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Abstract 

Amorphous carbon thin films with a wide range of sp2 fraction from 20 to 90% grown 

by filtered cathodic arc deposition have been examined by ultraviolet (UV) at 325 nm 

and visible Raman spectroscopy at 457 nm excitation wavelength. The comprehensive 

study of behaviour of G, D and T band with sp2/sp3 content has been carried out. The 

upwards shift of the G peak with sp3 content was observed for both excitation 

wavelengths. It was also found that the I(D)/I(G) ratio decreases with sp3 content for 

UV and visible excitations, and for high sp3 content I(D)/I(G) tends to zero. The 

dispersion of the G peak is also investigated in this work as a function of sp2 content.  
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1. Introduction 

 

Amorphous carbon (a-C) films have been extensively investigated by researches due 

to their hardness, chemical stability, and its electronics properties [1]. The a-C films 

have widespread applications as protective coatings in areas such as magnetic storage 

disks, biomedical coatings, and as microelectromechanical devices. The amorphous 

carbon films have wide range of structural configuration due to sp2 and sp3 sites. 

Diamondlike carbon (DLC) is defined as a-C or an hydrogenated amorphous carbon 

(a-C:H) with a significant fraction of sp3 bonds [2]. The DLC films with highest sp3 

content are called tetrahedral amorphous carbon (ta-C) [2]. There are four key 

parameters determine the structure and properties of a-C, the fraction of sp3 bonded 

carbon sites, hydrogen content, ordering and clustering of sp2 sites. Different 

characterisation methods are used to determine the structural parameters of a-C films. 

For instance, the sp3 content is usually measured by nuclear magnetic resonance 

(NMR) or electron-energy-loss spectroscopy (EELS), but these are time consuming 

and destructive methods. Raman spectroscopy is a very popular, non-destructive tool 

for the structural characterisation of a-C films. Visible Raman spectroscopy is 50-230 

times more sensitive to sp2 sites, as photons with wavelength in visible range 

preferentially excite π-states. UV Raman, with its higher photon energy, excites both 

the π and the σ states and so it is able to probe both the sp2 and sp3 sites [3].  

The Raman spectra of the a-C films show several common features in the 800-2000 

cm-1 region: the G and D peaks at around 1570 and 1400cm-1 observed for visible and 

UV excitation and the T peak ~ 1100 cm-1 detected only for UV excitation [2,4]. The 

G and D peaks are due to sp2 sites only [3]. The G peak is due to the bond stretching 

of all pairs of sp2 atoms in both rings and chains, and the D peak is due to the 
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breathing modes of sp2 rings [3]. The T peak is contributed to the C-C sp3 vibrations 

[2,3]. 

In this paper, we report on application of Raman spectroscopy at 325 and 457 nm 

excitation wavelengths to distinguish between the a-C and ta-C films and to assess 

their structural properties. A possible explanation for the position of the G peak and 

its linewidth is discussed in this paper. There are reasonable arguments in the 

literature about the origin of upwards shift of the G peak with sp3 content. Some 

conjectures indicate, that shift can be due to compressive stress in ta-C films [5], 

while other investigators show, that the G peak position does not decrease when the 

stress is removed by annealing [6]. Present paper underlines the importance of the D 

and G peaks intensity ratio (I(D)/I(G)) and intensity of the T peak in analysis of a-C 

films. 

 

2. Experiment 

 

A) a-C samples 

 

Carbon thin films with sp2 content between ~20% to ~90% were deposited onto 

silicon wafers using a dual bend filtered cathodic arc deposition (FVCA) system 

operating with a 99.9 % pure graphite target, an arc current of 56 A and a base 

pressure of better than 10-5 Torr. Three different flow rates of Ar (0, 7, and 15 

ml/min) were used with the different deposition parameters. Silicon (100) substrates 

were cleaned prior to deposition in an ultrasonic bath, with acetone, ethanol and 

distilled water before being air dried. The substrate holder was connected to a 

regulated DC power supply, allowing films to be deposited over a range of bias 
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voltages from -25 V to -1000 V. The stress was determined from substrate curvature 

using Stoney’s equation and the film thickness (from 20 to 80 nm) was determined by 

step height measurements obtained using a Tencor P-16 profilometer [7,8]. The film 

density and fraction of sp2 bonded carbon atoms was estimated from an EELS 

measurements [8]. Samples were also prepared with a thin Cu under layer 

approximately 2 nm thick sputter deposited onto the substrate prior to the carbon 

deposition.  

 

B) Raman spectroscopy 

 

For the study of a-C films Raman spectroscopy with visible and UV excitations has 

been used. Unpolarized visible Raman spectra were excited at the backscattering 

geometry using 457 and 514 nm lines of an Ar+ laser as well as 633 nm line of a 

HeNe laser. Spectra were collected using RENISHAW 1000 micro-Raman system 

equipped with a CCD camera and a Leica microscope. An 1800 lines/mm grating was 

used for all measurements, providing a spectral resolution of ~ 1 cm-1. A laser output 

of 10 mW was used and the laser spot was focused on the sample surface using 50x 

objectives with short-focus working distance. UV Raman spectra were collected using 

micro-Raman system HR800 model supplied by Horiba Jobin Yvon. As an excitation 

source the He-Cd laser at 325 nm with power of 22 mW was used. The laser spot was 

focused on the sample surface using 40x objectives with short-focus working 

distance. The Raman spectra were fitted with mixture of Gaussian and Lorentzian 

function to obtain the position, intensity, and linewidth of detected peaks. 

 

3. Results and discussion 
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The shape of Raman spectra of a-C films depends on a number of different factors. 

These factors are a clustering of the sp2 sites, bond disorder, presence of sp2 rings or 

chains and the sp2/sp3 ratio [3]. Fig. 1 shows Raman spectra acquired at wavelengths 

457 nm and 325 nm, respectively. The following Raman features are observed for 

both excitation wavelength: a TO Si phonon at ~ 970 cm-1 due to the second order 

phonon scattering from the silicon substrate, and the carbon D and G bands at about 

1400 and ~1570 cm-1, respectively. The TO Si phonon mode is more pronounced for 

visible excitation (457 nm) due to a larger depth of laser light penetration than in case 

of UV excitation (325 nm). In addition to that, a weak T band at ~1100 cm-1 is 

observed for UV excitation (see Fig. 1(b)). For visible excitation, the sp2 sites have a 

high cross section and they dominate the spectra. In the same time, the sp3 sites can 

not be detected and the spectrum corresponds only to the configuration or order of the 

sp2 sites. At the higher excitation energy (in the UV range), the sp3 sites are clearly 

shown in Raman spectra, due to resonant enhancement of the σ states of C-C bonds 

[2], (see Fig. 1(b)).  

 

Figure 2 presents the dependence of Raman frequency of the G band versus the sp3 

content for visible and UV excitations. As can be seen from this figure, the G peak 

behaves differently for a-C films with low sp3 content (up to 20%) in comparison with 

that for ta-C films with higher sp3 fraction. For both excitation wavelengths, the G 

peak position decreases as sp3 increases up to 20%. For the sp3 content in the range 

from 20% to 80%, the position of G peak significantly shifts to the higher Raman 

frequencies. This is in agreement with previously published papers on a-C films [3,5]. 

The large shift of the G peak position (around 30 cm-1) to the higher frequencies is 
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observed for UV excitation wavelength (see Fig. 2 (b)). The range of behaviour of G 

peak can be understood within the three-stage model for different wavelengths 

introduced by Ferrari [3]. In passing from a-C to ta-C, the sp3 content rises from 20% 

to 85%, while the sp2 sites change gradually from rings to chains. The π states become 

increasingly localized on olefinic sp2 chains and, eventually, sp2 pairs embedded in 

the sp3 matrix. Olefinic C=C bonds are shorter than aromatic bonds, so they have 

higher vibration frequencies and consequently they have a larger contribution at UV 

excitation wavelength [3,9,10]. It has been discussed in the literature if the high 

frequency of the G peak has also been attributed to the larger compressive stress in ta-

C films [5,6]. At present time we could not make definite conclusion on the influence 

of stress on the G peak position. Further research has to be carried out. 

 

Fig. 3(a) shows the full width at half maximum (FWHM) of the G peak as a function 

of sp2 content for 457 nm and 325 nm excitation energy. The FWHM of the G peak 

decreases linearly with sp2 fraction for both excitation wavelengths. The a-C films 

with lower sp2 content has the largest G linewidth as they are more disorder. This is in 

agreement with the fact that the linewidth of G peak at any excitation increases as the 

disorder increases [5-7]. The linewidth of G band is around 180 cm-1 for a-C films and 

approximately 230 cm-1 for ta-C, which is in agreement with Ref. [3]. We did not 

observe any significant changes in the linewidth of G peak between 457 nm and 325 

nm excitation wavelengths. This can be due to the reason that excitation wavelengths 

used in this work are quite close to each other. 

Fig. 3(b) presents the variation of the G peak position with excitation wavelength for 

ta-C and a-C samples. The G-peak dispersion occurs only in disordered carbon and it 

is proportional to the degree of disorder of the sp2 clustering [2,3,11]. As it can be 
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seen from Fig. 3(b), the G peak position decreases with the excitation wavelength for 

both a-C and ta-C films. For ta-C films the G peak position decreases from 1615 cm-1 

at 325 nm excitation wavelength to 1529 cm-1 at 633 nm excitation wavelength. A 

smaller dispersion is observed for a-C films with high sp2 content when the G peak 

position shifts from 1600cm-1 to 1556 cm-1 at 325 nm and 633 nm excitations, 

correspondingly. This is consistent with results obtained in Ref. [2].  

 

Fig. 4(a) presents the intensity ratio of the D and G peaks as a function of sp3 content. 

The ratio of I(D)/I(G)  decreases with increase of sp3 fraction. This confirms the three 

stage model introduced by Ferrari [3], which shows that I(D)/I(G) ratio decreases with 

sp3 content for a-C films and for ta-C films with high sp3 content the I(D)/I(G) tends 

to zero. As the sp3 content increases, the sp2 content decreases and sp2 bonded clusters 

become smaller. The carbon rings are more distorted, open up and break into 

segments with chains of C=C groups. The D band, which is due to the breathing mode 

of aromatic sp2 rings, is vanished and for very high sp3 values the G band is nearly 

symmetrical, which is in agreement with spectra presented in Fig. 1. 

 

Fig. 4(b) shows that the intensity of  T peak at 1060 cm-1 increases with increase of 

sp3 fraction, which is in agreement with published data [2,12,13]. This confirms a 

statement that T peak is identified with sp3-bonded carbon. The T peak is sensitive to 

small changes in sp3 content in particularly at high sp3 fraction. 

 

4. Conclusion 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

We have presented a systematic analysis of the Raman spectra measured at 457 and 

325 nm excitations for a-C films with sp2 content varies from ~20% to ~90%. We 

have shown how the UV Raman spectra can provide a direct evidence for the 

presence of sp3 bonds based on T peak, while visible Raman spectra present a 

powerful way to follow the evolution and ordering of the sp2 sites based on the G and 

D peak. Within the three-stage model of the Raman spectra of the carbon films [3], in 

passing from a-C to ta-C, the sp2 sites change gradually from rings to chains and the 

G peak shifts upwards from 1575 to 1598 cm-1 for visible excitation and from 1595 to 

1630 cm-1 for UV excitation. With increase of sp3 content the I(D)/I(G) ratio shifts to 

low values and for high sp3 content tends to zero. The dispersion of the G peak is a 

crucial parameter to distinguish between different structures of amorphous carbon. It 

was confirmed that the bigger dispersion of G peak observed for ta-C films with high 

sp3 content indicates the larger disorder in these films.  
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Figure captions: 

Fig. 1. (a) Visible Raman spectra (457 nm) and (b) UV Raman spectra of the a-C 

films with different sp3 content. 

Fig. 2. (a) The G peak position as a function of sp3 content measured by 457 nm and 

(b) 325 nm of excitation wavelength.  

Fig. 3. (a) The full width at half maximum (FWHM) of the G peak as a function of sp2 

content measured by excitation with 457 nm and 325 nm. (b) Dispersion of G peak 

position vs. excitation wavelength for selected ta-C and a-C samples (note, that the 

connecting lines are used as guide to the eye).  

Fig. 4. (a) The intensity ratio of the D to G peak as a function of the sp3 content for 

visible (457 nm) excitation. (b) Raman peak intensity of the T band as a function of 

the sp3 content. 
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Fig. 1 (J. Wasyluk) 
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Fig. 2 (J. Wasyluk) 
 

 

20 40 60 80 100
140

160

180

200

220

240

F
W

H
M

-G
 p

ea
k,

 c
m

-1

sp2 content, at. %

 457 nm (VIS)
 325 nm (UV)
 fit linear to VIS data

 

350 400 450 500 550 600 650
1520

1540

1560

1580

1600

1620

G
 p

ea
k 

po
si

tio
n,

 c
m

-1

Excitation wavelength, nm

 ta-C (E91, 28.2% sp2)
 a-C (E67, 82% sp2)

 

Fig. 3. (J. Wasyluk) 
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