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Evaluation of Carbon thin Films Using Raman Spectroscopy
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Carbon thin films deposited by the magnetron sputtering technique were evaluated by Raman 
spectroscopy to study the influence on their crystallinity caused by different parameters like the 
carbon deposition time, the different buffer-layers and substrates employed and also two distinct 
heat treatments. The present results showed that the choice of these parameters plays an important 
role in the production of these films. The results also indicate the possibility of using the technique 
for the production of carbon thin films to be employed in future in applications with controlled 
content of structural defects, predominance of ordered sp2 bondings and tendency of graphitization.
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1. Introduction

The vibrational spectroscopy has been contributing 
largely in many fields of materials science because of its 
versatility of non-destructive sampling methods1. Raman 
spectroscopy is a technique which has been broadly used 
to characterize diamond-like carbon (DLC) films, graphite 
and graphene films2-8. It has also been applied to detect 
stress in semiconductor films like Si and SiC, in ZrO and 
Cr2O3 films which are oxidized at high temperatures and 
also carbon and bio tissue materials9. The literature has 
shown that the chemical flexibility of the carbon materials 
is grounded on the sp2 (graphite-like) to sp3 (diamond-like) 
bond ratio10. Generally, amorphous carbon films are 
composed of a mixture of sp3, sp2 and sp1 bondings with 
the existence of hydrogen and nitrogen that interconnect 
the chains10. Diamond films exhibit a single first-order band 
at 1332 cm-1 and large single-crystal graphite materials 
show a high frequency band at about 1550 cm-1. For other 
kinds of amorphous and nanocrystalline carbon films, 
the Raman spectrum typically shows a G peak centered 
around 1550 cm-1 and a D peak centered at 1360 cm-1 11. 
The G band is attributed to graphite-like structures of 
sp2 micro-domains and the D band is associated to the 
disorder activated breathing mode (A1g symmetry) of the 
hexagonal rings of the graphitic structure, corresponding 
to sp2 bondings11. The 2D band (2660 cm-1 - 2710 cm-1) 
is a double-resonance band. In monolayer graphene films 
its intensity reaches the maximum value (four times the 
value of the G band intensity)12. The structures of the sp2 
bonded carbon atoms consist of various graphitic forms 
varying from nanocrystalline graphite to glassy carbon. 

Safaie et al13, 14 reported that the incorporation of oxygen in 
doped diamond-like carbon thin films results in changes of 
the optical and structural properties, and that by increasing 
the oxygen content in doped diamond like carbon films, 
the amount of sp2 C=C bonds was raised and the hydrogen 
content reduced in the structure. It was also shown that 
the oxygen concentration influences the ID /IG ratio and its 
interference in the sp2 bonding fraction. Ferrari et al15,16 
have proposed the amorphization trajectory to describe 
the increasing disorder of carbon structures, based on the 
variation of the G band position and of the ID/IG intensity ratio.

In recent publications, our group has reported on the preparation 
of carbon thin films by magnetron sputtering17,18. This work 
presents new results of Raman Spectroscopy for carbon thin 
films produced by the magnetron sputtering technique, and also 
determines the influence of different parameters as deposition time, 
buffer-layer (Co, Cu and Ni), substrate type and heat treatment 
on the crystallinity degree of the films. The use of metallic buffer 
layer is necessary to facilitate the formation of the crystalline 
structures. The lack of it would lead to completely amorphous thin 
carbon films that are not desired in the present study. As already 
shown in the literature19,20, the hexagonal symmetry of the Co 
(0002) buffer-layer and the small mismatch of the (111) Cu and 
Ni buffers in relation to the graphite lattice parameter, deposited 
on c-plane (0001) sapphire substrates or Si (111) substrates, are 
ideal templates for the growth of graphitic carbon films in CVD 
deposition processes. Therefore, these results, the few literature 
related to crystalline carbon thin films produced by the sputtering 
technique and our previous results motivated the present work, 
as most of the reported works on crystalline carbon films are 
normally based on the CVD technique20-24.
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2. Materials and Methods

The samples were produced by the DC magnetron 
sputtering technique using an ATC 2000 Sputtering System 
(Aja International Equipment), a 99.999% pure Kurt J. 
Lesker graphite target and 99,95% pure Co, Ni and Cu 
Alfa Aesar targets. Different substrates were used for the 
deposition: c-plane (0001) sapphire, Si (100) and Si (111). 
Internal halogen lamp bulbs located behind the substrate 
holder allowed the deposition of the buffer-layers (BL) 
at a temperature range of 500ºC - 600ºC. The carbon (C) 
was deposited at room temperature. The base pressure 
was 10-7 Torr, the sputtering deposition pressure was 5 
mTorr and a mixture of 95% Ar and 5% H2 was used 
as the plasma sputtering gas, aiming to avoid possible 
oxidation of the metallic BL’s. The samples produced 
are described in Table 1.

Table 1. Samples produced using different substrates and buffer-layers.

Buffer-layer Cobalt  Copper  Nickel

Substrates
c-plane 
(0001) 

sapphire

Si 
(100)

Si 
(111)

c-plane 
(0001) 

sapphire

c-plane 
(0001) 

sapphire

Samples Co-1 Cu-1 Cu-2 Cu-3

Ni-1, 
Ni-2, 
Ni-3, 
Ni-4

The samples with Ni buffer-layers were heat treated 
after the deposition of the carbon films according to two 
different procedures:

1. Sample Ni-1 was heat treated in a Lindberg Blue 
furnace Model STF55346C, under the pressure of 2.5 
x 10-3 (Pa), heating rate of 7ºC/min, and maintained 
at 750ºC for 12 minutes;

2. Sample Ni-2 was heat treated in a Lindberg MDL 
furnace Type: 59754, in atmospheric pressure, 
heating rate of 375ºC/min, maintained at 750º C 
for 12 minutes.

The Table 2 shows the deposition parameters: power, 
deposition temperature, deposition time, chamber pressure 
and the gas flux employed during each stage.

The Raman measurements were performed in a WITEC 
Confocal Raman Microscope Alpha 300 R operating with 
a green laser at 532 nm. In all the generated spectra, the 
D and G bands were fitted with Lorentzian curves using 
Origin software and the values of G and D band positions 
and ID/IG ratios were determined graphically by the fitted 
curves. So the intensities of the bands (ID and IG) as well 
as the ID /IG ratio were determined in this new condition.

In order to evaluate the uncertainties on the ID/IG 
values, the standard deviation (SD) of the fluctuations 
on the base line of each spectrum was determined in 
the range from 1800 to 2200cm-1, and the uncertainties 
(U) for the ID/IG value for every Raman spectrum were 
calculated using the equation.

            (1)

3. Results and Discussion

In the Raman results the G band position was 
identified and the ID/IG ratio was calculated to evaluate 
the crystallinity of the carbon films and its correlation 

Table 2. Parameters used in the samples production.

Sample Deposition parameters Co-1 Cu-1 Cu-2 Cu-3 Ni-1 Ni-2 Ni-3 Ni-4

BL Substrate Temperature (°C) 600 600 600 500 500 500 500 500

C Substrate Temperature (°C) 18 18 18 18 18 18 18 18

BL Sputtering Power (W) 100 30 30 30 75 75 75 75

C Sputtering Power (W) 150 150 150 150 75 75 75 75

BL Deposition Time (min.) 16 32 32 32 120 120 120 120

C Deposition Time (min.) 60 60 60 60 30 30 60 90

BL Working Pressure (mTorr) 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0

C Working Pressure (mTorr) 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0

BL Gas Flu x (sccm) 20 20 20 20 40 40 40 40

C Gas Flux (sccm) 40 40 40 40 40 40 40 40

Base Pressure (10-7 Torr) 4.2 2.5 2.5 2.5 5.4 5.4 5.4 5.4

The heating of the substrates was performed only 
during the BL’s depositions because a good crystallinity 
was necessary for the subsequent carbon film to be 
deposited. Otherwise, a considerable amount of carbon 
atoms would be expected to dissolve into the BL due to the 
higher carbon solubility. Also, during the substrate cooling 
down process, those atoms would return to the interface 
between the BL and the carbon film, compromising the 
surrounding crystal structure and the total thickness of 
the carbon films.
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with the different parameters used for its production. Low 
values of ID/IG ratios, for the same G band wavenumber, 
represent higher crystallinity degrees, being often related 
to carbon films with lower content of structural defects 
and also to bigger sized nanographite crystals16.

3.1 Effect of different substrates

Figure 1 presents the Raman spectra related to samples 
Cu-1 and Cu-2. According to the amorphization diagram16 and 
considering the small difference in G band positions, the carbon 
film of sample Cu-2 (ID/IG = 1.00) has the highest content of 
graphite like structure of sp2 microdomains and nanographite 
crystals, when compared to the carbon film of sample Cu-1 (ID/
IG = 1.28). The crystallographic direction of  both Cu-1 and 
Cu-2 buffers was evaluated by X-ray diffraction and both are 
(111). Therefore, the higher crystallinity of the carbon film on 
Cu-2 sample corroborates the results found in the literature23,24, 
and is associated to the epitaxial relation between the Si (111) 
substrate and the Cu (111) buffer-layer. In both samples, the films 
are formed by amorphous carbon, revealed by the presence of 
the D band which is more intense for the Cu-1 sample than for 
the Cu-2. However, the presence and position (1559 cm-1) of 
the G band also reveal the existence of nanographite crystals, 
randomly distributed in the films. All the deposition parameters 
are similar for both samples Cu-1 and Cu-2, except the type 
of substrate (see Table 1), showing that the higher crystallinity 
of Cu-2 sample was due to the use of the Si (111) substrate.

structures like pristine graphite (1580 cm -1)22-25. The peak 
at 1450 cm-1, observed in the Ni-3 spectrum ( Figure 3) was 
not identified.

Figure 1. Raman spectra of the samples Cu-1 and Cu-2

3.2 Effect of different buffer-layers

In Figures 2, 3 and 4, the Raman spectra of samples 
Co-1, Ni-3 and Cu-3 are shown, respectively. The redshift 
in the G bands observed in the spectra and the ID /IG ratios 
indicate that the amorphization15 of the carbon films takes 
place in the sequence of samples Cu-3→Ni-3→Co-1. So 
amongst the three samples, the carbon film of Co-1 sample 
presents the highest content of structural defects, and its G 
band is the most redshifted when compared to the samples 
Ni-3, Cu-3 and also to the one observed in crystalline carbon 

Figure 2. Raman spectrum of Co-1

Figure 3. Raman spectrum of Ni-3

Figure 4. Raman spectrum of Cu-3

The Raman spectra depicted in Figures 2 and 4 is very 
similar to the spectra of nanographite and activated charcoal, 
respectively, found in the literature26.
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3.3 Effect of the different heat treatments

The Raman spectra of samples Ni-1 and Ni-2 are 
shown in Figures 5 and 6, respectively, where it is possible 
to compare the results from the different heat treatments 
employed. In Figure 5, it is observed that the ID/IG ratio 
increased, and the G band position (cm-1) was shifted to 
a higher value after a slow heating rate heat treatment. 
These facts suggest an enhancement in the disorder of the 
sp2 structures. In Figure 6 it is observed that the ID/IG ratio 
decreased and the G band shifted to a higher value, after 
a fast heating rate heat treatment. This clearly reveals, 
supported by Ferrari’s diagram15, an improvement on the 
crystallinity of the carbon film in sample Ni-2. This spectrum 
also shows the presence of a broad band (~1100 cm-1) that 
might be related to the nanocrystalline phase of diamond, 
as observed in the literature24. Although only sample Ni-1 
was heat treated under vacuum conditions, it is observed 
that the higher heating rate was more efficient to produce a 
carbon film presenting lower content of structural defects.

4. Conclusions
In this work carbon thin films were produced by the 

magnetron sputtering technique employing different 
substrates, deposition times, buffer-layers and heat 
treatments. Raman spectroscopy results were evaluated 
and they enable to conclude:

• The ID/IG ratio and G band position of the carbon 
films is influenced by the combination between the 
heat treatments, carbon deposition time, substrates 
and buffer-layers;

• The carbon film deposited during 60 minutes at 
18ºC on the sapphire substrate with cobalt buffer-
layer showed lower crystallinity.

Figure 5. Raman spectra of  Ni-1: (a) before the heat treatment 
and (b) after the heat treatment at slow heating rate

Figure 6. Raman spectra of Ni-2: (a) before the heat treatment and 
(b) after heating treatment at fast heating rate

Figure 7. Raman spectra of the samples where the carbon films 
were deposited: (a) during 30 minutes in sample Ni-2, (b) during 60 
minutes in sample Ni-3 and (c) during 90 minutes in sample Ni-4.

3.4 Effect of the deposition time

In function of the very low sputter yield for carbon 
targets, different times were employed for depositing 
the carbon films in samples Ni-2, Ni-3 and Ni-4. The 
Raman spectra for these samples, shown in Figure 7, 
were evaluated for comparison. The analysis of these 
spectra shows that the G band position is the same for all 
the 3 samples and there is an increase in the ID/IG ratio as 
the deposition time of the carbon film is extended from 
60 minutes (sample Ni-2) to 90 minutes (sample Ni-4). 
This increase indicates that longer deposition times are 
inefficient to obtain carbon films with higher crystallinity.
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• Longer deposition times proved to be inefficient to 
obtain carbon films with better crystallinity.

• High heat treatment rates are adequate for the 
production of carbon films with higher crystallinities, 
even without vaccum conditions;

• The adequate epitaxy of carbon on the buffer-
layers and substrates influenced positively in the 
production of carbon films with lower content of 
structural defects.

The present results showed that the choice of the studied 
parameters played an important role in the production of 
carbon thin films deposited by the magnetron sputtering 
technique and indicate that it can be an alternative method 
for the production of carbon thin films to be used in advanced 
scientific researches.
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