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Abstract. Tailoring sp2/sp3 ratio in diamond-like carbon thin films offers new surface
engineering solutions for the continuously increasing devices requirements in various fields. We
report here the control of sp2/sp3 carbon content using the high voltage anodic plasma in vacuum.
Correlation of data obtained by visible Raman Spectroscopy and XPS spectra of our DLC films with
deposition parameters showed an increase in sp3 bonding of about 10% when decreasing the
discharge voltage from 600 V to 200 V or increasing the anode-substrate distance from 15 cm to 36
cm.

Key words: Diamond-like carbon thin films, Raman spectra, XPS spectra, sp2/sp3 ratio
.

1. INTRODUCTION

Diamond- like carbon (DLC) films [1], also known as amorphous carbon
films, consist of a mixture of sp3, sp2 and even some sp1 hybridized carbon bonds,
with or without hydrogen content [2]. DLC is one of the most actively studied
materials due to its attractive properties such as high optical transparency in the
visible and infrared (IR) region, high electrical resistance, low friction coefficient,
chemical inertness, high thermal conductivity and low electron affinity [3-8]
DLC films are extensively used in industry for improving surface properties
of various materials and for protecting them to resist to the environment.
Automotive, optics and electronics, as well as textile machinery and biomedicine
are only some of the application areas of DLC films. In many of these applications
one of the important information of the DLC films is sp2/sp3 ratio and hydrogen
content which controls/understanding their properties [9].
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At present, DLC films can be synthesized using a variety of plasma
deposition methods such as: chemical vapor deposition (CVD) [10-12], magnetron
sputtering [13], ion plating [14], plasma laser deposition [15], mass selected ionbeam deposition [16], plasma-immersion ion implantation and deposition [17], and
filtered cathodic vacuum arc deposition [18]. All these deposition methods present
advantages but also drawbacks, which limit their range of applications.
A less explored deposition method for the synthesis of DLC films is the High
Voltage Anodic Plasma (HVAP) known also as Thermionic Vacuum Arc plasma
(TVA) [19]. Being different from other deposition methods, the expectation is to
obtain DLC films with specific characteristics. Among its specific features, the
following can be mentioned: the HVAP plasma does not use a buffer gas, it is
localized within the deposition chamber and, also, it contains only atoms and ions
of the material to be deposited. Moreover, optimization of deposition process is
made by adjustment of plasma parameters [20,21]. These characteristics allow
room temperature deposition and good control of ion energy and deposition rate.
A wide range of spectroscopic techniques are used to characterize the
structure and composition of DLC films. Among them, Raman spectroscopy and
XPS are the most common surface techniques used in the analysis of carbon films
[22,23]. Although Raman spectroscopy does not provide quantitative information
with respect to the relative amount of sp2 and sp3 bonding, it is an important
qualitative method for evidencing the composition of DLC films. Various
systematic studies and models on the variation of Raman spectra of DLC films
with the sp2/sp3 ratio determined by complementary analysis techniques are already
published [24-28].
X-ray Photoelectron Spectroscopy (XPS) is one of the standard methods used
to obtain elemental composition of a surface and is often used for quantitative
determination of the sp2/sp3 ratio in DLC films, by focusing on the C1s peak of
carbon which can be deconvolved into sp2 and sp3 peaks [29-33].
The aim of this study was to investigate the influence of plasma process
parameters (voltage and current plasma, and anode-sample distance) with sp2 and
sp3 bonding in DLC films deposited using HVAP method and analyzed using XPS
and Raman Spectroscopy.

2. EXPERIMENTAL DETAILS

Diamond Like-Carbon thin films were deposited on mirror polished single
crystal (100) silicon wafers as well as borosilicate glass by HVAP. For depositing
DLC, a graphite rod is used as anode. A high DC voltage (of the order of kV) is
applied between the anode and a hot filament cathode. Carbon plasma of high
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discharge voltage (hundreds of volts) and high current (amperes) is formed above
the anode. Full details of the method were described elsewhere [19,34].
Thin DLC film growth is obtained by deposition of carbon ions and neutral
atoms with fluxes depending on process parameters (discharge current Idisc,
discharge voltage Udisc and anode-sample distance Da-s). Values of the parameters
used in this work are listed in table 1. Prior to film deposition, the substrates were
cleaned in ultrasonic bath with acetone and isopropyl alcohol for 15 minutes each,
and were dried with nitrogen jet before loading into the vacuum chamber. The
substrates were placed at 5 different distances from the electrodes on a specially
designed holder. A shutter was placed between the anode and substrate holder to
prevent contamination of samples prior to deposition. All depositions were
conducted at room temperature in a high vacuum better than 10-4 Pa. After
deposition, the samples were cooled down in the deposition chamber under high
vacuum for at least 100 minutes.
Table 1
HVAP process parameters used for the DLC films deposition

Discharge voltage (V)
200
400
600

Discharge current (A)
3
2.8
2.6

Anode – sample distance (cm)
15 20
23
31
36
15 20
23
31
36
15 20
23
31
36

Carbon bonding in the thin films was analyzed by Visible Raman
spectroscopy. Micro Raman spectra (100 to 3200 cm-1 ) of samples were recorded
using a JASCO NRS 3100 micro-Raman spectrometer (JASCO Corporation,
Tokyo, Japan), equipped with 532 nm (green) diode laser. The analyses were
carried out at room temperature in ambient air.
The elemental composition was analyzed using X-ray photoelectron
spectroscopy-XPS on a VG ESCA MK II system equipped with a twin anode (Mg
Kα- X ray source) with 10 eV pass energy.

3. RESULTS AND DISCUSSIONS
3.1. RAMAN SPECTROSCOPY

Raman spectroscopy is a simple and non-destructive tool that became very
popular for structural characterization of carbon thin films [22-26]. The Raman
spectra for visible excitation wavelength consists of two main features, the so-
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called G (graphite) and D (disordered) peaks centered around 1550 and 1350 cm-1
[35]. Although Raman spectroscopy is not able to give exact compositional
information with respect to the sp3 and sp2 bonding of carbon atoms [36], it is
commonly used as an indirect tool to probe DLC films composition qualitatively.
A typical Raman spectrum of a DLC film prepared by HVAP using the
following deposition parameters: 400 V discharge voltage (Udisc) and 36 cm anode
- sample distance (Da-s) is shown in figure 1 along with the borosilicate glass
substrate characteristic spectrum. The film spectrum (filled circles) consists of a
broad band around 1500 cm-1, which is a well-known characteristic of carbon
materials attributed to the scattering of all sp2 sites (rings and chains). The band
contains a combination of G and D peaks centered on around 1560 and 1360 cm-1
[37-39]. A small shoulder is also observed at around 1100 cm-1. This feature was
attributed to scattering from the borosilicate glass substrate as evidenced by the
open circles spectrum in figure 1.

Fig. 1 – Typical Raman spectra of a DLC film prepared by HVAP using Udisc = 400V and Da-s = 36
cm (full circles) and of the borosilicate glass substrate (open circles).

Analysis of the Raman spectra for the DLC films prepared using three
different deposition conditions is shown in figure 2. For each sample, the best
theoretical fit of the raw Raman line was obtained using linear background
normalization and a 90% Gaussian – Lorentzian function for both G and D peaks.
Lorentz function was used for the characteristic peak of the glass substrate around
1100 cm-1 . The deconvoluted broad peaks corresponding to the D and G bands of
graphite indicate an amorphous structure of the films [40].
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Fig. 2 – Deconvoluted Raman spectra of HVAP DLC films deposited using Udisc = 600 V and Da-s =
15 cm (a), Udisc = 200 V and Da-s = 15 cm (b) and Udisc = 200 V and D a-s = 36 cm (c). The solid lines
correspond to a theoretical fit using a Gaussian-Lorentz cross function for both D and G peaks and a
Lorentz function for the borosilicate glass substrate.
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3.2. X-RAY PHOTOELECTRON SPECTROSCOPY

In order to obtain quantitative information of the sp2/sp3 ratio, XPS analysis
is better suited [41]. Figure 3 shows a typical wide XPS spectrum of a DLC film
prepared by TVA. The presence of oxygen can be observed as the only
contaminant element of the film.

Fig. 3 – Wide XPS spectrum of a DLC film prepared by HVAP using Udisc = 400V and Da-s = 23 cm.

The sp3/sp2 fraction of carbon contained in the films was determined by
deconvolution of the C 1s core level spectra. In figure 4 (a)-(c), the deconvoluted C
1s band spectra corresponding to DLC films prepared by HVAP using three
distinct deposition conditions are presented for comparison. The peaks centered
around 285 eV and 286 eV correspond to the sp2 and sp3 bonding of carbon,
respectively. The best fit of the C 1s level spectra was obtained by adding two
more peaks most probably corresponding to an sp2 satellite and C-O group centered
at binding energy values above 286.5 eV [29,42]. For calculation of sp3/sp2
fraction, the areas of these peaks were subtracted from the total C peak.
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Fig. 4 – Deconvolution of C1s core level spectra Raman spectra of HVAP-DLC films deposited using
Udisc = 600 V, Da-s = 15 cm (a), Udisc = 200 V, Da-s = 15 cm (b) and Udisc = 200 V, Da-s = 36 cm (c).
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3.3. EFFECT OF THE DISCHARGE VOLTAGE ON HVAP – DLC FILMS CHARACTERISTICS

Figure 5 shows the variation of G peak position and D and G peaks
intensity ratios (I(D)/I(G)) obtained from the deconvoluted Raman spectra as a
function of the HVAP discharge voltage. An increase in the I(D)/I(G) ratio with the
discharge voltage from 1.11 for the film prepared at 200 V to 1.34 for the one
prepared at 600 V is observed. This is attributed to the increase of the sp2 bonded C
content as well as the increase of the sp2 clusters dimensions, as also found by
other authors [27]. Additionally, the shift of the G peak position from 1554 cm-1 to
1563 cm-1 with increasing discharge voltage also indicates the increase of sp2
content of the DLC films [43].

Fig. 5 – G peak position and I(D)/I(G) ratio extracted from Raman spectroscopy measurements as a
function of discharge voltage for the DLC films deposited at Da-s = 31 cm.

The sp2 and sp3 carbon bonding fraction values, their ratios and peaks
position resulted from deconvolution of XPS C 1s core level spectra of the DLC
films deposited at an anode – substrate distance of 31 cm are given in table 2 as a
function of the discharge voltage. As indicated in figure 6, for the DLC films
obtained at a distance of 31 cm from the anode the results obtained from XPS
analysis revealed an increase in the sp3 carbon bonding fraction from 19 % to 29 %
with decreasing the discharge voltage from 600 V to 200 V. This behavior of
increasing the sp3 bonded carbon in the film by decreasing the discharge voltage
was observed for all anode – substrate distances investigated in the study.
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Table 2
3

2

% sp and sp carbon bonding fraction, their ratio and peak positions in the spectra derived from XPS
analysis of DLC films prepared at Da-s = 31 cm as a function of Udisc

Discharge
voltage
(V)

sp3
bonded
carbon
(%)

sp2
bonded
carbon
(%)

sp3/sp2
ratio

sp3 peak
position
(eV)

sp2 peak
position
(eV)

600

19.3

80.7

0.23

285.74

285.06

400

22

78

0.28

285.68

284.96

200

28.79

71.21

0.4

285.8

285

Fig. 6 – Variation of the sp3 bonded carbon content a function of discharge voltage for the DLC films
deposited at Da-s = 31 cm.

Figure 7 shows the variation of I(D)/I(G) ratio obtained from Raman
analysis with sp3 bonded carbon content obtained from XPS data. It can be
observed that increasing the sp3 content in the film leads to a decrease of the
I(D)/I(G) ratio. These results are in good agreement with the generally accepted
interpretation of Raman spectroscopy results which correlates the increase of
I(D)/I(G) with a decrease of sp3 bonded carbon content [27]. This behavior was
obtained by lowering the discharge voltage of the HVAP plasma and reveals the
capability of this deposition method to control DLC film composition.
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Fig. 7 – I(D)/I(G) ratio as a function of sp3 content of DLC films prepared at different discharge
voltages but same anode – substrate distance (Da-s= 31 cm)
3.4. EFFECT OF THE ANODE – SUBSTRATE DISTANCE ON HVAP – DLC FILMS
CHARACTERISTICS

We observed that decreasing discharge voltage results in a higher
concentration of sp3 bonded carbon in DLC films prepared by HVAP plasma. In
the following, the anode – sample distance role in tailoring the DLC films
characteristics is assessed.

Fig. 8 – Variation of the I(D)/I(G) ratio and G peak position with the anode – sample distance
obtained from Raman spectroscopy for the DLC samples prepared using 200 V discharge voltage
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Figure 8 shows variation of both D and G bands ratio and G peak position
with the anode – sample distance obtained from Raman spectroscopy. A monotonic
decrease of the I(D)/I(G) ratio is observed with increasing the anode - sample
distance from 15 cm to 36 cm. Also, a shift to lower wave-number of the G peak
position with increasing the anode–sample distance from 1573 cm-1 for the sample
situated at 15 cm above the anode to 1553 cm-1 for the one situated at 36 cm can be
observed. The decrease of I(D)/I(G) ratio is attributed to the decrease of sp2 bonded
carbon content while the shift of the G peak position to lower wave-number values
suggests a decrease of the sp2 clusters size.
In table 3, the sp2 and sp3 carbon bonding fraction values, their ratios and
peaks position resulted from deconvolution of XPS C 1s core level spectra of the
DLC films deposited by applying a 200 V discharge voltage are given as a function
of the anode – substrate distance (Da-s). As indicated in figure 6, the XPS analysis
revealed that for the films obtained when 200 V discharge voltage was applied an
increase in the sp3 carbon bonding fraction from 19 % to 29 % with increasing the
anode – substrate distance from 15 cm to 36 cm. This behavior of increasing the
sp3 bonded carbon in the film by decreasing the discharge voltage was observed for
all anode – substrate distances investigated in the study.
Table 3
3

2

% sp and sp carbon bonding fraction, their ratio and peak positions in the spectra derived from XPS
analysis of DLC films prepared at Udisc = 200V as a function of Da-s

Anode –
substrate
distance
(cm)

sp3
bonded
carbon
(%)

sp2
bonded
carbon
(%)

sp3/sp2
ratio

sp3 peak
position
(eV)

sp2 peak
position
(eV)

15

20.12

79.88

0.25

285.97

285

20
23
31
36

23.32
25.11
28.79
31.06

76.68
74.89
71.21
68.94

0.30
0.33
0.40
0.45

285.92
285.9
285.8
285.87

285
285
285
285

The XPS analysis results showed that the sp3 content of the DLC films
increased from ~ 20 % to ~ 31% by increasing the anode – sample distance from
15 cm to 36 cm as evidenced in figure 9. In figure 10 the variation of the I(D)/I(G)
ratio from Raman spectroscopy as a function of sp3 content from XPS
measurements is shown.
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Fig. 9 – Variation of sp3 content (in %) with anode – sample distance for DLC films prepared at a
discharge voltage of 200 V

Fig. 10 – I(D)/I(G) ratio vs. sp3 content for DLC samples prepared using 200 V discharge voltage at
various anode – sample distances

As in the case of discharge voltage, the results obtained by XPS analysis
are in good agreement with Raman spectroscopy. They correlate the decrease of D
and G bands intensities ratio with an increase of sp3 bonded carbon atoms.

13

Tailoring sp2/sp3 ratio in DLC films

15

3. CONCLUSIONS

The influence of deposition parameters such as discharge voltage and anode –
sample distance in HVAP plasma on the type of carbon bonding in DLC films was
studied.
Visible Raman spectroscopy performed using the 532 nm excitation
wavelength and also XPS analysis were used for the investigation of DLC film
composition and morphology. A good agreement of our data with the generally
accepted theory whereby a decrease in I(D)/I(G) ratio is accompanied by an
increase of sp3 ratio was obtained.
The results obtained revealed that lowering the discharge voltage and/or
increasing the anode - substrate distance results in the preferential sp3 bonding in
DLC films.
The work showed that the HVAP plasma could be successfully used for
tailoring DLC films according to the requirements of various applications.
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