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Resonant Raman spectroscopy of disordered, amorphous, and diamondlike carbon

A. C. Ferrari* and J. Robertson
Department of Engineering, University of Cambridge, Cambridge CB2 1PZ, United Kingdom

~Received 23 October 2000; revised manuscript received 15 February 2001; published 26 July 2001!

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 features, theD andG around 1600 and 1350
cm21 for visible excitation and an extraT peak, for UV excitation, at;1060 cm21. The G peak, due to the
stretching motion ofsp2 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 1600 cm21 under UV
excitation indicates the presence ofsp2 chains. The dispersion of theD 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 ofsp2 ringlike structures. The intensity ratioI (D)/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 tosp3 vibrations, only appears in UV Raman, lying around 1060 cm21 for H-free
carbons and around 980 cm21 in hydrogenated carbons. In hydrogenated carbons, thesp3 C-Hx stretching
modes around 2920 cm21 can be clearly detected for UV excitation. This assignment is confirmed by deute-
rium substitution.

DOI: 10.1103/PhysRevB.64.075414 PACS number~s!: 78.30.Ly, 63.50.1x, 61.43.Dq, 81.05.Tp
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I. INTRODUCTION

Carbon is unique in that simple changes in its local bo
ing can give rise to materials as diverse as diamond, gra
ite, fullerenes, carbon nanotubes, and disordered, nanos
tured and amorphous carbons. These materials hav
remarkable range of mechanical, electronic, and elec
chemical properties and many possible applications.1–3 It is
thus very useful to develop fast, reliable, and nondestruc
techniques to probe the key parameters that control t
physical behavior.

We are interested in amorphous carbons. We define
mondlike carbon~DLC! as an amorphous carbon (a-C) or
an hydrogenated amorphous carbon (a-C:H) with a signifi-
cant fraction ofsp3 bonds.a-C:H often has a rather sma
C-C sp3 content. DLC’s with highestsp3 content are called
tetrahedral amorphous carbon~ta-C! and its hydrogenated
analog ta-C:H. The key parameters of interest in such m
rials are~1! the sp3 content;~2! the clustering of thesp2

phase;~3! the orientation of thesp2 phase;~4! any cross-
sectional structure; and~5! the H content. Thesp3 content
alone mainly controls the elastic constants, but films with
samesp3 and H content but differentsp2 clustering,sp2

orientation or cross-sectional nanostructure can have di
ent optical, electronic, and mechanical properties.

Raman spectroscopy is a popular, nondestructive tool
structural characterization of carbons.4–11 It is traditionally
carried out at wavelengths in the blue-green spectral reg
~488–514.5 nm!, but multiwavelength Raman~MW Raman!
studies are becoming increasingly used. Indeed, Raman
tering from carbons is always a resonant process, in wh
configurations whose band gaps match the excitation en
are preferentially excited. Any mixture ofsp3, sp2, andsp1

carbon atoms always has a gap between 0 and 5.5 eV,
this energy range matches that of IR-vis-UV Raman syste
0163-1829/2001/64~7!/075414~13!/$20.00 64 0754
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This implies that understanding the resonant Raman pro
in carbon systems will give a powerful, fast means for th
structural and electronic characterization. For example, M
Raman has recently been used to distinguish the metallic
semiconducting forms of single-wall carbon nanotubes.12,13

It has also been used to investigate the origin of the peak
;1150 cm21 and;1450 cm21 in nanocrystalline diamond.14

In amorphous and disordered carbons there are very
studies using multiple wavelengths. Graphite, disorde
graphite, and glassy carbon were studied by MW Raman
Vidanoet al.16 and others,17–22Ramsteiner and co-workers,23

Yoshikawaet al.,24 Tamoret al.,25 and Pocsiket al.26 studied
diamondlike a-C:H. Callejaet al.15 made the first resonan
Raman study of diamond, Wagner and co-workers23,27 gave
the MW Raman spectra of microcrystalline diamond a
Bormettet al.28 extended this to the UV.

The Raman spectra of all carbons show several comm
features in the 800–2000 cm21 region, the so-calledG andD
peaks, which lie at around 1560 and 1360 cm21 for visible
excitation, and theT peak, seen for UV excitation at aroun
1060 cm21. TheG andD peaks are due tosp2 sites only. The
G peak is due to the bond stretching of all pairs ofsp2 atoms
in both rings and chains.9 TheD peak is due to the breathin
modes ofsp2 atoms in rings. TheT peak is due to the C-C
sp3 vibrations and appears only in UV excitation.

Although Raman spectroscopy of carbons has contin
for 30 years, there have been significant advances in
understanding recently. Firstly, C-Csp3 vibrations were di-
rectly detected by UV Raman spectroscopy.29,30 This should
allow the sp3 content to be derived and it is a major mo
vation to study the UV Raman spectra of carbon films.31–36

The second major advance is the understanding of
origin of theD peak. It was empirically proposed that theD
peak arises as a resonant Raman coupling to the phono
wave vectorq when it equals the wave vectork of the elec-
©2001 The American Physical Society14-1
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A. C. FERRARI AND J. ROBERTSON PHYSICAL REVIEW B64 075414
tronic transition excited by the incident photon.37,38,21 We
called this ak5q ‘‘quasiselection rule,’’ since it qualitatively
explains the observed trends, but the physical mechan
behind the resonance was not fully understood.9 Recently,
Thomsen and Reich39 showed that theD peak arises from a
double resonant Raman process. The double resonance
dition effectively corresponds to ak5 1

2 q condition, rather
than the previousk'q condition, as can be derived straigh
forwardly from Ref. 39 given the relative size of the phot
and phonon energies. Reference 39, however, proposes
any phonon mode satisfying thek' 1

2 q condition can give
rise to theD peak, irrespective of the symmetry. In this pap
and Refs. 9, 37, and 38, it is important to note that thek
' 1

2 q condition does not affect our conclusions on the nat
of theD peak and on which optical branch contributes to
peak,9 in contrast to what is stated in Ref. 39. Reference
only generalizes the concept ofLa in case of graphite to
being an interdefect distance.

A complete theory bridging between the double resona
in graphite and the dominant Raman intensities of the bre
ing modes of clusters of sixfold rings, both giving rise to t
D peak in graphite and in amorphous carbons, does not
exist. This possibly will have to consider in detail the tra
sition between clusters and the crystalline counterpart. H
ever, for disordered carbons, one can map the energy le
and vibration modes of carbon clusters onto those
graphite:9 1/La⇔k and 1/La⇔q, whereLa is the cluster size
or in plane correlation length. This is the basis to explain
origin and dispersion of theD peak in carbons and to deriv
the real space motions~breathing modes! of the phonons
giving rise to this band.9,40,41We could thus propose a three
stage model to relate the visible Raman spectra of disord
and amorphous carbons to their local bonding.9

In contrast to graphite, there is little MW Raman data
amorphous carbon. This paper aims at filling this gap
providing Raman spectra of a wide range of amorphous
bon films, excited over a wider range of wavelengths th
previous studies~5.41–1.58 eV, or 229–785 nm!. We show
that the peak dispersions ina-C, ta-C, ta-C:H, diamondlike
a-C:H, and polymerica-C:H can be considered as canonic
cases in the ternary phase diagram of the disordered
system.9,1 We propose to explain the trends in peak positio
and intensities by extending our three-stage model9 to spec-
tra excited at many wavelengths. A main conclusion is t
the spectra and their dispersion are characteristic of e
type of carbon, while their single-wavelength Raman sp
trum may be indistinguishable. We then show how a tw
wavelength~visible-UV! study can provide most of the in
formation on the fraction and order ofsp2 sites in carbons.
UV Raman spectroscopy also directly probes the C-H bo
ing in carbons, which is not easily accessible by lower
ergy excitation.

II. EXPERIMENT

A. Samples

We have analyzed a variety of carbon samples. As
focus on general trends, we discuss only selected case
ta-C sample was grown by anS-bend filtered cathodic
07541
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vacuum arc~FCVA!.42 It has ;88% sp3, as determined by
electron energy loss spectroscopy~EELS! and a uniform
cross section, as shown by x-ray reflectivity.43 A typical ta-
C:H film was grown by an electron cyclotron wave res
nance source, from C2H2 and had;30% hydrogen.44 We
then annealed the same sample in vacuum in 100 °C s
until complete graphitization, following the H content by h
drogen effusion measurements45 and the sp3 content by
EELS.46 This allowed us to follow the evolution of the Ra
man spectra in a system with knownsp3 and H content.
Furthermore, unlike ta-C that only transforms at very hi
temperatures,32 ta-C:H transforms more gradually with mo
changes occurring between 400 and 800 °C. Ana-C sample
with low sp3 content and band gap was produced by m
netron sputtering.47 Two a-C:H films were grown by plasma
enhanced chemical vapor deposition from CH4. One dia-
mondlike a-C:H sample had 30–35 % H and;60% sp3

content46 and a Tauc optical gap of;1.5 eV. The other poly-
merica-C:H sample had an estimated H content of 40–50
and a gap of 3–3.5 eV.

All these films generally have a surface layer of low
density not exceeding 2 nm thickness,43 a part from the sput-
tereda-C, but in this case the bulk properties are not ma
edly different from the surface ones.43 Cross-sectional uni-
formity is crucial if we wish to relate UV Raman spectra
bulk properties, since UV excitation probes just the topm
;10–15 nm of the samples at 224 nm. UV Raman spect
copy is thus the preferred technique to probe surface pro
ties, e.g. when surface treatments are used.

B. Raman instrumentation

Unpolarized Raman spectra were acquired atl5229,
244, 325, 351, 458, 514.5, 532, 633, and 785 nm~5.41–1.58
eV! using a variety of spectrometers. The UV Raman spe
at 229 and 244 nm were excited using an intracav
frequency-doubled Ar ion laser and the 325 nm with a He-
laser. The spectra were collected using two Renishaw mi
Raman 1000 spectrometers on a 40X objective, with 2
244, or 325 nm filters, and an UV-enhanced charge-coup
device ~CCD! camera. The spectral resolution was abo
4–6 cm21 at 244 and 325 nm, but rose to 12–15 cm21 for
229 nm excitation. All the UV spectra must be corrected
subtracting the system response signal, obtained by mea
ing a background spectrum with an Al mirror and normal
ing to the atmospheric N2 vibrations.

The power on the sample was kept well below 1 m
Sample damage is an issue in Raman measurements, pa
larly for UV excitation. Raman spectra were thus collect
by varying acquisition times, both with and without samp
rotation. For the polymerica-C:H samples a very small dam
age in the center of the laser spot was sometimes unav
able. In order to be sure that the signal we measured
genuine feature ofa-C:H samples, we performed measur
ments with samples rotating at a very high speed~.3000
rpm! with a randomXY movement superimposed. In th
way acquisition times up to 60 s could be reached with
any visible damage and no change of the signal shape.
spectra were the same as those derived with static extrem
4-2
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RESONANT RAMAN SPECTROSCOPY OF DISORDERED . . . PHYSICAL REVIEW B64 075414
brief measurements~1–3 s long with less than 0.3 mW o
the sample!. We also measured less than 2-nm-thicka-C:H
samples and yet obtained a similar spectral shape. O
longer acquisition times with no sample rotation caused c
damage, the main effect being an increase of intensity in
D peak region, followed by a general intensity drop cor
sponding to the sample being totally removed in the area
the laser spot. The reproducibility of the UV Raman spec
of a-C:H films when no visible damage was observed allo
us to take them as representative of the material. Any p
sible local photoinduced transformation would happen in
micro-to nano-second range, but still allows us to distingu
the different starting materials.

Two other Renishaw systems with a 503 objective were
used to acquire spectra at 514.5 nm~Ar ion laser!, 633 nm
~He-Ne laser!, and 785 nm~diode laser!. A Yobin-Yvon
T64000 triple grating spectrometer with a 503 objective was
used to acquire spectra at 514.5 nm~Ar ion laser! and 532
nm Nd-YAG laser. A DilorXY with a 503 objective was
used to acquire spectra at 458 and 351 nm from an Ar
laser but without a UV-enhanced CCD camera. This cau
the 351 nm spectra to have lower quality than the 325
ones. Care was taken to avoid sample damage and ty
resolution was 3–6 cm21.

We also tried to acquire spectra using an FT-Raman s
trometer at 1060 nm excitation. However, PL masks the

FIG. 1. MW Raman spectra of a ta-C sample with;88% sp3.
The G peak dispersion is indicated. TheT peak at;1060 cm21 is
also shown; note that it does not disperse excitation energy, but
rapidly falls in intensity with decreasing excitation energy, as
pected for ansp3 VDOS. Note also the double structure which
evident at 325 nm excitation, with a lower frequency peak at;600
cm21 ~see text!. For the lower excitation energies the contributio
from the Si first- and second-order modes are also seen~Ref. 67!.
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man spectra for thin carbon films on Si.48 This could be
overcome by depositing samples on Al,48 but we focus here
on a well-characterized set of samples on Si. For this rea
most spectra at 785 nm for the less near-IR absorb
samples have a strong PL contribution and thus will not
considered further.

The least noisy spectra were acquired using Renish
systems, thanks to the extended scanning and to the
CCD throughput. We will see how the trends in the Ram
data are apparent over a few different excitations. Hence
we are interested in peak dispersions over a broad en
range, we rely on the best spectra obtained with Renish
systems.

III. RESULTS AND DISCUSSION

A. Spectra of canonical systems

Figures 1–7 show the Raman spectra of various samp
Figures 4 and 5 present the spectra of the ta-C:H sam
annealed at 600 °C and at 1000 °C. ta-C:H has lost all
hydrogen and is completely graphitized by 1000 °C.45,46The
hydrogen evolution and structural changes start at 600
and occur mostly from 600 to 800 °C.45,46

Figure 7 shows the spectra of the polymerica-C:H. The
increasing photoluminescence overshadows the Raman s
trum for excitation wavelengths over 351 nm. Thus, for po
meric a-C:H, UV excitation is needed for Raman studie

st
-

FIG. 2. MW Raman spectra of a ta-C:H sample with;70%sp3

and;30% H. TheG andD peaks’ dispersions are indicated. TheT
peak at;980 cm21 is also shown. Note that it does not disper
excitation energy, but just rapidly falls in intensity with decreasi
excitation energy, as expected for ansp3 VDOS. For the lower
excitation energies the contributions from the Si first- and seco
order modes are also seen~Ref. 67!.
4-3
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A. C. FERRARI AND J. ROBERTSON PHYSICAL REVIEW B64 075414
The drawback is the high absorption, which quickly leads
damage. However, we analyzed a series of samples with
ferent band gaps from 2 to 3.5 eV and H contents from 1
to 37%.49 A clear correlation betweenG position and the
band gap and H content could be established,50 showing that
no significant damage is present, as discussed in Sec.
Note that very intense visible luminescence was observed
UV excitation in the most polymerica-C:H; this lumines-
cence was weak for diamondlikea-C:H and not observable
for ta-C:H.

The spectra in general show three features, around 1
1360 ~for visible excitation!, and 1060 cm21 ~detected only
in UV excitation!, which are labeled as theG, D, and T
peaks, respectively. TheG andD peaks are due tosp2 sites
only. TheG peak is due to the bond stretching of all pairs
sp2 atoms in both rings and chains.9 TheD peak is due to the
breathing modes of rings. TheT peak is due to C-Csp3

vibrations and appears only for UV excitation. The trends
the D, G, andT peaks are indicated in Figs. 1–7. Sectio
III B and III C focus on the trends in theG andD peaks. We
will discuss theT peak in Sec. III E.

For visible excitation, thesp2 sites have such a high cros
section that they dominate the spectra, thesp3 sites are in-
visible and the spectrum responds only to the configura
or order of thesp2 sites. As the excitation energy rises, tw
effects occur, resonance causes the excitation of thosesp2

configurations with a wider gap, and then in the deep UV
modes ofs states of C-C bonds and C-H bonds are clearly se

FIG. 3. MW Raman spectra of a sputtereda-C film with less
than 20%sp3. TheG andD peaks’ dispersions are indicated. Tw
extra peaks,L1 and L2 , around 400 and 800 cm21 are also indi-
cated; these are typical of lowsp3 a-C ~Refs. 68 and 66!. We do
not discuss them in this paper. For the other samples shown in
other figures, no other peak is evident in the low-frequency reg
so this region is not plotted.
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To obtain the positions and intensities of theG, D, andT
peaks, we fitted the spectra using a combination of a Br
Wigner-Fano ~BWF! and a Lorentzian for theG and D
peaks.9 We used another Lorentzian for theT peak, when
present. The peak position was chosen as the maximum
the BWF.9 The BWF1Lorentzian combination for theD and
G peaks is a convenient choice, since it provides good fits
all the carbons at all energies. We note that the skewnes
the BWF strongly reduces going towards UV excitatio
where it is not distinguishable from a Lorentzian. From Fig
1–7 it is immediately clear that each system exhibits a d
ferent dispersion ofG peak,D peak,I (D)/I (G), and has a
different I (T)/I (G). We defineI (D)/I (G) andI (T)/I (G) as
peak heights ratios and not as peak areas ratios.

To rationalize these results we extended to multiwa
length excitation the three-stage model,9 which was used to
understand trends in the visible Raman parameters. This
siders an amorphization trajectory consisting of three sta
from graphite to Ta-C ~or diamond!: 1! graphite
→nanocrystalline graphite ~nc-G!; 2! nanocrystalline
graphite→sp2a-C; 3! a-C→ta-C(→100sp3ta-C, defected
diamond!. Broadly, stage 1 corresponds to the reduction
the in-plane correlation lengthLa within an ordered graphite
layer. Stage 2 is the introduction of topological disorder in
the graphite layer. Stage 3 is the conversion ofsp2 sites to
sp3 sites and the consequent change ofsp2 configuration
from rings to chains.

We note that any features above;1360 cm21 cannot be
due to C-Csp3 vibrations.9 Thus, it is clear that the presenc

he
n,

FIG. 4. MW Raman spectra of the ta-C:H film of Fig. 2 a
nealed post-deposition in vacuum at 600 °C. This temperature is
onset of major H effusion andsp3 to sp2 conversion~Refs. 45 and
46!. The G and D peaks’ dispersions are indicated. TheT peak at
;980 cm21 is also shown. For the lower excitation energies t
contributions from the Si first- and second-order modes are
seen~Ref. 67!.
4-4



c

le
m
y

o
e
th

th
s
th
m
e

st
-
is
o
e
fig
o
n

m-

two

t

rt,

nd

rs

lize

-
n

n-
ffu

ci
rd rst-

RESONANT RAMAN SPECTROSCOPY OF DISORDERED . . . PHYSICAL REVIEW B64 075414
of G peaks in Figs. 1–7 means thatsp2 vibrations still domi-
nate even in the UV Raman excitation. In the following se
tions we will discuss theG, D, andT peaks, extending the
three-stage model to multiwavelength excitation.

B. The G peak

Figure 8 shows the variation ofG peak position with
excitation wavelength and energy. Data on ta-C:H annea
at 400 and 500 °C are added for completeness; they rese
the G dispersion ina-C:H of different band gaps found b
Tamoret al.25

The G peak does not disperse in graphite itself, nc-G
glassy carbon.16–20,22,26The G peak only disperses in mor
disordered carbon, where the dispersion is proportional to
degree of disorder. This is an important finding, by which
physical behavior of theG peak in disordered graphite i
radically different from amorphous carbons, even though
G peak positions might accidentally be the same at so
excitation energy. TheG peak in graphite cannot dispers
because it is the Raman-active phonon mode of the cry
In nc-G, theG peak shifts slightly upwards at fixed excita
tion energy due to phonon confinement, but it cannot d
perse with varying excitation energy, still being a density
states feature. TheG peak dispersion occurs only in mor
disordered carbon, because now there is a range of con
rations with different local band gaps and different phon
modes. The dispersion arises from a resonant selectio
sp2 configurations or clusters with widerp band gaps, and

FIG. 5. MW Raman spectra of the ta-C:H film of Fig. 2 a
nealed in vacuum at 1000 °C. At this temperature complete H e
sion andsp3 to sp2 conversion has happened~Refs. 45 and 46!.
The G andD peaks’ dispersions are indicated. For the lower ex
tation energies the contributions from the Si first- and second-o
modes are also seen~Ref. 67!.
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correspondingly higher vibration frequencies. A clear de
onstration of this is seen in Fig. 9, which plots theG disper-
sion ~in cm21/nm! against annealing temperatureTann for
ta-C:H. Here, the slope decreases with increasingTann be-
cause the disorder decreases.

The G peak dispersion separates the materials into
types. In materials with onlysp2 rings, theG peak dispersion
saturates at a maximum of;1600 cm21, the G position in
nc-G. In contrast, in those materials also containingsp2

chains, particularly ta-C and ta-C:H, theG peak rises pas
1600 cm21 and can reach 1690 cm21 at 229 nm excitation in
ta-C. This highG peak position can only be due to sho
strained CvC bonded chains, if one notes that the CvC
stretching vibration in ethylene is at;1630 cm21. This is the
first direct evidence of the presence ofsp2 chains in ta-C, so
far only predicted in structural simulations.51–53 Thus, UV
Raman gives not only a more evenly weighted probe ofsp3

andsp2 sites, but also an evenly weighted probe of rings a
chains. It is not biased towardssp2 configurations of lower
band gap.

A similar dispersion of the C-C stretching modes occu
in transpolyacetylene.54,55 In contrast, the C-C stretching
modes have no dispersion in polyparaphenylene~s-bonded
chains of benzene rings!.56 This is because thep electrons
are confined to each benzene ring, and do not deloca
along the chain.56 Only the introduction of a heteroatom~or
disorder! allows p delocalization and thus dispersion.56

Figure 8 shows that theG peak dispersion is roughly lin
ear with the excitation wavelength, but not with excitatio

-

-
er

FIG. 6. MW Raman spectra of a diamondlikea-C:H sample
with an sp3 content of;60%, Tauc optical gap;1.5 eV and an
estimated H content of 30–35 at. %~Ref. 46!. TheG andD peaks’
dispersions are indicated. TheT peak at;980 cm21 is also shown.
For the lower excitation energies the contributions from the Si fi
and second-order modes are also seen~Ref. 67!.
4-5
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FIG. 7. MW Raman spectra of a polymerica-C:H with an es-
timated H content of 40–50 at. % and a gap of 3–3.5 eV. Note
increasing PL background for decreasing excitation energy. Spe
collected at wavelengths longer than 351 nm just show the
energy PL tail~Ref. 9! and are thus not plotted. TheG andD peaks’
dispersions are indicated.

FIG. 8. Dispersion ofG peak vs excitation wavelength~bottom
x axis! and vs excitation energy~top x axis! for a series of template
samples. The series of ta-C:H, as-deposited and annealed at va
temperatures is marked by dotted lines.
07541
energy. This is because theG mode upper limit is set by
configurations with the widest band gap, which cannot
exceeded for a given structure, no matter how much we
crease the energy. As theG dispersion is proportional to the
degree of disorder, theG position becomes less sensitive
the gap with increasing excitation energies, since the ga
due to the more delocalizedsp2 structures.1,9

Figure 10 shows the full width half maximum~FWHM!
of the G peak. The FWHM decreases with increasing ex
tation energy. This can be understood by noting that the
of a-C is 0.5–1 eV and can reach 3.6 eV for ta-C. Th
means that a narrower distribution of higher gapsp2 clusters

e
tra
w

ous

FIG. 9. G peak dispersion for ta-C:H samples annealed at
creasing temperatures. They axis is the slope~in cm21/nm! of the
linear fit to theG position vs excitation wavelength data for ta-C:
of Fig. 8~a! and for the remaining annealing temperatures,
shown in Fig. 8~a!.

FIG. 10. Dispersion of the FWHM of theG peak for a series of
template samples. The series of ta-C:H, as deposited and ann
at various temperatures, is marked by dotted lines.
4-6
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RESONANT RAMAN SPECTROSCOPY OF DISORDERED . . . PHYSICAL REVIEW B64 075414
is probed for increasing excitation energy, which results i
smaller width. Note also that at a fixed wavelength, ta-C
the largestG width, as it has the largest disorder or large
range of clusters. On the other hand polymerica-C:H has a
very narrowG peak, consistent with the low disorder in th
material deposited at low ion energies.1,57

This range of behaviors of theG peak can be understoo
within the three-stage model,9 as shown in Fig. 11 for four
typical wavelengths.

In Ref. 9 we showed that following the reverse,ordering
trajectory, from ta-C to graphite there can be hysteresis,9 i.e.,
sp2 clustering orp electron delocalization without a corre
spondingsp2→sp3 conversion. For visible excitation,sp2

clustering and ordering will alwaysraise the G peak in
stages 2 and 3. In contrast, in UV excitation, increasing c
tering lowers the G position, as noted above. This is show
schematically in Fig. 12. Comparing visible to UV excit
tion, there is aninversionof the trends. This is another re
markable result, since it allows for a distinction of samp
that, although having different structures, may accident
show very similar Raman spectra at a certain wavelengt

The detection of a trend inversion can be used to de
the amount of clustering of thesp2 phase. If two samples
have a similarG position in visible Raman spectra but ve
different ones in UV Raman spectra, the sample with
lower G position in the UV has moresp2 clustering. A strik-
ing example of this is nitrogen introduction inS-bend FCVA
ta-C films, for low N contents. There, to an almost ze
change in theG position for 514 nm Raman spectra wi
increasing N content, corresponds a clear linear decreas
G peak in the UV Raman spectra, Fig. 13; this will be d
cussed with more detail elsewhere.

FIG. 11. Amorphization trajectory, showing the schematic var
tion of G position for four typical wavelengths.
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C. The D peak and I „D…ÕI „G…

TheD peak arises from the breathing motion ofsp2 rings.
I (D)/I (G) is highest for IR excitation, and it decreas
strongly at higher excitation energy. Although there is noD

-

FIG. 12. Amorphization trajectory, showing the possibility
hysteresis in stages 2 and 3 for two typical wavelengths~514.5 and
244 nm!. The regions span by hysteresis at 514.5 and 244 nm
evidenced by lines. Note the different shape of the hysteresis re
for UV excitation: an inversion of the trends happens, with th
highest shift Vis→UV for samples having the least-orderedsp2

phase~see text!

FIG. 13. G peak position~measured at 244 and 514.5 nm! vs
nitrogen content~at. %! for ta-C:N samples deposited with aS-bend
FCVA ~Ref. 42!. The nitrogen content was estimated from XP
~Ref. 42!. Note that to an almost zero change of theG peak position
at 514.5 nm, corresponds an almost linear decrease with N at
nm. This is a clear example of inversion~see text!. MW Raman
spectroscopy of N containing samples will be discussed in de
elsewhere.
4-7
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peak in the UV Raman for nc-G graphite, Figs. 1–7 sugges
that there is some residual intensity in theD region in UV
Raman in the more disordered carbons, those with stag
disorder.

Figures 14 and 15 plot theI (D)/I (G) intensity ratio and
the D peak position as a function of excitation waveleng
Data of Pocsiket al.,26 for microcrystalline graphite are
added for completeness. In contrast to theG peak dispersion,
the I (D)/I (G) ratio and theD peak have maximum disper
sion for microcrystalline and nanocrystalline graphite, a
the dispersion decreases for increasing disorder, i.e., the
persion is proportional to order.

The origin and dispersion of theD peak in disordered
graphite arises from thek50.5q condition.37–39,9In particu-
lar, symmetric breathing modes have the highest modula
of the polarizability and thus the highest Raman cross sec
for k50.5q.9 Longer excitation wavelengths excite larg
clusters with lower band gaps and lower frequency breath
modes. This is confirmed by calculations of Raman inten
ties of polycyclic aromatic hydrocarbons of increasing si
which exhibit two main bands corresponding to theG andD
peaks in graphite.40,41

As disorder increases, theI (D)/I (G) ratio disperses less
This means that theD peak disappears for UV excitation i
disordered and nanocrystalline graphite, but not for am
phous carbons. This is clear, e.g., comparing ta-C:H anne
at 600 and 1000 °C in Figs. 4 and 5. Indeed for lar
disorder, as in sputtereda-C of Fig. 3, theD peak behaves
like a nondispersive vibrational density-of-states feature

FIG. 14. Dispersion ofI (D)/I (G) vs excitation wavelength for
a series of representative samples. The series of ta-C:H, as d
ited and annealed at various temperatures is marked by dotted
Data on microcrystalline graphite from Pocksicet al. ~Ref. 26! are
added for completeness.
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the breathing modes of all ringlikesp2 configurations. As far
as we know, the presence of a residualD peak in UV Raman
spectra ofa-C’s is a new finding, which can affect our de
riving sp3 content from theT peak, as discussed later. Th
presence of aD peak in UV excitation ofa-C’s is consistent
with the UV Raman spectra of aromatic hydrocarbons. Th
show a clearD peak due to the ring breathing modes, and
varying the UV excitation, one can tune into a hydrocarb
with a given band gap.58

The I (D)/I (G) ratio is widely used to estimate thesp2

‘‘grain’’ size from the Raman spectra via the Tuinstra-Koen
relation5 for stage 1 disorder and its complement9 for stage 2
disorder. Figure 14 shows that microcrystalline graphite
Ref. 26 always has a lowerI (D)/I (G) than the nc-G formed
by annealing ta-C:H to 1000 °C. From the Tuinstra a
Koening relation5 for stage 1, this means that the microcry
talline graphite has larger grains. On the other hand, ta-C
films annealed at lowerT have a smallerI (D)/I (G), because
now, in stage 2,I (D)/I (G) is less for smaller grains or mor
disorder.

Ideally, for an excitation energyEex we expect clusters o
size L}1/Eex to give the largest contribution. Thus, for th
highest Eex, a-C with the smallest aromatic clusters wi
have the highestI (D)/I (G) with respect to nc-G. On the
other hand theI (D)/I (G) ratio is bigger for bigger clusters
as shown byab initio calculations of Raman intensity,41 thus
explaining the overall decrease inI (D)/I (G) intensity for
increasing excitation energy. Furthermore, very disorde
amorphous carbons have a specific size distribution

os-
es.

FIG. 15. Dispersion ofD peak vs excitation wavelength for
series of representative samples. The series of ta-C:H, as depo
and annealed at various temperatures, is marked by dotted l
Data on microcrystalline graphite from Pocksicet al. ~Ref. 26! are
added for completeness. Note that there is noD peak for ta-C at any
wavelength.
4-8



c
h
th
ie

s
e

-
Fi

a

e

o

en-

see
tra.

ed
g
325

the

to
at-

e-
s
t

d
to

e
ng
x-

ure-
een
eric
, a

e
e

of

ric

ra.
de-
ons.
ns
ly-
tec-
of

the

t
all
-

tic
r

h
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clusters, and cannot span all the breathing mode frequen
of clusters of rings of arbitrary size, unlike in defected grap
ite, where all the upper optical branch is spanned by
double resonance condition for varying excitation energ
We therefore expect an almost constantI (D)/I (G) and D
position fora-C. This is indeed seen experimentally, in Fig
14 and 15. In ta-C, there is noD peak at any wavelength, du
to a complete absence of rings.

These trends inI (D)/I (G) can be summarized by extend
ing the three-stage model to many wavelengths, as in
16~a!. Note that the maximum ofI (D)/I (G) vs La shifts to
smallerLa for increasingEex, as seen in Fig. 16~a!. Figure
16~b! shows the effect of hysteresis.

D. Hydrogen features

Figure 17~a! plots the first and second-order 229 nm R
man spectrum of a polymerica-C:H film. There is a clear
broad peak at;2920 cm21. This corresponds tosp3C-Hx
stretching modes, with a main contribution ofsp3C-H2 and
sp3C-H groups.57,59,60To investigate C-H modes further, w
deposited samples from CH4 and CD4.

61 Figures 17~b! and
17~c! compare the first and second-order region fora-C:H
anda-C:D samples. It is seen that the band at;2920 cm21

shifts to ;2100–2200 cm21, confirming the assignment t
C-H

FIG. 16. ~a! Amorphization trajectory, showing the schema
variation of I (D)/I (G) for four typical wavelengths. Note that fo
increasing excitation energy, the maximum ofI (D)/I (G), corre-
sponding to the transition between stage 1 and 2 shifts to hig
disorder, i.e., lowerLa ~see text!. Note also thatI (D)/I (G).0 for
a-C even at UV excitation.~b! Amorphization trajectory for
I (D)/I (G), showing the possibility of hysteresis.
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stretching. Thus UV Raman scattering can give complem
tary information to FTIR for the H bonding.

If stretching vibrations are seen, we could expect to
the corresponding bending vibrations, as in FTIR spec
The peak at;1330 cm21, provisionally labeled asD, would
then be a combination of a realD peak and C-H bending
modes.

A closer look at Fig. 14 shows that for hydrogenat
samples, whileI (D)/I (G) overall decreases with increasin
excitation energy, there seems to be a minimum around
nm, and then a slight increase at higherEex. There could be
two reasons for the increase. First, it could be due to
fitting procedure, given the extremely smallI (D)/I (G) for
deep UV excitation and the appearance of theT peak. Sec-
ond, as this occurs in H-containing films, it could be due
C-H bending modes, which lie in this region. Neutron sc
tering data of Honeyboneet al.62 and calculations of vibra-
tional modes in model structures compatible with hydrog
nated carbon materials63,64 suggest that C-H bending mode
lie near 1330 cm21. On the other hand, although sligh
changes in shape and intensity are observed for the;1330
cm21 peakina-C:D, there is no significant downshift neede
for pure C-H bending modes. This peak is thus mainly due
C-C vibrations and we will retain its assignment as aD peak.

Deuteration also causes a downshift of;15 cm21 of the
G peak and;30 cm21 of the 2G peak. This shows that ther
is a small contribution of C-H bending to the C-C stretchi
vibrations in theG peak in hydrogenated samples, as e
pected for a material with hydrogenatedsp2 chains.54 It
could be argued that the;1330 cm21 peak arises from
sample damage; however the carefulness of the meas
ments and the fact that we found a close correlation betw
Raman peaks and optical gaps for a series a polym
a-C:H films50 suggests that damage is negligible. Indeed
clear dip around 1500 cm21 is a typical fingerprint of poly-
meric a-C:H, as it does not occur in ta-C:H or diamondlik
a-C:H. Another contribution in this region arises from th
high-frequency tail of theT peak.

Figure 18 compares the 244-nm UV Raman spectra
ta-C, ta-C:H, and polymerica-C:H, with the peak fits
adopted in this paper.

The FTIR spectra of ta-C:H, diamondlike and polyme
a-C:H show a strong contribution at;1450 cm21 due tosp2

CH aromatic andsp3 CH3 asymmetric orsp3 CH2 scissors
modes.57 This has no counterpart in the UV Raman spect
However, we showed how the CH stretching modes are
tectable in the UV Raman spectra of hydrogenated carb
Further studies will be done to derive the CH contributio
to the UV Raman spectrum and to fully analyse a full ana
sis of deuterated samples. This confirms our previous de
tion of SiH stretching modes in UV Raman spectra
ta-C:H:Si.35

To summarize, there are two possible contributions to
spectra around 1350 cm21, a trueD peak due only to aro-
matic clusters of sixfold rings ofsp2 sites, and an almos
nondispersive contribution in amorphous carbons from
sp2 ringlike structure. The direct contribution of C-H bend
ing modes appears to be negligible.

er
4-9
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FIG. 17. ~a! 229-nm Raman
spectrum of the polymerica-C:H.
The bottom spectrum is the
second-order region plotted vs1

2 of
the Raman shift, in order to com
pare it with the first-order region
Note the 2G peak exactly corre-
sponding to theG peak and the
sp3 CHx stretching at;2920/2
cm21. ~b! Comparison of the
244-nm Raman spectra of poly
meric a-C:H anda-C:D samples.
Note the downshift of;15 cm21

in the G peak of the a-C:D
sample. Note as well that, al
though slight changes in shape an
intensity are observed for the
;1330 cm21 peak in a-C:D and
a-C:H, the significant downshift
in a-C:D, due to happen if this
peak was due to pure C-H bend
ing, is not observed,~c! Compari-
son of the second-order region o
the 244 Raman spectra of poly
meric a-C:H anda-C:D samples.
Note the downshift of the;2920
cm21 band to;2100–2200 cm21,
as expected for a C-H stretching
Note as well the downshift of;30
cm21 of the 2G peak upon deu-
teration.
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E. The T peak and sp3 content

The first UV Raman studies of ta-C by Gilkeset al.29 and
Merkulov et al.30 found a new peak at;1060 cm21 labeled
T. This peak, seen only in UV excitation, is due to a reson
enhancement of thes states, and it directly probes thesp3

bonding. This peak corresponds to the peak in the CCsp3

vibration density of states~VDOS! of ta-C in simulations51,52

and EELS data.65 Gilkes et al.31 gave some empirical rela
tions between theI (T)/I (G) ratio, theT peak position and
the sp3 content, Fig. 19.

The 244-nm UV Raman spectrum is a favored means
derive thesp3 content of amorphous carbons. This requir
an understanding of how the spectrum develops withsp3

content. For example, the variation ofI (T)/I (G) with the
sp3 content is quite nonlinear for 60– 90 %sp3 contents,
Fig. 19~a!. The spectrum possesses the largeG peak. If this is
subtracted, this leaves theT peak, which arises from a pea
in the sp3 VDOS. As thesp3 content falls, thesp3 VDOS
peak at 1060 cm21 shifts upwards to that of asp2 network at
1400 cm21.65 A shifting T feature is also seen in the UV
Raman spectra of ta-C:N with increasing nitrogen conten34

Alternatively, the changes could be represented as a re
07541
t

to
s

c-

tion of theT peak at 1060 cm21 and the rise of a peak aroun
1400 cm21, a D-like peak. This is consistent with the discu
sion in Sec. III C. There we noted that aD peak can survive
in UV Raman spectra ofsp2 a-C, where it becomes like a
VDOS feature ofsp2 rings. Thus, as thesp2 content of ta-C
rises, theT peak intensity~corresponding to the CCsp3

VDOS! is reduced, with a corresponding increase of aD
peak. We use this model here.

A complication is that theD peak intensity depends no
only on thesp2 fraction, but also on its order. If thesp2 sites
have graphitic order, theD peak is absent in UV, if thesp2

sites are in chains theD peak is absent, only if thesp2 sites
are in disordered rings does a residualD peak survive in UV.

This can then explain the range ofI (T)/I (G) values seen
for high sp3 content ta-C. This could be attributed to th
sensitivity of theT peak to small changes ofsp3 content at
high sp3 content. More likely, a slightly different amount o
sp2 clustering can fill in the dip around 1400 cm21 ~clearly
seen in the ta-C spectrum of Fig. 18!, so smearing theT peak
intensity. This effect should be accounted for, in principle,
introducing an extraD peak in the fitting, even in sample
with low sp2 content, but a physically meaningful fit is dif
4-10
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ficult in these cases as this implies using two peaks to fi
broad feature with no clear modulations. Thus, the empir
relations of Gilkeset al.,31 obtained with a simple-two-pea
fit
~1T peak and 1G peak! that allows an upshift of theT peak,
are useful benchmarks.

The increase ofsp2 content and clustering both tend
reduceI (T)/I (G). However, theT peak disappears only fo
largesp2 contents. Thus, the effect of clustering is to redu
the direct correlation betweenT intensity andsp3 content.
Nevertheless, we can still distinguish highsp3 contents from
low sp3, unlike in visible Raman spectra. Indeed, aT peak
around 1060 cm21 and anI (T)/I (G) ratio of about;0.4–
0.42 in H-free samples is a sufficient condition to estimate
sp3 content of;80%. An I (T)/I (G) ratio of 0.3–0.4 still
indicates asp3 content of 60–80 %, butsp2 clustering
makes it difficult to give a precise figure. Finall
I (T)/I (G),0.2 indicates asp3 content lower than 20–30 %
Thus the presence of aT peak is a powerful qualitative
means to cut through the hysteresis. Indeed, a sample
high sp3 fraction and large hysteresis will show aT peak
~even if smaller than a similarsp3 content sample, but with
limited clustering of thesp2 phase!. On the other hand, a
sample with lowsp3 fraction but with the sameI (D)/I (G)
in visible excitation will not show anyT peak in the UV.

FIG. 18. UV Raman spectra of polymerica-C:H, ta-C:H, and
ta-C with the peak fits. The fitted peaks are correspondingly labe
Note that for polymerica-C:H a clear dip at;1500 cm21 exists
between theD peak at theG peak. For ta-C:H~or diamondlike
a-C:H! the residualD peak and largerG peak fill the dip around
1500 cm21.
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TheT peak has a low-energy tail, which is really a seco
peak around 600 cm21.30 This peak is present in ta-C eve
for visible excitation and arises fromsp2 bending modes.66 It
is seen in Fig. 1 in the 325 nm spectrum, where the signa
the Si substrate is suppressed and theT peak is only a small
bump. This peak is neglected when fitting the 244-nm R
man spectra of ta-C, due to the strength of theT peak at this
energy.

The analysis ofT peaks extends to hydrogenated sampl
Figures 2 and 6 show that theT peak in ta-C:H ora-C:H is
around;980 cm21, lower than in ta-C. This is consisten
with the simulations of the C-Csp3 VDOS in ta-C:H.63 The
presence of the residualD peak must be taken into accou
when fitting. As a first approximation, we use three Lore
zians to fit the spectra~Fig. 18!. For hydrogenated sample
EELS gives the total amount ofsp3 bonded C atoms, in both
C-C and C-Hsp3 bonds, but theT peak is sensitive only to
C-C sp3 bonds. Indeed, comparing the UV Raman spectra
ta-C:H and polymerica-C:H ~Figs. 2 and 7!, it is clear that
most Csp3 atoms are bonded to H in polymerica-C:H, due
to the absence of a clearT peak, whilst in ta-C:H there is a
sizable amount of C-Csp3 bonds. Empirically,I (T)/I (G)
;0.1– 0.2 in ~t!a-C:H indicates an overallsp3 content of
;70%. Clearly, assp2 clustering also contributes to aD
peak, this can make things more difficult.

Note that our approach, as for Ref. 31, is to define
intensity ratioI (T)/I (G) as a peak height ratio rather than a
area ratio, whilst others34 use the area ratio. This is a prag

d.

FIG. 19. ~a! I (T)/I (G) vs sp3 fraction for nonhydrogenated
carbon films.~b! T peak position vssp3 fraction for nonhydroge-
nated carbon films. The parameters were derived with
BWF1Lorentzian fit, thus allowing theT peak to upshift, as for
Gilkes et al. ~Ref. 31!. A higher T peak position for a givensp3

content means higher clustering of thesp2 phase~see text!.
4-11
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matic choice. Identifying theT peak as a CCsp3, VDOS we
should take its area as thesp3 fraction. However theT peak
width is well defined only for the two-Lorentzian fit in ta-C
and it can vary significantly with fitting in a three-Lorentzia
fit ~as in ta-C:H, Fig. 18!. Furthermore, theG peak in UV
Raman represents only thesp2 sites resonantly enhanced
that energy. Its area reflects thesp2 quantity modulated by a
different cross section for eachsp2 configuration.

A final question for theI (T)/I (G) ratio in UV Raman is
the cross-sectional uniformity of the sample. We noted
Sec. II A that our samples are extremely uniform in thez
direction.43 However, it is possible to have quite layered ta
films, with surface layers thicker than the penetration de
of UV light ~;10–15 nm!.43 In that case, UV Raman pro
vides information on the outer part of the sample. On
other hand, this surface sensitivity can be exploited to inv
tigate the changes induced by surface treatments.

IV. CONCLUSIONS

We have presented the dispersion of Raman peaks
varying excitation energy for a comprehensive series
amorphous carbons. We showed how most trends can
classified and explained by extending the three-stage m
developed to explain the visible Raman spectra of disorde
and amorphous carbons.

We showed how amorphous carbons can have aD peak
even in UV excitation, in contrast to disordered graphite.
discussed the origin of the trends of theT peak with sp3

content for hydrogenated and hydrogen-free samples.
showed how its blueshift is due to the appearance of a
sidualD peak, due to the vibrations of all ringlike structure
and not due to a change in thesp3 VDOS, as sometimes
suggested.
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We also stress how the clustering of thesp2 phase is the
major parameter controlling the Raman spectra at any wa
length. Probing the same sample with visible and UV ex
tation allows us to derive the amount and clustering ofsp2
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