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Resonant Raman spectroscopy of disordered, amorphous, and diamondlike carbon
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The Raman spectra of a wide range of disordered and amorphous carbons have been measured under
excitation from 785 to 229 nm. The dispersion of peak positions and intensities with excitation wavelength is
used to understand the nature of resonant Raman scattering in carbon and how to derive the local bonding and
disorder from the Raman spectra. The spectra show three basic featurBsariokc around 1600 and 1350
cm™ ! for visible excitation and an extrd peak, for UV excitation, at-1060 cm L. The G peak, due to the
stretching motion o§ p? pairs, is a good indicator of disorder. It shows dispersion only in amorphous networks,
with a dispersion rate proportional to the degree of disorder. Its shift well above 1608 wnder UV
excitation indicates the presencesy chains. The dispersion of tH2 peak is strongest in ordered carbons.

It shows little dispersion in amorphous carbon, so that in UV excitation it becomes like a density-of-states
feature of vibrations osp? ringlike structures. The intensity ratigD)/I(G) falls with increasing UV exci-

tation in all forms of carbon, with a faster decrease in more ordered carbons, so that it is generally small for UV
excitation. TheT peak, due tep® vibrations, only appears in UV Raman, lying around 1060 tior H-free
carbons and around 980 ¢tin hydrogenated carbons. In hydrogenated carbonssfi€-H, stretching
modes around 2920 chi can be clearly detected for UV excitation. This assignment is confirmed by deute-
rium substitution.
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[. INTRODUCTION This implies that understanding the resonant Raman process
in carbon systems will give a powerful, fast means for their

Carbon is unique in that simple changes in its local bondstructural and electronic characterization. For example, MW
ing can give rise to materials as diverse as diamond, graptRaman has recently been used to distinguish the metallic and
ite, fullerenes, carbon nanotubes, and disordered, nanostrusemiconducting forms of single-wall carbon nanotulfe's.
tured and amorphous carbons. These materials have lahas also been used to investigate the origin of the peaks at
remarkable range of mechanical, electronic, and electro~1150 cm ! and~1450 cm ! in nanocrystalline diamontf.
chemical properties and many possible applicatfoist is In amorphous and disordered carbons there are very few
thus very useful to develop fast, reliable, and nondestructivetudies using multiple wavelengths. Graphite, disordered
techniques to probe the key parameters that control theigraphite, and glassy carbon were studied by MW Raman by
physical behavior. Vidanoet al® and others/~??Ramsteiner and co-workef3,

We are interested in amorphous carbons. We define diaroshikawaet al,?* Tamoret al,?® and Pocsilet al2° studied
mondlike carbon(DLC) as an amorphous carboa-C) or  diamondlike a-C:H. Callejet al'® made the first resonant
an hydrogenated amorphous carb@a@:H) with a signifi-  Raman study of diamond, Wagner and co-work&tsgave
cant fraction ofsp® bonds.a-C:H often has a rather small the MW Raman spectra of microcrystalline diamond and
C-C sp® content. DLC’s with highessp® content are called Bormettet al?® extended this to the UV.
tetrahedral amorphous carbdta-C) and its hydrogenated The Raman spectra of all carbons show several common
analog ta-C:H. The key parameters of interest in such matdeatures in the 800—2000 crhregion, the so-calleG andD
rials are(1) the sp® content;(2) the clustering of thesp? peaks, which lie at around 1560 and 1360 ¢nfor visible
phase;(3) the orientation of thesp? phase;(4) any cross- excitation, and th@ peak, seen for UV excitation at around
sectional structure; an¢b) the H content. Thesp® content 1060 cm L. TheG andD peaks are due top? sites only. The
alone mainly controls the elastic constants, but films with theG peak is due to the bond stretching of all pairsef atoms
samesp® and H content but differensp? clustering,sp?  in both rings and chain$The D peak is due to the breathing
orientation or cross-sectional nanostructure can have differmodes ofsp? atoms in rings. Th@ peak is due to the C-C
ent optical, electronic, and mechanical properties. sp® vibrations and appears only in UV excitation.

Raman spectroscopy is a popular, nondestructive tool for Although Raman spectroscopy of carbons has continued
structural characterization of carbchs? It is traditionally  for 30 years, there have been significant advances in our
carried out at wavelengths in the blue-green spectral regionnderstanding recently. Firstly, C-€p* vibrations were di-
(488-514.5 nm but multiwavelength RamafMW Raman  rectly detected by UV Raman spectroscépyf This should
studies are becoming increasingly used. Indeed, Raman scatow the sp> content to be derived and it is a major moti-
tering from carbons is always a resonant process, in whickation to study the UV Raman spectra of carbon fifths®
configurations whose band gaps match the excitation energy The second major advance is the understanding of the
are preferentially excited. Any mixture sfp®, sp?, andsp'  origin of theD peak. It was empirically proposed that the
carbon atoms always has a gap between 0 and 5.5 eV, apeak arises as a resonant Raman coupling to the phonon of
this energy range matches that of IR-vis-UV Raman systemsvave vectorgq when it equals the wave vectrof the elec-
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tronic transition excited by the incident phottéit®?'We  vacuum arqFCVA).*? It has ~88% sp®, as determined by
called this &= q “quasiselection rule,” since it qualitatively electron energy loss spectroscoELS) and a uniform
explains the observed trends, but the physical mechanismross section, as shown by x-ray reflectivityA typical ta-
behind the resonance was not fully understddriecently, C:H film was grown by an electron cyclotron wave reso-
Thomsen and Reic¢A showed that th® peak arises from a nance source, from 4, and had~30% hydroger{* We
double resonant Raman process. The double resonance cdhen annealed the same sample in vacuum in 100 °C steps
dition effectively corresponds to le=3 g condition, rather  until complete graphitization, following the H content by hy-
than the previou&~q condition, as can be derived straight- drogen effusion measuremefitsand the sp® content by
forwardly from Ref. 39 given the relative size of the photon EELS?® This allowed us to follow the evolution of the Ra-
and phonon energies. Reference 39, however, proposes thratin spectra in a system with knovep® and H content.
any phonon mode satisfying the~%q condition can give Furthermore, unlike ta-C that only transforms at very high
rise to theD peak, irrespective of the symmetry. In this papertemperature®? ta-C:H transforms more gradually with most
and Refs. 9, 37, and 38, it is important to note that the changes occurring between 400 and 800 °C.aA@ sample
~ 1 condition does not affect our conclusions on the naturavith low sp® content and band gap was produced by mag-
of the D peak and on which optical branch contributes to thenetron sputtering’ Two a-C:H films were grown by plasma
peak? in contrast to what is stated in Ref. 39. Reference 3%nhanced chemical vapor deposition from CHDne dia-
only generalizes the concept af, in case of graphite to mondlike a-C:H sample had 30-35% H an¢60% sp®
being an interdefect distance. content® and a Tauc optical gap 6f1.5 eV. The other poly-

A complete theory bridging between the double resonancenerica-C:H sample had an estimated H content of 40—50 %
in graphite and the dominant Raman intensities of the breathand a gap of 3—-3.5 eV.
ing modes of clusters of sixfold rings, both giving rise to the All these films generally have a surface layer of lower
D peak in graphite and in amorphous carbons, does not yefensity not exceeding 2 nm thicknéSs; part from the sput-
exist. This possibly will have to consider in detail the tran-tereda-C, but in this case the bulk properties are not mark-
sition between clusters and the crystalline counterpart. Howedly different from the surface oné$Cross-sectional uni-
ever, for disordered carbons, one can map the energy levelermity is crucial if we wish to relate UV Raman spectra to
and vibration modes of carbon clusters onto those obulk properties, since UV excitation probes just the topmost
graphite® 1/L ;& k and 1L < q, whereL, is the cluster size  ~10-15 nm of the samples at 224 nm. UV Raman spectros-
or in plane correlation length. This is the basis to explain thecopy is thus the preferred technique to probe surface proper-
origin and dispersion of thB peak in carbons and to derive ties, e.g. when surface treatments are used.
the real space motiongoreathing modesof the phonons
giving rise to this band:*°**We could thus propose a three- _ _
stage model to relate the visible Raman spectra of disordered B. Raman instrumentation

and amorphous carbons to their local bonding. Unpolarized Raman spectra were acquired\at 229,

In contrast to graphite, there is little MW Raman data forp44, 325, 351, 458, 514.5, 532, 633, and 785(BmM1-1.58
amorphous carbon. This paper aims at filling this gap byev) using a variety of spectrometers. The UV Raman spectra
providing Raman spectra of a wide range of amorphous cart 229 and 244 nm were excited using an intracavity,
bon films, excited over a wider range of wavelengths tharfrequency-doubled Ar ion laser and the 325 nm with a He-Cd
previous studie$5.41-1.58 eV, or 229-785 nmWe show  |aser. The spectra were collected using two Renishaw micro-
that the peak dispersions & C, ta-C, ta-C:H, diamondlike Raman 1000 spectrometers on a 40X objective, with 229,
a-C:H, and polymeri@-C:H can be considered as canonical 244, or 325 nm filters, and an UV-enhanced charge-coupled
cases in the ternary phase diagram of the disordered C:Hevice (CCD) camera. The spectral resolution was about
systent'! We propose to explain the trends in peak positions4—6 cnit at 244 and 325 nm, but rose to 12—15 ¢nfor
and intensities by extending our three-stage mbttebpec- 229 nm excitation. All the UV spectra must be corrected by
tra excited at many wavelengths. A main conclusion is thatubtracting the system response signal, obtained by measur-
the spectra and their dispersion are characteristic of eaghg a background spectrum with an Al mirror and normaliz-
type of carbon, while their single-wavelength Raman specing to the atmospheric ;\vibrations.
trum may be indistinguishable. We then show how a two- The power on the sample was kept well below 1 mW.
wavelength(visible-UV) study can provide most of the in- Sample damage is an issue in Raman measurements, particu-
formation on the fraction and order e’ sites in carbons. |arly for UV excitation. Raman spectra were thus collected
UV Raman spectroscopy also directly probes the C-H bondpy varying acquisition times, both with and without sample
ing in carbons, which is not easily accessible by lower enyotation. For the polymeria-C:H samples a very small dam-
ergy excitation. age in the center of the laser spot was sometimes unavoid-

able. In order to be sure that the signal we measured is a
Il. EXPERIMENT genuine feature o&-C:H samples, we performed measure-
ments with samples rotating at a very high spéed000
rpm) with a randomXY movement superimposed. In this

We have analyzed a variety of carbon samples. As weavay acquisition times up to 60 s could be reached without
focus on general trends, we discuss only selected cases.ahy visible damage and no change of the signal shape. The
ta-C sample was grown by aB-bend filtered cathodic spectra were the same as those derived with static extremely

A. Samples
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FIG. 2. MW Raman spectra of a ta-C:H sample witf0%sp®
and~30% H. TheG andD peaks’ dispersions are indicated. The
gteak at~980 cm ! is also shown. Note that it does not disperse
excitation energy, but just rapidly falls in intensity with decreasing
excitation energy, as expected for ap® VDOS. For the lower
excitation energies the contributions from the Si first- and second-
order modes are also seéRef. 67).

FIG. 1. MW Raman spectra of a ta-C sample wit88% sp°.
The G peak dispersion is indicated. THepeak at~1060 cm ! is
also shown; note that it does not disperse excitation energy, but ju
rapidly falls in intensity with decreasing excitation energy, as ex-
pected for arsp® VDOS. Note also the double structure which is
evident at 325 nm excitation, with a lower frequency peak 00
cm™ ! (see text For the lower excitation energies the contributions
from the Si first- and second-order modes are also §eeh 67).
man spectra for thin carbon films (ig i This could be
. . overcome by depositing samples on"Abut we focus here
brief measurementgl -3 s long with less than 0'3_ mW on on a well-characterized set of samples on Si. For this reason,
the sample We also measured less than 2-nm-thiciC:H 1 n5t spectra at 785 nm for the less near-IR absorbing

samples and yet obtained a similar spectral shape. Onlyamples have a strong PL contribution and thus will not be
longer acquisition times with no sample rotation caused cleakqsidered further.

damage, the main effect being an increase of intensity in the The |east noisy spectra were acquired using Renishaw
D peak region, followed by a general intensity drop corre-gystems, thanks to the extended scanning and to the high
sponding to the sample being totally removed in the area ofcp throughput. We will see how the trends in the Raman

the laser spot. The reproducibility of the UV Raman spectrgyata are apparent over a few different excitations. Hence, as
of a-C:H films when no visible damage was observed allowsye are interested in peak dispersions over a broad energy

us to take them as representative of the material. Any posynge, we rely on the best spectra obtained with Renishaw
sible local photoinduced transformation would happen in thesystems.

micro-to nano-second range, but still allows us to distinguish
the different starting materials.

Two other Renishaw systems with a>s6@bjective were lll. RESULTS AND DISCUSSION
used to acquire spectra at 514.5 Ar ion lase), 633 nm :
(He-Ne laser, and 785 nm(diode lasexr. A Yobin-Yvon A. Spectra of canonical systems
T64000 triple grating spectrometer with aX5®@bjective was Figures 1-7 show the Raman spectra of various samples.

used to acquire spectra at 514.5 ffr ion lasey and 532  Figures 4 and 5 present the spectra of the ta-C:H sample

nm Nd-YAG laser. A Dilor XY with a 50x objective was annealed at 600 °C and at 1000 °C. ta-C:H has lost all its

used to acquire spectra at 458 and 351 nm from an Ar-iomydrogen and is completely graphitized by 1000*°¢3 The

laser but without a UV-enhanced CCD camera. This causebllydrogen evolution and structural changes start at 600 °C

the 351 nm spectra to have lower quality than the 325 nmand occur mostly from 600 to 800 &:#¢

ones. Care was taken to avoid sample damage and typical Figure 7 shows the spectra of the polymeaicC:H. The

resolution was 3—6 cnt. increasing photoluminescence overshadows the Raman spec-
We also tried to acquire spectra using an FT-Raman spedrum for excitation wavelengths over 351 nm. Thus, for poly-

trometer at 1060 nm excitation. However, PL masks the Rameric a-C:H, UV excitation is needed for Raman studies.
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FIG. 3. MW Raman spectra of a sputteradC film with less
than 20%sp®. The G andD peaks’ dispersions are indicated. Two

extra peaksl; andL,, around 400 and 800 ¢ are also indi- onset of major H effusion anslp® to sp? conversion(Refs. 45 and

cated; these are typical of losp® a-C (Refs. 68 and 66 We do . . -
not discuss them in this paper. For the other samples shown in th%e)' The G andD peaks'’ dispersions are indicated. Thepeak at

A : . . . ~2980 cm ! is also shown. For the lower excitation energies the
other figures, no other peak is evident in the low-frequency region L o
. S tontributions from the Si first- and second-order modes are also
so this region is not plotted.

seen(Ref. 67).

FIG. 4. MW Raman spectra of the ta-C:H film of Fig. 2 an-
nealed post-deposition in vacuum at 600 °C. This temperature is the

The drawback is the high absorption, which quickly leads to  To obtain the positions and intensities of GeD, andT
damage. However, we analyzed a series of samples with diffeaks, we fitted the spectra using a combination of a Breit-
ferent band gaps from 2 to 3.5 eV and H contents from 1894Vigner-Fano(BWF) and a Lorentzian for the&s and D
to 37%%° A clear correlation betweefs position and the peaks’ We used another Lorentzian for tiiepeak, when
band gap and H content could be establisteshowing that ~ Present. The peak position was chosen as the maximum of
no significant damage is present, as discussed in Sec. I %19 BWF. The BWF+Lorentzian combination for th® and
Note that very intense visible luminescence was observed fo ”ptﬁaks |sba con\;er“ent chc_)lce,vfllnce tlt FE[YhO\{[l?ﬁS gEOd fits forf
UV excitation in the most polymeria-C:H; this lumines- at the carbons at all energies. Jve note hat e skewness o
cence was weak for diamondlilkee C:H and not observable the BWF strongly reduces going towards UV: excitation,
for taC-H where it is not distinguishable from a Lorentzian. From Figs.
T . 1-7 it is immediately clear that each system exhibits a dif-
The spectra in ge_ne_ral show three fe_altures, around 1566, ant dispersion of peak,D peak,|(D)/I(G), and has a
1360 (for visible excitation, and 1060 cm™ (detected only itterent| (T)/I(G). We defind (D)/1(G) andI(T)/I(G) as
in UV excitation, which are labeled as th®, D, andT  peak heights ratios and not as peak areas ratios.
peaks, respectively. The andD peaks are due tep” sites To rationalize these results we extended to multivave-
only. TheG peak is due to the bond stretching of all pairs of |ength excitation the three-stage modethich was used to
sp? atoms in both rings and chaifihe D peak is due to the understand trends in the visible Raman parameters. This con-
breathing modes of rings. ThE peak is due to C-Gp>  siders an amorphization trajectory consisting of three stages
vibrations and appears only for UV excitation. The trends infrom graphite to Ta-C (or diamond: 1) graphite
the D, G, andT peaks are indicated in Figs. 1-7. Sections—nanocrystalline graphite (nc-G); 2) nanocrystalline
l11B and 111 C focus on the trends in th& andD peaks. We  graphite~sp?a-C; 3) a-C—ta-C(— 100sp’ta-C, defected
will discuss theT peak in Sec. Il E. diamond. Broadly, stage 1 corresponds to the reduction of
For visible excitation, the p? sites have such a high cross the in-plane correlation length, within an ordered graphite
section that they dominate the spectra, i sites are in-  layer. Stage 2 is the introduction of topological disorder into
visible and the spectrum responds only to the configuratiothe graphite layer. Stage 3 is the conversiorspt sites to
or order of thesp? sites. As the excitation energy rises, two sp® sites and the consequent changesgf configuration
effects occur, resonance causes the excitation of tapée  from rings to chains.
configurations with a wider gap, and then in the deep UV the We note that any features abovel360 cm* cannot be
modes ofr states of C-C bonds and C-H bonds are clearly seerdue to C-Csp® vibrations® Thus, it is clear that the presence
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FIG. 6. MW Raman spectra of a diamondlikeC:H sample

FIG. 5. MW Raman spectra of the ta-C:H film of Fig. 2 an- . .
P 9 with an sp® content of~60%, Tauc optical gap-1.5 eV and an

nealed in vacuum at 1000 °C. At this temperature complete H effu-__. \
sion andsp® to sp? conversion has happendRefs. 45 and 46 estimated H content of 30—35 at. ®Ref. 4§. The G andD peaks

. . . . __ 71 .
The G and D peaks’ dispersions are indicated. For the lower exci-dlSperSlonS are |qd|gated. TFfepeak at 98(.) cm 1S also shovv.n..
For the lower excitation energies the contributions from the Si first-

tation energies the contributions from the Si first- and second-order
modes are also sedRef. 67. and second-order modes are also sg@ef. 67).

N . . . . correspondingly higher vibration frequencies. A clear dem-
of G peaks_m Figs. 1-7 means tl_Ep'. vibrations still d_oml onstration of this is seen in Fig. 9, which plots tBedisper-
nate even in the UV Raman excitation. In the following sec-_. : _1 : .

. S ; sion (in cm */nm) against annealing temperatufig,, for

tions we will discuss thé&, D, and T peaks, extending the ta-C:H. Here. the slope decreases with increadina be

three-stage model to multiwavelength excitation. U ! P B
cause the disorder decreases.

The G peak dispersion separates the materials into two
B. The G peak types. In materials with onlgp? rings, theG peak dispersion

Figure 8 shows the variation o peak position with ~saturates at a maximum of1600 cni*, the G position in
excitation wavelength and energy. Data on ta-C:H annealetic-G. In contrast, in those materials also containgyf
at 400 and 500 °C are added for completeness; they resembtbains, particularly ta-C and ta-C:H, tit&@ peak rises past
the G dispersion ina-C:H of different band gaps found by 1600 cm ' and can reach 1690 chat 229 nm excitation in
Tamoret al?® ta-C. This highG peak position can only be due to short,

The G peak does not disperse in graphite itself, nc-G orstrained G=C bonded chains, if one notes that the=C
glassy carbori® 202225The G peak only disperses in more stretching vibration in ethylene is at1630 cm *. This is the
disordered carbon, where the dispersion is proportional to théirst direct evidence of the presencesgf chains in ta-C, so
degree of disorder. This is an important finding, by which thefar only predicted in structural simulatios:>® Thus, UV
physical behavior of thés peak in disordered graphite is Raman gives not only a more evenly weighted probs of
radically different from amorphous carbons, even though th@ndsp? sites, but also an evenly weighted probe of rings and
G peak positions might accidentally be the same at somehains. It is not biased towards? configurations of lower
excitation energy. Th&s peak in graphite cannot disperse band gap.
because it is the Raman-active phonon mode of the crystal. A similar dispersion of the C-C stretching modes occurs
In nc-G, theG peak shifts slightly upwards at fixed excita- in transpolyacetylen&:>® In contrast, the C-C stretching
tion energy due to phonon confinement, but it cannot dismodes have no dispersion in polyparaphenyléndonded
perse with varying excitation energy, still being a density ofchains of benzene ring3® This is because ther electrons
states feature. Th& peak dispersion occurs only in more are confined to each benzene ring, and do not delocalize
disordered carbon, because now there is a range of configalong the chair® Only the introduction of a heteroatofor
rations with different local band gaps and different phonondisordey allows 7 delocalization and thus dispersidh.
modes. The dispersion arises from a resonant selection of Figure 8 shows that th& peak dispersion is roughly lin-
sp? configurations or clusters with wider band gaps, and ear with the excitation wavelength, but not with excitation

075414-5



A. C. FERRARI AND J. ROBERTSON PHYSICAL REVIEW B4 075414

— — — — 0.35 . . _ .
olymeric a-C: 351 n r
g 0.30 _‘/.\.\. Annealed ta-C:H |
500 = |
£ o025} 1
= |
S o020} 4
@ L Y
400 |t 2 o015t .
o 0.10
= o010} i
c - L) 4
S 300 o 009 el .
£ 0.00 e
3 I I L 1 N 1 N
= 0 200 400 600 800 1000
[72]
S 200 Annealing Temperature (°C)
c

FIG. 9. G peak dispersion for ta-C:H samples annealed at in-
creasing temperatures. Tleaxis is the slopdin cm™Ynm) of the
linear fit to theG position vs excitation wavelength data for ta-C:H
of Fig. 8@ and for the remaining annealing temperatures, not
shown in Fig. 8a).

100

D G

L energy. This is t_)ecause '_[hfé mode upper Iim_it is set by
600 900 1200 1500 1800 2100 configurations W|§h the widest band gap, which cannot pe
exceeded for a given structure, no matter how much we in-
Raman Shift (cm™) crease the energy. As tl@& dispersion is proportional to the
degree of disorder, th& position becomes less sensitive to
FIG. 7. MW Raman spectra of a polymeaeC:H with an es-  the gap with increasing excitation energies, since the gap is
timated H content of 40-50 at. % and a gap of 3—-3.5 eV. Note th%lue to the more de'oca”za:pz Structuresl_lg
increasing PL background for decreasing excitation energy. Spectra Figure 10 shows the full width half maximugEWHM)
collected at wavelengths longer than 351 nm just show the lowyf the G peak. The FWHM decreases with increasing exci-
energy PL tai(Ref. 9 and are thus not plotted. Ti@andD peaks’  tation energy. This can be understood by noting that the gap
dispersions are indicated. of a-C is 0.5-1 eV and can reach 3.6 eV for ta-C. This
means that a narrower distribution of higher ga® clusters
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FIG. 8. Dispersion ofs peak vs excitation wavelengtbottom
x axis) and vs excitation energifop x axis) for a series of template FIG. 10. Dispersion of the FWHM of th& peak for a series of
samples. The series of ta-C:H, as-deposited and annealed at varioigsnplate samples. The series of ta-C:H, as deposited and annealed
temperatures is marked by dotted lines. at various temperatures, is marked by dotted lines.
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Amorphization Trajector o .
P I y hysteresis in stages 2 and 3 for two typical wavelengiig.5 and

FIG. 11. Amorphization trajectory, showing the schematic varia-244 nm. The regions span by hysteresis at 514.5 and 244 nm are
tion of G position for four typical wavelengths. evidenced by lines. Note the different shape of the hysteresis region
for UV excitation: aninversion of the trends happens, with the

. . . o . . highest shift Vis-UV for samples having the least-ordereg?
is probed for increasing excitation energy, which results in Bhase(see text

smaller width. Note also that at a fixed wavelength, ta-C has

the largestG width, as it has the largest disorder or largest

range of clusters. On the other hand polymed€:H has a C. The D peak and| (D)/1(G)

very narrowG peak, consistent with the low disorder in this ~ TheD peak arises from the breathing motionsaf rings.

material deposited at low ion energie¥. I(D)/1(G) is highest for IR excitation, and it decreases
This range of behaviors of th® peak can be understood strongly at higher excitation energy. Although there istho

within the three-stage mod@las shown in Fig. 11 for four

typical wavelengths. 40—
In Ref. 9 we showed that following the reversedering b e 244
trajectory, from ta-C to graphite there can be hysteréses, 1680 -\. —o—5145|]
sp? clustering or# electron delocalization without a corre- I e — 1
spondingsp>—sp° conversion. For visible excitatiorsp? 1660 |- \ T

clustering and ordering will alwaysaise the G peak in — i .

stages 2 and 3. In contrast, in UV excitation, increasing clus- £ 1640 i i

tering lowersthe G position, as noted above. This is shown g 1620 1 B

schematically in Fig. 12. Comparing visible to UV excita- E= .

tion, there is arinversionof the trends. This is another re- £ 1600 L 4

markable result, since it allows for a distinction of samples o A

that, although having different structures, may accidentally 1880 00— 4 o 4

show very similar Raman spectra at a certain wavelength. \o 1
The detection of a trend inversion can be used to derive 15600 > 4 6 5 10 12 14

the amount of clustering of thep? phase. If two samples
have a similaiG position in visible Raman spectra but very
different ones in UV Raman spectra, the sample with the r15 13 G peak position(measured at 244 and 514.5 nws
lower G position in the UV has morep? clustering. Astrik-  pirogen contentat. 9% for ta-C:N samples deposited witrebend

ing example of this is nitrogen introduction #bend FCVA  Fcya (Ref. 42. The nitrogen content was estimated from XPS
ta-C films, for low N contents. There, to an almost zero(ref. 42. Note that to an almost zero change of Gipeak position
change in theG position for 514 nm Raman spectra with at 514.5 nm, corresponds an almost linear decrease with N at 244
increasing N content, corresponds a clear linear decrease @in. This is a clear example of inversigeee text MW Raman

G peak in the UV Raman spectra, Fig. 13; this will be dis-spectroscopy of N containing samples will be discussed in detail
cussed with more detail elsewhere. elsewhere.

Nitrogen (at. %)
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FIG. 14. Di ) HDVI L | h FIG. 15. Dispersion oD peak vs excitation wavelength for a
.G' f' Ispersion o (D) (IG) vshexcna_tlon vaave gngt ((le’ series of representative samples. The series of ta-C:H, as deposited
a series o representatl\{e samples. The SEeries o ta-C:H, as €PA¥d annealed at various temperatures, is marked by dotted lines.
ited and annealed at various temperatures is marked by dotted lingg ;- on, microcrystalline graphite from Pocksical. (Ref. 26 are

Data on microcrystalline graphite from Pockeital. (Ref. 26 are added for completeness. Note that there iDnmeak for ta-C at any
added for completeness. wavelength

peak in the UV Raman for n€& graphite, Figs. 1-7 suggest the breathing modes of all ringlikep? configurations. As far
that there is some residual intensity in tBeregion in UV~ as we know, the presence of a residDgbeak in UV Raman
Raman in the more disordered carbons, those with stage $pectra ofa-C’s is a new finding, which can affect our de-
disorder. riving sp®> content from theT peak, as discussed later. The
Figures 14 and 15 plot thgD)/I (G) intensity ratio and presence of ® peak in UV excitation o&-C’s is consistent
the D peak position as a function of excitation wavelength.with the UV Raman spectra of aromatic hydrocarbons. These
Data of Pocsiket al,?® for microcrystalline graphite are show a cleaD peak due to the ring breathing modes, and by
added for completeness. In contrast to @peak dispersion, varying the UV excitation, one can tune into a hydrocarbon
the [ (D)/I(G) ratio and theD peak have maximum disper- with a given band gap’
sion for microcrystalline and nanocrystalline graphite, and The I(D)/I(G) ratio is widely used to estimate trep?
the dispersion decreases for increasing disorder, i.e., the didgrain” size from the Raman spectra via the Tuinstra-Koenig
persion is proportional to order. relatiorr for stage 1 disorder and its complenifur stage 2
The origin and dispersion of thB peak in disordered disorder. Figure 14 shows that microcrystalline graphite of
graphite arises from thie=0.5q condition®’~3°°|n particu-  Ref. 26 always has a low&(D)/I(G) than the ndS formed
lar, symmetric breathing modes have the highest modulatiohy annealing ta-C:H to 1000 °C. From the Tuinstra and
of the polarizability and thus the highest Raman cross sectioKoening relation for stage 1, this means that the microcrys-
for k=0.50.° Longer excitation wavelengths excite larger talline graphite has larger grains. On the other hand, ta-C:H
clusters with lower band gaps and lower frequency breathindjlms annealed at lower have a smaller(D)/1(G), because
modes. This is confirmed by calculations of Raman intensinow, in stage 2|(D)/1(G) is less for smaller grains or more
ties of polycyclic aromatic hydrocarbons of increasing size disorder.
which exhibit two main bands corresponding to thandD Ideally, for an excitation energl., we expect clusters of
peaks in graphité%4! size L= 1/E,, to give the largest contribution. Thus, for the
As disorder increases, théD)/I(G) ratio disperses less. highestE,,, a-C with the smallest aromatic clusters will
This means that th® peak disappears for UV excitation in have the highest(D)/I(G) with respect to né. On the
disordered and nanocrystalline graphite, but not for amorether hand the(D)/I(G) ratio is bigger for bigger clusters,
phous carbons. This is clear, e.g., comparing ta-C:H annealeas shown byab initio calculations of Raman intensitythus
at 600 and 1000°C in Figs. 4 and 5. Indeed for largeexplaining the overall decrease D)/l (G) intensity for
disorder, as in sputtereatC of Fig. 3, theD peak behaves increasing excitation energy. Furthermore, very disordered
like a nondispersive vibrational density-of-states feature fommorphous carbons have a specific size distribution of
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| Graphite | | no-graphite ‘ [ac] ta-C stretching. Thus UV Raman scattering can give complemen-
y y y tary information to FTIR for the H bonding.
3.0 Staget Stage 3 If stretching vibrations are seen, we could expect to see
25 . the corresponding bending vibrations, as in FTIR spectra.
50 [ A ] The peak at-1330 cm %, provisionally labeled ab, would
& 1 , then be a combination of a re8l peak and C-H bending
=15 modes.
a 1ol ' 1 A closer look at Fig. 14 shows that for hydrogenated

samples, whild (D)/1(G) overall decreases with increasing
excitation energy, there seems to be a minimum around 325
nm, and then a slight increase at higlg,. There could be
two reasons for the increase. First, it could be due to the
fitting procedure, given the extremely smy{D)/I(G) for
deep UV excitation and the appearance of Theeak. Sec-
ond, as this occurs in H-containing films, it could be due to
C-H bending modes, which lie in this region. Neutron scat-
tering data of Honeybonet al®? and calculations of vibra-
tional modes in model structures compatible with hydroge-
nated carbon materidf®* suggest that C-H bending modes
lie near 1330 cm®. On the other hand, although slight
changes in shape and intensity are observed fortha30
. . . cm ! peakina-C:D, there is no significant downshift needed
0% sp° 0% sp° ~20% sp’  ~85% sp” for pure C-H bending modes. This peak is thus mainly due to
Amorphization Trajectory C-C vibrations and we will retain its assignment &3 peak.
FIG. 16. (a) Amorphization trajectory, showing the schematic Deuteration aIS(zl(:auses a downshlﬁ@15 cm * of the
variation of I (D)/1(G) for four typical wavelengths. Note that for G peak and~30lcm. of the 2G peak. This shows that there
increasing excitation energy, the maximum I¢D)/1(G), corre- IS @ small contribution of C-H bending to the C-C stretching

sponding to the transition between stage 1 and 2 shifts to highe¥ibrations in theG peak _in hydrogenated Sampl_es,54as ex-
disorder, i.e., lowet, (see text Note also that(D)/I(G)>0 for ~ pected for a material with hydrogenatedp® chains>* It

a-C even at UV excitation.(b) Amorphization trajectory for could be argued that the-1330 cm* peak arises from
1(D)/1(G), showing the possibility of hysteresis. sample damage; however the carefulness of the measure-
ments and the fact that we found a close correlation between
clusters, and cannot span all the breathing mode frequenci&aman peaks and optical gaps for a series a polymeric
of clusters of rings of arbitrary size, unlike in defected graph-a-C:H films> suggests that damage is negligible. Indeed, a
ite, where all the upper optical branch is spanned by th&lear dip around 1500 cfif is a typical fingerprint of poly-
double resonance condition for varying excitation energiesmerica-C:H, as it does not occur in ta-C:H or diamondlike
We therefore expect an almost consta(id)/I(G) and D a-C:H. Another contribution in this region arises from the
position fora-C. This is indeed seen experimentally, in Figs. high-frequency tail of th@ peak.
14 and 15. In ta-C, there is rid peak at any wavelength, due ~ Figure 18 compares the 244-nm UV Raman spectra of
to a complete absence of rings. ta-C, ta-C:H, and polymeria-C:H, with the peak fits
These trends ih(D)/1(G) can be summarized by extend- adopted in this paper.
ing the three-stage model to many wavelengths, as in Fig. The FTIR spectra of ta-C:H, diamondlike and polymeric
16(a). Note that the maximum df(D)/I(G) vs L, shifts to  a-C:H show a strong contribution at1450 cm L due tosp?
smallerL, for increasingE.,, as seen in Fig. 18). Figure ~CH aromatic andsp® CH; asymmetric orsp® CH, scissors
16(b) shows the effect of hysteresis. modes>’ This has no counterpart in the UV Raman spectra.
However, we showed how the CH stretching modes are de-
tectable in the UV Raman spectra of hydrogenated carbons.
Further studies will be done to derive the CH contributions
Figure 17a) plots the first and second-order 229 nm Ra-to the UV Raman spectrum and to fully analyse a full analy-
man spectrum of a polymeria-C:H film. There is a clear sis of deuterated samples. This confirms our previous detec-
broad peak at-2920 cm*. This corresponds tsp°C-H, tion of SiH stretching modes in UV Raman spectra of
stretching modes, with a main contribution #°C-H, and  ta-C:H:Si%®®
sp°C-H groups:’°*%To investigate C-H modes further, we  To summarize, there are two possible contributions to the
deposited samples from GHind CD,.%* Figures 1) and  spectra around 1350 crh a trueD peak due only to aro-
17(c) compare the first and second-order regionde€:H  matic clusters of sixfold rings o§p? sites, and an almost
anda-C:D samples. It is seen that the band~&920 cm®  nondispersive contribution in amorphous carbons from all
shifts to ~2100—-2200 cm?, confirming the assignment to sp? ringlike structure. The direct contribution of C-H bend-
C-H ing modes appears to be negligible.

(DY/I(G)

D. Hydrogen features
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90
Polymeric a-C:H, 229 nm 300 | 244 nm’ ' - "

80| .
70 2or 1 FIG. 17. (@) 229-nm Raman
i spectrum of the polymeria-C:H.
__ 80 200 | . The bottom spectrum is the
£ z second-order region plotted gof
5 50 2 D the Raman shift, in order to com-
2 ol 2150 [ Polymeric a-C:D pare it with the first-order region.
E s Note the 5 peak exactly corre-
E £ 100 sponding to theG peak and the

©
o

sp® CH, stretching at~2920/2
cm L (b) Comparison of the
244-nm Raman spectra of poly-
meric a-C:H anda-C:D samples.
. o, Swekhng e Note the downshift of~15 cni?
800 1000 1200 1400 1600 1800 2000 600 900 1200 1500 1800 2100 in the G peak of the a-C:D
sample. Note as well that, al-
though slight changes in shape and
T ' T T2G" intensity are observed for the
~1330 cm! peak ina-C:D and

Polymeric a-C:H

2G 50

- n
o o

sp° CH,

| 2nd order; v/2 stretching

(a) Raman Shift (cm”) (b) Raman Shift (cm”)

T
244 nm

e

o

(=]
Il

Intensity (arb.units)

Polymeric a-C:D g-C:H, the significant downshift
200 | - in a-C:D, due to happen if this
€D, stretching peak was due to pure C-H bend-
WW ing, is not observed,c) Compari-
WMW% son of the second-order region of
the 244 Raman spectra of poly-
meric a-C:H anda-C:D samples.
CH, stretching Note the downshift of the-2920
cm ! band to~2100-2200 cm?,
as expected for a C-H stretching.
Note as well the downshift of-30
cm ! of the 2G peak upon deu-

100

teration.
50
1800 2100 2400 2700 3000 3300
© Raman Shift (cm™)
E. The T peak and sp® content tion of theT peak at 1060 cmt and the rise of a peak around

The first UV Raman studies of ta-C by Gilkesal2® and 1400 cm %, aD-like peak. This is consistent with the discus-
Merkulov et al® found a new peak at1060 cni* labeled ~ Sion in Sec. Ill C. There we noted thatDapeak can survive

T. This peak, seen only in UV excitation, is due to a resonant? UV Raman spectra ofp® a-C, where it becomes like a
enhancement of the states, and it directly probes tise®  VDOS feature ofsp’ rings. Thus, as thep? content of ta-C
bonding. This peak corresponds to the peak in thesp&  rises, theT peak intensity(corresponding to the CG p°
vibration density of state@/DOS) of ta-C in simulations'®>  VDOS) is reduced, with a corresponding increase oba
and EELS dat& Gilkes et al3' gave some empirical rela- peak. We use this model here.
tions between thé(T)/1(G) ratio, theT peak position and A complication is that théd peak intensity depends not
the sp® content, Fig. 19. only on thesp? fraction, but also on its order. If thep? sites
The 244-nm UV Raman spectrum is a favored means tdiave graphitic order, th® peak is absent in UV, if the p?
derive thesp® content of amorphous carbons. This requiressites are in chains the peak is absent, only if thep? sites
an understanding of how the spectrum develops wiph  are in disordered rings does a residDgbeak survive in UV.
content. For example, the variation bfT)/I(G) with the This can then explain the range IdfT)/1 (G) values seen
sp® content is quite nonlinear for 60—90&p> contents, for high sp® content ta-C. This could be attributed to the
Fig. 19a). The spectrum possesses the la&ggeak. If thisis  sensitivity of theT peak to small changes sfp® content at
subtracted, this leaves tiepeak, which arises from a peak high sp® content. More likely, a slightly different amount of
in the sp® VDOS. As thesp® content falls, thesp® VDOS  sp? clustering can fill in the dip around 1400 ci(clearly
peak at 1060 ct shifts upwards to that of ap? network at ~ seen in the ta-C spectrum of Fig.)180 smearing th& peak
1400 cm 185 A shifting T feature is also seen in the UV intensity. This effect should be accounted for, in principle, by
Raman spectra of ta-C:N with increasing nitrogen contént. introducing an extrd peak in the fitting, even in samples
Alternatively, the changes could be represented as a reduwth low sp? content, but a physically meaningful fit is dif-
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Raman Shift (cm™) FIG. 19. (&) I(T)/I(G) vs sp® fraction for nonhydrogenated
carbon films.(b) T peak position vssp® fraction for nonhydroge-
FIG. 18. UV Raman spectra of polymercC:H, ta-C:H, and nated carbon films. The parameters were derived with a
ta-C with the peak fits. The fitted peaks are correspondingly labeled3WF+Lorentzian fit, thus allowing thd peak to upshift, as for
Note that for polymerica-C:H a clear dip at~1500 cm* exists  Gilkes et al. (Ref. 31). A higher T peak position for a giversp?
between theD peak at theG peak. For ta-C:H(or diamondlike  content means higher clustering of thg? phase(see text
a-C:H) the residualD peak and larges peak fill the dip around

+1
1500 em TheT peak has a low-energy tail, which is really a second

peak around 600 cnt.° This peak is present in ta-C even
ficult in these cases as this implies using two peaks to fit dor visible excitation and arises froep? bending mode8® It
broad feature with no clear modulations. Thus, the empiricals seen in Fig. 1 in the 325 nm spectrum, where the signal of
relations of Gilkeset al,>! obtained with a simple-two-peak the Si substrate is suppressed andheeak is only a small

fit bump. This peak is neglected when fitting the 244-nm Ra-
(1T peak and G peak that allows an upshift of th& peak, = man spectra of ta-C, due to the strength of Theeak at this
are useful benchmarks. energy.

The increase ofp? content and clustering both tend to  The analysis off peaks extends to hydrogenated samples.
reducel (T)/I(G). However, theT peak disappears only for Figures 2 and 6 show that tfiepeak in ta-C:H om-C:H is
largesp? contents. Thus, the effect of clustering is to reduceround ~980 cm =, lower than in ta-C. This is consistent
the direct correlation between intensity andsp® content.  With the simulations of the C-€p” VDOS in ta-C:H.” The
Nevertheless, we can still distinguish higp® contents from presence of the regduﬁ] peak_ must be taken into account
low sp®, unlike in visible Raman spectra. IndeedT peak when fitting. As a first approximation, we use three Lorent-

' 1 o ' zians to fit the spectréFig. 18. For hydrogenated samples,
grzgnd 5(1260 Cmmallq(;isasng(?#'f:i)ntrig?] dﬁ'c?r??gggﬁz;te a EELS gives the total amount sfp® bonded C atoms, in both
"3 n t_ rteefsjsoa/ A | Tu/: IG i HfO 3 04' sl 't-c and C-Hsp® bonds, but thél peak is sensitive only to
Sp’conten 03 6. An1(T)/1(G) ratio of 0.3-0. st C-Csp® bonds. Indeed, comparing the UV Raman spectra of
indicates asp® content of 60-80%, busp® clustering o ¢y ang polymeri@-C:H (Figs. 2 and 7, it is clear that
makes it difficult to give a precise figure. Finally,

. 5 o, most Csp® atoms are bonded to H in polymereC:H, due
I(T)/1(G)<0.2 indicates &p” content lower than 20-30%. (4 the absence of a cledrpeak, whilst in ta-C:H there is a

Thus the presence of & peak is a powerful qualitative gjzaple amount of C-Gp® bonds. Empirically,l (T)/1(G)
means to cut through the hysteresis. Indeed, a sample with 1_0.2 in(t)a-C:H indicates an overalip® content of
high sp* fraction and large hysteresis will showTapeak  ~70%. Clearly, assp? clustering also contributes to @
(even if smaller than a similasp® content sample, but with peak, this can make things more difficult.

limited clustering of thesp® phasg. On the other hand, a Note that our approach, as for Ref. 31, is to define the
sample with lowsp® fraction but with the samé(D)/I(G) intensity ratiol (T)/I(G) as a peak height ratio rather than an
in visible excitation will not show anyl’ peak in the UV. area ratio, whilst othef$ use the area ratio. This is a prag-
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matic choice. ldentifying th& peak as a C@p?, VDOS we We also stress how the clustering of thg? phase is the
should take its area as tisg® fraction. However thd@ peak  major parameter controlling the Raman spectra at any wave-
width is well defined only for the two-Lorentzian fit in ta-C, length. Probing the same sample with visible and UV exci-
and it can vary significantly with fitting in a three-Lorentzian tation allows us to derive the amount and clustering pt

fit (as in ta-C:H, Fig. 18 Furthermore, thés peak in UV  sites, at least qualitatively. This is due to the inversion of the
Raman represents only tisg? sites resonantly enhanced at trend of theG peak, resulting in a shift from visible to UV,
that energy. Its area reflects thp? quantity modulated by a which is larger for less p? clustering. The appearance of the
different cross section for eaap? configuration. T peak gives a direct indication of the presence pf bonds.

A final question for thd (T)/1(G) ratio in UV Raman is  This means that a two-wavelength stueyg., at 514 and 244
the cross-sectional uniformity of the sample. We noted innm) can provide a fast and powerful characterization tool for
Sec. Il A that our samples are extremely uniform in the amorphous and disordered carbons since the peaks’ disper-
direction®® However, it is possible to have quite layered ta-Csion is a fingerprint that is specific to each different carbon
films, with surface layers thicker than the penetration depttsystem.
of UV light (~10-15 nm.*® In that case, UV Raman pro- We showed how, for hydrogenated samples,, Gtietch-
vides information on the outer part of the sample. On theang modes can be detected in UV Raman. Indeed UV Raman
other hand, this surface sensitivity can be exploited to invesean directly detect H bonding whilst assessing the CC bond-

tigate the changes induced by surface treatments. ing at the same time. This could allow to derive the fraction
of C sp® bonded to hydrogen, which is a key factor to dis-
IV. CONCLUSIONS tinguish hydrogenated samples with the same tatpl
content.
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