, G and D. This choice
is supported by previous studies showing the ndedtmducing two additional broad
bands (the D3 and D4 bands, see the introductmri} experimental data. Our method
consists in first, building simulated spectra by iaddthese two sets of bands using
realistic parameters€S, vo', Vo, Te, Mo RL, ...the s-exponent standing for “simulated”),
and second, analyzing these simulated spectrati¢thraw Raman parameters exactly in
the same way as the experimental spectra.

The band shape was chosen Lorentzian for the net@nsl Gaussian for the a-C set.
Positionsvs®, vp°, vp° were fixed to standard values [31] reported ingdpthe dispersion
of the nc-G D band being taken into account. Tliecebf a red shift of the D' band from
the usual position at 1620 €mwas tested and a 5 €nshift was found to have no
significant effect. The scaled intensity ratio beémn the G and D bands, Rwas chosen in
the range of interest, i.e. from 0 to 3 for theGbands and fixed at 0.6 for the a-C bands.
The intensity ratio between the D' and D bands/Hb", was fixed at 0.2. Widths was
then deduced from eq. 3a and 3b whefaadl - was fixed at 2 for the two sets of bands

(a value of 1 was also tested with no significamluence on apparenis and R

parameters) anfip’ arbitrarily chosen equal o This latter hypothesis was tested to

have no significant consequence in the simulat@imanges in the simulated spectra were

10



thus investigated only by varying_?—hnd the relative weight of the two sets of bamds,
defined here as the ratio between the G band mamioiuhe a-C component and that of

the nc-G component. An additional broadening ofrtbes bands, equal for the G and the

D bands] adds, was introduced.
Figure 4

Fig. 4 displays experimental (points) and simuldtews) Raman parameters in the
(R, o) plot in the case of the green excitation. Theveuat lowl g (Mg < 80 cn),
simulation S1, is obtained by only taking into asebthe nc-G set of bands®(= 0) and by
varying R° from 0 to 1.75. Fof g < 30 cm this curve corresponds to the straight line
given by eq. 3a. For largdrig, a deviation appears, which qualitatively reprauthe
experimental trend in the window 30l < 80 cm', 0.5 < R < 1.4. The origin of the
deviation from a straight line is merely the appateroadening of the G band due to the
presence of the D' band. To reproduce the expetahgands at largdrg, introducing the
a-C set of bands is needed, as shown with simul&f°® varying from 0 to 1 and R
being fixed at 1.5). Note that foy® values larger than 1, simulated parameters became
inconsistent with experimental parameters. Finatlycorrectly simulate spectra withg >
80 cm* and R < 1.0, an additional broadeniﬁgddS is introduced for the G and D bands of
nc-G, (simulation S5n° varying from 0 to 1, R fixed at 1.15 and agd equal to 30 cm).
Fig. 4b is a zoom of Fig. 4a where the resultsiwofutations with various Rand Magd
reproducing experimental data are reported. Rerbbrkthere is a linear relation between

R.° andlaqd, Maas decreases when Rncreases (Fig 4c).

These simulations thus show that the main trehdgermediate sample data can be

reproduced (i) by a single set of nc-G bands,ipbyi adding an a-C component to this set,

11



or (iii) by adding a band broadening to the bandiwidefined by eq.3a and 3b, or (iv) by
combining (ii) and (iii). To summarize, data poiftiowing the straight line described in

Fig. 3 (lower line) are from pure nc-G samples ahe to the broadening induced by the
D' band, data points deviating from this line cdspacorrespond to pure nc-G samples.
Data points following the upper continuous lineatdxed in Fig. 3 correspond to pure a-C
samples (not simulated here) while intermediatea dadints can be simulated as a
combination of nc-G and a-C samples, either withwothout an additional band

broadening.
5. Discussion

We first focus on data correctly fitted by the tlaws described by eq. 3.a and 3.b,
i.e. pure nc-G or “pure” a-C samples. We show tieae theh * dependence of the R ratio
which has been reported and explained for disoddgraphene [35] and nc-G is probably
also valid for a-C. Raman properties of a-C areeetqdl to be those of the’sparomatic
part of the material and thus it could be not denpg that a-C, as long as aromatic clusters
are large enough for solid-state and quasi-peripdiperties to exist, share some Raman
signature with nc-G. In the case of the nc-G dataectly fitted with eq. 3a (straight line
of Fig. 3), the maximum value of Rncreases when the excitation wavelength decreases
(R.=0.2, 0.6, 3, foh = 785.0, 514.5, 325.0 nm, Fig. 3), Rcreasing when Ldecreases
(eqg. 1a): this is consistent with what is generakpected for a-C materials [38] for which
the smaller laser wavelength, the smaller aromeltisters probed, contrary to what is
expected for perfect graphite, for which electrobends cross linearly and resonance
always exists [3]. To conclude this part, we habaimed strong evidences that the frontier
between nc-G and a-C is less clear than expecye\Vealing first, thé\.* dependence of

the R parameter of a-C samples, previously knowndfsordered graphene and nc-G
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samples, and second, the laser wavelength setgativiRaman spectra according to the
cluster size of nc-G samples, previously known dalya-C samples. Our results are then

in agreement with results obtained on bombardedilayer graphene [11].

Data not correctly fitted by eq. 3a and 3b corregptmmore disordered carbons.
Remarkably, the main experimental trends can beectty simulated for the three
excitation wavelengths used with a limited numbkfree parameters in addition of the
relative intensity R of the D and G bands (related@s by eq 3.a). The first parameter is
the relative intensity ratio between the D and Rhds: deviation from the straight line
describing nc-G (eq. 3a, Fig.3) is explained byapparent excess of broadening of the G
band due to the presence of this D' band. The slegarameter is the ratpbetween an a-

C component and the nc-G component. This amorpleoaogponent, composed of two
bands at]1500 cni and atC 1300 cnt, has been often needed to fit Raman spectra of
disordered carbons [12], and correspond to the B8 @4 bands of [14]. The third
parameter is an additional broadeninggfor the nc-G component. To better fit all the
data, which is beyond the scope of this paper,radfliee parameters such as the a-C
component parameters (position, width, and relahtensity of the two bands), or such as
an independent variation of the G and D band widtbsld certainly be needed. In the
case of green excitation, we have found a remagkablrelation between Rand the
additional broadening of the nc-G componehfgy (Fig. 4c): INaqq inCreases as R
decreases, i.e. as the aromatic cluster size sesdaq is likely related to disorder, and
consistently, disorder may be larger for large telushan for small cluster, due to the
difficulty to accommodate large aromatic areas imlisordered material. This can be

related to another property, that no contributiare do disorder such aS,qq Or a-C
13



component is needed to add to reproduce UV spettna-G (UV preferentially exciting
small clusters). Raman spectra reveal disorder ¢irdwo types of signature, (i) the D
band which is associated to the famous relatiowéxn L, and the relative intensity of the
D and G band, and (ii) the a-C additional componalsp known as the D3 and D4 bands
[14]. These two types of signatures can be relaigwo types of disorder. The former is
attributed to the limited size of clusters, or mgemnerally, the limited in-plane coherence
of the aromatic domains [1, 33, 39], whereas tlieras often attributed to out-of-plane
defects [12, 40] such as®spybridization influence, local curvature, or amusce of off-
planar defects. We have shown here that the additibbroadening ,q4q IS most probably
related to disorder similar to that evidenced by dh€ component, i.e., to out-of-plane
disorder. The main difference between nc-G and begond the mean size of aromatic
clusters, can thus be represented by the way #reseatic domains are limited, i.e. with
or without out-of-plane defects and roughly speakitig quantity of in-plane disorder
could thus be estimated using the R ratio whereagjtiantity of the out-of-plane defects

could be estimated using theatio.
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List of captions

Figure 1. Typical Raman spectra of C/C (dark) and TS (gsaples for (a). = 325.0
nm, (b) 514.5 nm and (c) 785.0 nm. A linear backgb was subtracted. Spectra were

normalized.

Figure 2. G band wavenumbevg, as a function of G band widthg: comparison of C/C
and TS samples with reference samples (sectioa40:H [7], ta-C [26], a-C:H [25, 27]

layers, and a-C/nc-d [28}, = 514.5 nm. Straight lines are guides for the eyes.

Figure 3. G band width[ g, as a function of the -scaled relative intensity, R= R x
(514.5A,) *, with R = Hy/Hg, for C/C and TS samples, fag = 325.0, 514.5 and 785.0
nm.The inset is a zoom at ldws. The grey straight line is the linear fit of ncdata (eq.

3a) and the upper grey line is the fit of a-C data 3b).

Figure 4. Simulations of Raman parametexs{(514.5 nm). Simulation S1 is obtained
with a pure nc-G component by varyingSF{rom 0to 1.75 (eq. 3a). Simulations S2 to S6
are obtained by adding to a nc-G componentséRl.SO, 1.15, 1.25, 1.20, 1.05, resp.) an
a-C component®= 0 to 1, squares are fgf = 0) with the introduction of an additional
broadening I'(adds =0, 30, 20, 25, 40 ciresp.) (a) Same as Fig. 3 (b) zoom of Fig.4a. (c)

relation betweel .44 and R°®.
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Table 1.Parameters of the simulated spectra for the twdeands:

nc-G (G/D/D' bands) and a-C (G/D bands)%325.0,°514.5,°785.0 nm

oc’ (cm?) | op'(emY) | op(em) | Hp/Hp' R Mo oo
nc-G 1590 1420 1620 0.2 2(1)
nc-G 1590 1350 1620 0.2 2 (1)
nc-G 1590 1315 1620 0.2 2 (1)
a-C 1550 1300 - - 0.6 2 ()
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SUPPLEMENTARY INFORMATION
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Figure a. Two kind of typical Raman spectra of T8ugra Samples, measured usinghtreb14.5 nm laser.
(a, b) Not overlapped bands. (c, d) Overlapped fahke raw parameters (i. e. apparent parameters) a
defined in each case. Two spectral decompositiatisandifferent number of bands have been compiared
the two cases, to show that it can leads to mohessrdifferent solutions.
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Figure b. Simulated spectra for=514.5 nm. A a-C and a nc-G component have beeadaddost of the
Raman spectral parameters have been fixed (seersdadn the text for more details). The parametbes
have been changed here agé &t the nc-G component afidqd. The ratio between a-C and nc-G was fixed

atn®=0.2. (a)R°= 1.15,M.e¢ = 0 cm™. (b)R°= 1.5, ¢ = 0 cm™. (C)R°= 1.15, .5 = 30
cm. (d)R°= 1.05, ¢ = 40 cn™.
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