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Diamond-like carbon films were synthesized by electro-deposition technique from an
organic liquid (a solution of alpha- and beta-pinenes in n-hexane) on silicon substrate
at room temperature and at room pressure. The x-ray diffraction (XRD),
Fourier-transform infrared (FTIR) spectra, Raman spectra, photoluminescence (PL),
and x-ray absorption near edge structure (XANES) spectra analysis were used to study
the properties of the diamond-like carbon (as-deposited and annealed) films. The XRD
measurement indicated that the film contains some diamond-crystalline phases whereas
Raman spectra did not show any prominent diamond-like peak. PL intensity as higher
for the as-deposited film and decreased with high-temperature vacuum annealing. FTIR
spectra showed the presence of sp3 hybridization C–H bonds and their intensity
decreases at higher annealing temperature. C and O K-edge XANES spectra showed
that * (sp2) intensity significantly decreases when the annealing temperature is 600 °C.

I. INTRODUCTION

Diamond-like carbon (DLC) films have attracted interest for several applications, such as corrosion protective
coatings of metal, wear-resistant coatings, and use as
optical and electronic components. A large number of
different methods, including chemical vapor deposition
techniques,1 ion-beam laser processing techniques,2 etc.,
are used for the preparation of these films. However, we
have succeeded in demonstrating a new method for the
preparation of those films in an atmospheric pressure and
at room temperature. This method is based on an electrochemical process. This is our first attempt to deposit
DLC films by this technique using organic compounds,
in this case, a solution of alpha- and beta-pinenes in
n-hexane. The electrodeposition technique is not widely
used for the preparation of DLC films and very few
reports were found.3–8 In this article, we present the
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preparation of the DLC films having thickness 700 nm
by an easy and inexpensive electrodeposition technique
at room pressures and temperature using organic compounds and discuss their preliminary characterization.
II. EXPERIMENTAL DETAILS

The apparatus used in our experiment is an electrolytic
cell system shown in Fig. 1. The films were deposited on
silicon (100) wafers with resistivity of 20 ⍀ cm and size
of 10 × 20 × 0.3 mm3. The range of the substrate temperature was 25–35 °C. The substrates (Si) were treated
with dilute HNO3–HF solution for few minutes and then
cleaned by ultrasonic treatment before deposition. The
electrolysis dc power supply was used, keeping the current density range 2–3 mA/cm2. The deposition time
ranged from 2 to 5 h. Thickness of the films was in the
range between 600 and 800 nm. Films are annealed in vacuum (10−5 Torr) in the temperature range 400–600 °C.
The films were characterized by x-ray diffraction (XRD),
Fourier-transform infrared (FTIR) spectroscopy, thickness profile, Raman, photoluminescence (PL), and x-ray
absorption near edge structure (XANES) spectra. Raman
spectra as well as PL spectra were performed using a
© 2004 Materials Research Society
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FIG. 1. Schematic diagram of the apparatus for the deposition of DLC
films used in our experiment.

Renishaw (Derbyshire, UK) micro-spectrometer, excited
by a 2.41 eV Ar+ laser energy at the laser power of
25 mW with spot area of 3 m2. FTIR transmission
measurements were performed using Perkin-Elmer
(Osaka, Japan) FT-IR 2000 spectrometer and XRD spectra were performed using PHILIPS (Tokyo, Japan) diffractometer (model PW 1390) with Cu K␣ radiation (Ni
filter) at 1.54 A°. The film thickness was measured by a
Tenkor (Osaka, Japan) stylus profilometer. XANES
spectra of C K and O K-edge were performed using the
high-energy spherical grating monochromator (HSGM)
at the beam line 20-A with electron-beam energy of
1.5 GeV and maximum stored current of 200 mA at the
National Synchrotron Radiation Research Center
(NSRRC), Hsinchu, Taiwan. The data were collected in
the total yield mode by recording the sample drain current mode. Simultaneously, the signal from a gold grid
located upstream in the x-ray path was recorded, and the
spectra were used for normalization after pre-edge background subtraction. A second normalization was performed by keeping the area fixed under the spectra in the
energy range (315–335 eV for C K-edge and 552–569 eV
for O K-edge). A reference spectrum was measured from
a standard type; a highly oriented pyrolitic graphite
(HOPG) sample and MoO3 sample were used for energy
calibration for all films of C K-edge spectra and O Kedge spectra respectively. All samples were out-gassed in
vacuum (10−9 Torr) to about 150 °C prior to the XANES
measurements to eliminate the surface contamination.
All measurement was taken at room temperature.
Deposition process and mechanism

In the deposition process we chose a U-tube with a
graphite rod in one side and silicon wafer (substrate) is in

other side of the tube, which acted as a cathode and
anode respectively. The distance between the electrodes
was 7 mm. Due to similar lattice structure of diamond, a
silicon wafer (100) was used as a substrate for the deposition of DLC films. To ensure adequate electrical conductance of the electrode, p-type doped silicon with conductivity of 0.05 S cm−1 was used. The mixture of organic compounds described above served as the carbon
source for the deposition of DLC films. Sodium chloride
solution was used in one-third of the tube, and the organic liquid mixture was poured on the top of the electrolyte (sodium chloride solution) at the anode side (see
Fig. 1) so the silicon substrate dipped partially in both the
electrolyte as well as the organic solution. In the filmforming process, chlorine liberated at the anode attacked
the hydrocarbon(s) to combine with the hydrogen and
release carbon, which was deposited on the substrate.
Details of the mechanism are not exactly known at present. Various hydrocarbons and their combination have
been tried, but the best films in terms of rate of deposition, adhesion to the substrate, and uniformity were obtained with a mixture of alpha-pinene, beta-pinene, and
normal hexane (typical ratio 1:1:10 by volume, although
this is not critical), and the results for these are reported
here.

III. RESULTS AND DISCUSSION
A. XRD study

At a visual analysis, the films are homogeneous and
shiny silver-golden in color. The films were inert
to heavy acid and alkalies and did not dissolve in organic solvents. XRD spectra show that they contains
few diamond peaks in the film as deposited as well as
annealed films. Figure 2 shows the XRD spectra of
as-deposited film and that annealed at 600 °C. The peaks
observed at 2 ⳱ 38.69°, 44.95°, 82.55°, 88.43°, and
98.44° are assigned to the reflection of diamond.4,6,9–13
A feature is observed for as-deposited films in the
diffraction pattern around 2 ⳱ 13.30° and 12.56° for
the film annealed at 600 °C. These two peaks are
assigned to (001) and (300) diffraction peak of disordered graphite respectively. The reticular distances d001
⳱ 0.665 nm and d300 ⳱ 0.704 nm correspond to the
interplanar distances between two adjacent sheets in
graphitized carbons.11,14 Apart from those peaks other
few peaks were observed and is due to SiO2 and Si
substrate. The peak position d and hkl values and their
assignment are listed in Table I(a) along with the associated references. It shows that in annealing at 600 °C,
the number of diamond peaks more, which reveals that
the crystallinity increases with annealing temperatures,
and is consistent with the XANES spectra (discussed in
Sec. III D).
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FIG. 2. XRD patterns of the DLC films: (a) as deposited and (b) annealed at 600 °C.

TABLE I(a). Lattice spacing values for electro-deposited DLC film obtained from XRD.
Present work
Films

Previous work

Assignment

Peak position (2)

d (nm)

d (nm)

Reference

Diamond/graphite

hkl

13.30
14.32
16.27
28.54
30.01
68.88
70.81
71.86
82.55
88.43
10.91
12.56
21.93
38.69
44.95
98.44

0.665
0.618
0.544
0.312
0.297
0.136
0.133
0.131
0.117
0.110
0.810
0.704
0.405
0.233
0.201
0.102

0.668
0.618
0.545
0.313
0.307
0.136
0.132
0.131
0.116
0.109
0.810
0.668
0.406
0.240
0.201
0.104

9
10
9
11
9
6, 11
9
10
12
12
13
11
9
4
4
4

Graphite
SiO2
Carbon cluster
Si
SiO2
Si
Si
SiO2
Diamond
Diamond
SiO2
Graphite
Carbon cluster
Diamond
Diamond
Diamond

001
020
⭈⭈⭈
111
200
400
100
421
103
200
101
300
⭈⭈⭈
110
111
222

As deposited

Annealed at 600 °C

TABLE I(b). Raman spectra analysis and photoluminescence results of electro-deposited DLC film.
Raman spectra analysis
Peak position
(cm−1)

Peak width
(cm−1)

Photoluminescence (PL)
Int. ratio

Films

wD

wG

D

G

(ID/IG)

PL Int.
(arbitrary units)

Peak
at (eV)

Peak
width (eV)

As deposited
Annealed (400 °C)
Annealed (600 °C)

1369
1371
1367

1595
1599
1602

212
236
256

94
82
73

0.61
0.75
0.81

14915
164
68

1.83
1.88
1.87

0.33
0.35
0.44
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annealing temperature, and this may be ascribed to the
increase either in number or in size of the sp2 clusters.
Further information from Raman analysis might be
obtained by the G-peak bandwidth G.16 The values of
G are lower at the highest annealing temperatures (i.e.,
G ≈ 73 ± 20 cm−1 at 600 °C, to be compared with
G ≈ 94 ± 20 cm−1 for as deposited sample). The ID/IG
ratio suggests [Table I(b)] a monotonic increase of aromatic
clustering in the film consistently with the increase in concentration of the sp2 clusters or an increase in the sp2 cluster
size. The lowest G values do not necessarily signify a
different cluster type, but consistent with the observation
of higher G-peak positions in graphitic, may signify that
the clusters are embedded in a different environment.
The PL spectra are shown in Fig. 4, indicating that PL
intensity decrease and the peak positions of PL peak
energy are slightly shifted in higher energy with annealing temperature. The shift of PL peak with temperature,
analogous to that shown in Fig. 3, is also typical for a-C
films.17,18 A similar phenomenon was observed by Xu
et al.19 in a-C:H films grown by plamsa-enhanced chemical vapor deposition at different substrate temperatures.
It is expected that the photoluminescence is due to the
recombination of electron-hole pairs within sp2 clusters.20 PL intensity is related to the floppiness of the

FIG. 3. Raman spectra of the DLC films: (a) as deposited, (b) annealed at 400 °C, (c) annealed at 600 °C, and (d) decomposition as
deposited film into D and G peak using Gaussian fit. (D, disorder; G,
graphite; and Si, silicon substrate).

B. Raman spectra and PL study

The Raman spectra of the films (Fig. 3) exhibit the
well known disorder-D (1367–1371 cm−1) and graphiteG (1595–1602 cm−1) peaks found in both films15 as deposited as well as annealed film. In annealed films, an
extra peak at approximately 950 cm−1 was observed and
is Si-peak appears due to silicon substrate. The G peak
occurs both in olefinic (chains) and aromatic (rings)
clusters. In contrast, the D peak is necessarily related to
the presence of aromatic rings.15,16 Thus, the significant
D peak in these films shows that no changes occur in
bonding configuration during the annealing stage. The G
and D features [Table I(b)] of the electrodeposited films
are best fitted (Fig. 3) with two Gaussian curves. In the
films, the two Raman parameters the most related to the
bonding nature in the sp2 phase are the ID/IG peak intensity ratio and the G-peak position G.16 G slowly
up-shifts during annealing (indicating a small transition to shorter and/or more aligned carbon–carbon
bonds16). The ID/IG ratio monotonically increases with

FIG. 4. PL spectra of the DLC as-deposited and annealed at 400 and
600 °C.
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films (which quench the density Nd of non-radiative recombination centers) with the presence of an OH group
and to the quantum confinement (reducing the capture
radius R0). PL intensity decreases [Table I(b)] at higher
vacuum annealing temperature due to compactness of the
films21 as compactness and OH concentration decrease
with annealing.

D. XANES spectra analysis

C. FTIR study

The FTIR spectrum of the as-deposited and annealed (at 400 and 600 °C) films in the frequency range
500–3500 cm−1 are reported in Fig. 5 addressing all possible vibration modes.22 The spectrum shows mainly the
presence of C–C (at 1220 cm–1 and the 1430–1750 cm−1
range) and hydrocarbon CHn (800 cm−1 and 2760–
3150 cm−1 range) inclusions in the film, as expected
from the composition of the fluid precursors. In addition,
the presence of C–O stretching vibration (near 1050 cm−1)
and environmental CO2 (near 2360 cm−1) are present. It
was observed from the spectra that the C–C bond becomes slightly stronger (near 1515 and 1725 cm−1) in the

FIG. 5. FTIR spectra of the DLC films as-deposited and annealed at
400 and 600 °C.
1130

range 1430–1750 cm−1 (see Fig. 5), whereas the CHn
band become weaker in the range 2760–3150 cm−1 (see
Fig. 5), when the films are annealed at higher temperature (at 600 °C). The reason may be due to higher temperature removing H atoms from the film surface23 and
the formation of more C–C bonding.

Figure 6 shows the C K-edge XANES spectra of the
electrodeposited DLC films, as-deposited and annealed.
They are compared to reference XANES spectra of natural diamond, graphite, and HOPG. Most of the structures
in the absorption edge of these references can be related
to features in the unoccupied density of states.24 The
peak at 285.5 eV is assigned, from its polarization
dependence, as a 1s → * transition corresponding to
anti-bonding states of unsaturated carbons.24 The energy
of this transition is in close agreement with the C 1s
core-level energy at 285.6 eV in HOPG and at 285.4 eV
in the graphite reference.24,25 Therefore, it is quite representative of the occurrence of unsaturated bonds, which
are intense in HOPG and graphite. As shown in Fig. 6,
the XANES spectrum of the DLC films displayed the

FIG. 6. Normalized C K-edge absorption spectra of DLC films. (inset)
Magnified * region of C K-edge absorption spectra.
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first edge jump at 289 eV (shown using vertical line in
Fig. 6) corresponds to the threshold of 1s → * transitions followed by a wide peak at 293 eV and a wide
broad peak in the range 295–312 eV. The contributions
ranging within 290–312 eV labeled * correspond to the
transitions of the C 1s core elements to C–C anti-bonding
states * (HOPG) or to empty density of states with 
symmetry. The different features observed in the
XANES spectrum were previously reported24,25 and associated with electronic dipole transitions from the C(1s)
core level to unoccupied states above the Fermi level in
the diamond crystal field. In particular, the sharp peak at
289 eV is associated with a core excitation.24,25 The intensity of the * (sp2) region of 600 °C annealed film
undegoes a significant decrease and simultaneous increase of * threshold intensity at 289 eV [inset Fig. 6],
which indicates the formation of sp3-rich DLC films and
is consistent wth the XRD spectra shown in Fig. 2(b).
Photo absorption spectra from the O (1s) core level are
shown in Fig. 7 and reveal that a small amount of oxygen is present in the sample. When the annealing temperature is comparatively higher (600 °C), it is no longer
detectable. A similar phenomenon was observed by

FIG. 7. Normalized O K-edge absorption spectra of DLC films. (inset)
Magnified * region of O K-edge absorption spectra.

Jiménez et al.24,25 during annealing of the boron carbide
films. The presence of a peak at approximately 531.2 eV
(more clearly shown in inset in Fig. 7) *C⳱O levels
is predicted in a localized, non-interacting description
of the * electronic structure.26 These might be expected
to be probable quasi-degenerate because of the large
spatial separation.26 The presence of *C⳱O resonance
is strongly dominated by the broad resonance peak
center at 539 eV shown in Fig. 7, occurring where
expected from the bond length correlation.26 The similar peak in the C (1s) near edge x-ray absorption fine
structure has been reported in several previous studies
of carbon systems and identified as carbon nanotubes features,27 graphite interlayer states,28 or the *
exciton of amorphous carbon.29 Our assignment of
these features to some C⳱O moiety is commensurate with the O (1s) XANES in all the samples studied
and consistent with the decrease of the features in the
C (1s) and O (1s) spectra due to formation of DLC
films.
IV. CONCLUSION

This work represents our first attempts to demonstrate
that the electrodeposited technique can be used to deposit
diamond-like amorphous carbon films on silicon substrates using a mixture of organic liquid compounds as
starting materials at room pressure and temperature.
XRD measurement confirmed the presence of diamondcrystalline phases but Raman spectra did not show any
such evidence. PL intensity is higher for the as-deposited
film and decreases at higher temperature vacuum annealing. FTIR spectra show the presence of sp3 hybridization C–H bonds and decrease at high temperature annealing, becoming more compact and C–C connective films.
C and O K-edge XANES spectra show that * (sp2)
intensity significantly decreases and provides further
evidence for the compactness of the films when the annealing temperature is 600 °C. At this temperature, significant decrease of the intensity of the * (sp2) region
and increase of the intensity at * (sp3) threshold at
approximately 289 eV in C K-edge confirm the formation of sp3-rich DLC film. This technique is a very
simple and low-cost method, which requires no sophisticated specialized setup. Coating large surfaces by
means of this technique is even cheaper than plasma
techniques. Another advantage is the ease of coating both
sides of the substrate instead only one with an otherwise inaccessible surface. Further work for understanding the deposition mechanism of chemistry process
for formation of film structure. This would help in
optimizing the various parameters, along with the best
choice of substrate and combination of compounds as
starting materials so films of a superior quality can be
obtained.
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