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Abstract

Diamond-like carbon (DLC) films deposited by a new room-temperature deposition method were critically investigated by Raman
spectroscopy. A gridless, linear anode layer source was fed with acetylene at different flow rates at varying applied voltages producing highly
adhesive and transparent DLC films. Raman spectra showed a correlation between the intensity ratio ID/IG and the voltage applied to the ion
source. When increasing the voltage from 1 to 3kV, the intensity ratio increased from 0.48 ± 0.02 to 0.59 ± 0.01 (measured at an excitation
wavelength of 532nm and fitted with Gaussian functions). These observations were confirmed by stress measurements, where an increase of the
voltage from 1 to 3kV resulted in a decrease of the compressive stress from − 2.34 ± 0.17 to − 0.85 ± 0.02GPa, indicating a decreased sp3-
hybridised carbon fraction at elevated voltage. Under the described conditions we observed maximum substrate temperatures of 70°C after
deposition processes for several hours which clearly show the unique features of this relatively new deposition technique for hydrogenated
tetrahedral DLC films.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The properties of DLC films can be tailored by deposition
techniques as well as deposition parameters. DLC films are
smooth and have many other remarkable properties such as high
wear resistance, high hardness and chemical inertness, resulting
in their application in several fields ranging from tribology to
biochemistry [1–4].

However, the occurrence of particulates and droplets on
DLC films typically produced with DC magnetron sputtering or
pulsed laser deposition, can diminish the fields of application
where highly defect- and pinhole-free films are of major
⁎ Corresponding author. Joanneum Research Forschungsgesellschaft mbH,
Laser Center Leoben, Leobner Strasse 94, A-8712 Niklasdorf, Austria. Tel.: +43
3842 81260 2303; fax: +43 3842 81260 2310.

E-mail address: markus.kahn@joanneum.at (M. Kahn).

0925-9635/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.diamond.2008.02.010
importance. Such defects are caused by macro-particles from
the applied carbon target which do not undergo the vapour state
and were therefore found as defects on the DLC surface.
Droplets are melted aggregates from the target material which
also do not undergo any vapour state. These defects have their
origin in the use of a solid carbon source as a target together
with exposure of the material to intense ion-bombardment or
intense laser light.

The use of gaseous carbon-containing precursors together
with high energy dissociation and ionisation by an anode layer
source can overcome these problems providing high purity and
basically defect-free films. This technique was originally re-
ported in the early 1970's as an auxiliary propulsion system for
space satellites [5]. Such sources are commercially available for
plasma-cleaning, whereas the use for deposition of DLC is
relatively new. In fact there is sparse literature about the direct
use for the deposition of DLC with an anode layer source.
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Veerasamy et al. [6] reported about the deposition of hy-
drogenated tetrahedral DLC with a similar source as described
in this study. They proved the possibility of depositing hy-
drogenated tetrahedral DLC films with hardness up to 55GPa on
glass substrates, not exceeding temperatures of 60°C during
deposition.

The present work focuses on Raman spectroscopy in order to
achieve a refinement of the deposition parameters by consider-
ing information on the chemical composition and binding state
of the films. For this purpose, the two main bands of the DLC
films were investigated by means of their position, intensity and
peak shape.

2. Experimental details

2.1. Sample preparation and deposition of DLC films

DLC films were deposited by employing an ALS340L anode
layer source from Veeco Instruments (Woodbury, NY, USA) fed
with 10 to 30sccm acetylene (nominal purity b 99.96%) on
(100) orientated silicon wafers with a thickness of 525 ± 25µm.
We used no other carbon precursors during the experiments.
Fig. 1a shows a sketch of a cross section of the anode layer
source and Fig. 1b outlines the working principle of such a
source [7]. The anode layer source was powered with a high
voltage DC power supply from Glassman High Voltage (High
Bridge, NJ, USA) in the voltage regulation mode.

Samples were pre-cleaned in an ultrasonic cleaner sequen-
tially with acetone and ethanol, and were dried with nitrogen.
The silicon wafers were fixed on a grounded substrate holding
device situated at a distance of approximately 15cm from the
ion source. During deposition, no substrate bias was used. Films
were deposited in three ways: in static mode, by oscillation with
an amplitude of 9cm, and by rotation around the vertical axis of
the grounded plate from the substrate holder. The diameter of
this plate is 56cm whereas the samples were fixed at a diameter
of 40cm on vertical columns. The movement was in all cases
one-dimensional and orthogonal to the plasma beams of the
linear anode layer source. Substrate temperature was monitored
Fig. 1. a) Cross-section of the anode layer source ALS340 from Veeco
with an electrically insulated K-type thermocouple installed at
the backside of the substrate holder. Prior to deposition, the
substrates were plasma-cleaned from residual surface contami-
nants with the use of the anode layer source operated at a
voltage of 2kV and an argon (nominal purity b 99.999%) flow
rate of 20sccm through the ion gun, resulting in a power density
of 2.8W cm− 1. For deposition the chamber was evacuated to a
base pressure of 5 ∙ 10− 5mbar. Discharge voltages in the range
of 1 to 3kV between anode and cathode of the ion gun were used
for deposition with acetylene. These discharge voltages cor-
respond to ion energies between 450 to 750eV [7].

2.2. Film thickness and stress

Thickness and internal stress of the films were determined
using a mechanical stylus profilometer Form Talysurf Series 2
from Taylor Hobson Ltd. (Leicester, GB). Prior to the depo-
sition, parts of the sample were covered by a mask to get locally
uncoated areas. Film thickness was obtained by measuring step-
size at the edges between coated and uncoated areas.

For stress measurements, the used wafers were checked prior
to deposition for flatness. During deposition, these samples
were fixed only on one end so that the wafer could follow the
applied stress of the growing DLC film. Care was taken to avoid
possible coating of these samples at the backside. After depo-
sition, the curvature on the silicon wafers was measured with a
stylus force of 1mN. The stress in the films was calculated using
the Stoney equation [8].

2.3. Raman spectroscopy

The film structure was characterised by using a LabRam-HR
800 Raman micro-spectrometer from Jobin Yvon (Villeneuve
d'Ascq, France). Lasers with excitation wavelengths of 325,
532 and 633nm were used at constant room temperature with an
Olympus 40 × (for 325nm) and an Olympus 100 × objective (for
532 and 633nm). The power of the laser was kept in all cases
well below 0.25mWat the sample in order to avoid possible film
damage caused by light absorption and subsequent annealing
Instruments. b) Working principle of the anode layer source [7].



Fig. 2. Raman spectra of a DLC film recorded with 532 nm. The film was
deposited with an applied voltage of 1 kVat an acetylene flow rate of 20 sccm (at
constant substrate oscillation in front of the source with an amplitude of 9 cm).
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of the films. The entrance slit to the spectrometer was set to
100µm. Light was dispersed by holographic gratings with
1800grooves mm− 1 (532 and 633nm) and 2400grooves mm− 1

(325nm). The spectral resolution of the instrument was about
0.6cm− 1. The dispersed light was collected with a 2048 × 512
back illuminated low noise UV CCD detector. During analysis,
the spectrometer was checked for correct wavenumber calibra-
tion by periodic measurement of a standard (100) orientated
silicon wafer with a Si-peak position of 521.3 ± 0.6cm− 1. The
spectrum fitting was performed using “Peak-Fit” 4.11 from
Systat (Point Richmond, CA, USA) using two Gaussian
functions together with a linear base line correction. The ID/IG
ratios being a measure for the sp2 binding content of DLC
coatings were calculated using the peak amplitudes from the D-
and G-lines, where the G-peak results from the bond stretching
of all pairs of sp2 sites in rings and chains; the D-peak has its
origin in the breathing modes of rings [9–11].

3. Results and discussion

3.1. Deposition rate as a function of applied voltage and acetylene
flow

DLC deposition experiments with an anode layer source
were carried out at varying voltages applied to the source and at
different acetylene flow rates (at constant substrate oscillation in
front of the source with an amplitude of 9cm).

Deposition of a film with an applied voltage of 1kV at a
constant acetylene flow of 20sccm yields a deposition rate of
3.7 ± 0.3nm min− 1. Enhancement of the voltage to 2 and 3kV
results in higher deposition rates of 7.5 ± 0.4 and 9.5 ± 0.5nm
min− 1, respectively. The presented data show a clear relation-
ship between applied voltage and deposition rate for the DLC
films. The higher deposition rates with elevated voltage are
interpreted as a higher degree of ionisation caused by the higher
power density which increased from 0.5W cm− 1 for 1kV to
5.3W cm− 1 for 3kV. A clear relationship between the acetylene
flow and grow rate was observed when increasing the flow from
10 to 30sccm at constant applied voltage. The deposition rate
increased from 4.6 ± 0.5 to 19.2 ± 1.0nm min− 1 with increasing
acetylene flow. This simple relation is caused by the anode layer
source's ability to decompose acetylene molecules in a linear
fashion to the flow rate within the investigated area. We ob-
served substrate temperatures of not even 70°C after depositions
for several hours which show the real room-temperature capa-
bility of this technique.

3.2. Raman spectroscopy

3.2.1. Raman band parameters as a function of the applied
voltage

This work focuses on the spectral features of the D and G
signals neglecting other Raman active modes present at 1100 to
1200cm− 1 or 1400 to 1500cm− 1. Additionally, the position of
the G-peak will be evaluated in detail because of its indirect
relationship to variations in sp3 bonded carbon fraction in the
films.
Raman spectra recorded with an excitation wavelength of
532nm showed a correlation of the intensity ratio ID/IG and the
voltage applied to the anode layer source. For these experiments
with a constant acetylene flow rate of 20sccm (at constant
substrate oscillation in front of the source with an amplitude of
9cm), ID/IG ratios of 0.48 ± 0.02 for a film deposited at 1kVand
0.59 ± 0.01 for 3kV were observed. The position of the G-band
is relatively constant at 1541 ± 0.7cm− 1 when modifying the
voltage. Fig. 2 shows a Raman spectrum with the deconvoluted
Gaussian peaks for a DLC film deposited at a voltage of 1kV.
The D- and G-bands shown in the spectrum are due to the
inelastic scattering of sp2 sites. Low sp2 contents in films are
expressed by a low intensity ratio ID/IG, whereas a higher ratio
points to a clustering of sp2 sites, i.e. the formation of aromatic
rings [9–11].

Comparing the spectral shape as well as the band parameters
to other studies, the films show a typical spectrum of
hydrogenated tetrahedral DLC. It is also known from Ferrari
and Robertson [10] that for tetrahedral amorphous carbon as
well as for hydrogenated amorphous carbon, where the sp2

clustering is controlled by the sp3 fraction, the visible Raman
parameters can be used to reveal information about the sp3-
hybridisated carbon fraction of the films. For hydrogenated
tetrahedral amorphous carbon, a lower intensity ratio ID/IG is
connected with higher sp3 content [9,10]. From this, an in-
creasing voltage during the experiments yields lower sp3

content. These findings were further evidenced by the deter-
mination of stress in the films. The stress in DLC is known to
increase with increasing sp3 content [1]. The determined values
of the intensity ratio ID/IG and the compressive stress as a
function of the applied voltage are shown in Fig. 3. The stress
values are rather low but show the expected drop in com-
pressive stress when increasing the voltage. For a voltage of
3kV, a compressive stress of − 0.85 ± 0.02GPa was detected,
whereas the films deposited at 2 and 1kV showed − 0.89 ± 0.28
and − 2.34 ± 0.17GPa, respectively.



Fig. 3. Intensity ratio ID/IG and compressive stress as a function of the applied
voltage. The intensity ratio was calculated using the peak amplitude of the D-
and G-lines observed with 532 nm. The films were deposited with an applied
voltage of 1 to 3 kV at an acetylene flow rate of 20 sccm (at constant substrate
oscillation in front of the source with an amplitude of 9 cm).
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3.2.2. Dispersion of the G andD-line with excitation wavelengths
Our goal was to prove the well known peak dispersion of the

D- and G-bands in the deposited DLC films with varying the
laser excitation wavelengths, as reported in various articles by
Ferrari and Robertson [9,10] and Robertson [1]. A hydro-
genated tetrahedral amorphous carbon film, deposited by using
an acetylene flow rate of 20sccm at a voltage of 3kV (at constant
substrate oscillation in front of the source with an amplitude of
9cm), was investigated with excitation wavelengths of 633, 532
and 325nm (Fig. 4). Dispersion of the D- and G-bands for the
varying excitation wavelength is indicated with dotted lines. A
G-band position of ~ 1516cm− 1 was observed for the highest
used wavelength of 633nm which rises to higher wavenum-
bers of ~ 1541cm− 1 and ~ 1588cm− 1, when using the green and
blue excitation wavelength at 532 and 325nm. The same trends
of increasing peak position with lower excitation wavelength
could also be shown for the D-line. These observations are in
Fig. 4. Dispersion of the D- and G-lines for hydrogenated tetrahedral DLC. The
dispersion is indicated with dotted lines. The film was deposited with an applied
voltage of 3 kV at an acetylene flow rate of 20 sccm (at constant substrate
oscillation in front of the source with an amplitude of 9 cm).
good agreement with the results of Ferrari and Robertson [9,10]
and Robertson [1]. It is reported that this dispersion could only
occur in disordered carbon because of a range of configurations
with different local band gaps and phonon modes [11] in this
material. Corresponding to these observations, Ferrari and
Robertson [11] reported a resonant selection of sp2 configura-
tions or clusters with wider π band gaps which are the origin of
this effect.

3.2.3. Lateral chemical distribution of carbon species
The lateral chemical distribution of carbon species formed

during static deposition on an amplitude of 19cm from the
centre of the anode layer source was investigated. This ex-
periment was performed by mounting 20 silicon wafers
horizontally at a distance of 15cm from the source. The film
on each wafer was measured with 532nm excitation wave-
length. It is shown that at a distance of approximately 10 to
12cm from the centre of the anode layer source, the films show
a higher hydrogen concentration, which causes the increased
ratio of slope/intensity of the G-line in the Raman spectrum
[9] expressed as µm (Fig. 5). It is known that this characte-
ristic phenomenon of an increased ratio of slope/intensity of
the G-line has its origin in an increasing photoluminescence
when using a relatively high excitation wavelength of 532 nm
in Raman spectroscopy [9]. Raman spectra from samples
which were mounted up to a distance of 10 to 12 cm from the
centre of the source indicate a hydrogen content lower than
20 at.%, which could be estimated from ratio slope/intensity of
the G-line of ~0 µm (Fig. 5) [9]. At both ends of the horizontally
investigated area, the ratio slope/intensity of the G-line in-
creased to ~10 µm at the highest, which demonstrates a hy-
drogen content higher than 20 at.% [9]. These results indicate
that the anode layer source is able to decompose the acetylene
molecule with growing hydrogenated tetrahedral amorphous
carbon with less than 20 at.% hydrogen over a horizontal
distance of 20 cm when the source is situated 15 cm away from
Fig. 5. Ratio of the slope of the fitted linear background to the amplitude of the
G-line as a function of the position relative to the centre of the anode layer
source. Raman spectra of the hydrogenated tetrahedral DLC films were recorded
with 532 nm. The films were deposited with an applied voltage of 3 kV at an
acetylene flow rate of 20 sccm.
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the samples. Oscillating the samples with an amplitude of 9 cm
as well as complete rotation of the substrates through the plasma
beams showed in all cases Raman spectra that were similar to
the spectral shape observed in the centre of the two beams from
the anode layer source, as also shown in Fig. 2.

4. Conclusions

We have demonstrated the unique properties of a linear,
gridless anode layer source for the deposition of hydrogenated
tetrahedral diamond-like carbon films. Raman spectroscopy is a
powerful tool to investigate the structure of the deposited films,
which can be tailored by the deposition parameters of this
method. Careful analysis of the Raman band features indicate a
higher fraction of sp3 bonded carbon in the films when using a
relatively low working voltage of 1 kV on the anode of the
anode layer source. The major benefit of this deposition tech-
nique is the moderate substrate temperature of not even 70 °C
which was observed for deposition times of several hours.
Moreover, we want to highlight the simple and robust working
principle of the anode layer source, which enables the use of the
source for plasma-cleaning of substrates as well as for depo-
sition of DLC films for industrial applications.
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