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Abstract−Amorphous carbon thin films were deposited by LF (100 kHz), RF (13.56 MHz), and pulsed RF (13.56
MHz) plasma CVD with DC self-bias voltage of −300 V and 50 mTorr on Si wafers at 15 oC using a mixture of meth-
ane and hydrogen for comparing structural properties of the deposited films in an asymmetric plasma reactor. The sur-
face morphologies of the deposited films were observed by Atomic force microscopy (AFM). The average roughness
(Ra) analyzed by AFM data was 4.03, 1,84, 1.52 Å at LF (100 kHz), RF (13.56 MHz), and pulsed RF (13.56 MHz)
plasma, respectively. From these results, the films deposited by pulsed RF plasma have more smooth and dense sur-
face compared with those deposited by LF (100 kHz), and RF (13.56 MHz) plasma. The ratios of ID/IG obtained from
Raman data were 2.69, 0.76 and 0.44 at LF (100 kHz), RF (13.56 MHz), and pulsed RF (13.56 MHz) plasma, re-
spectively. It is concluded that the film deposited by pulsed RF plasma has more diamond-like properties compared
with that deposited by LF (100 kHz), and RF (13.56 MHz) plasma.
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INTRODUCTION

Amorphous carbon thin films have attracted considerable atten-
tion because of their extreme properties in hardness, thermal con-
ductivity, optical transparency, and chemical resistance. Potential
applications include scratch-resistant coating, optical coating, and
coating on plastics [Ravi, 1993; Angus et al., 1988; Deshpandey et
al., 1989]. Amorphous carbon thin films were mainly deposited by
plasma enhanced chemical vapor deposition with different frequency
of ~100 kHz [Zuniga et al., 2003], 13.56 MHz [Jung et al., 1996],
and 2.86 GHz [Inaba et al., 2002]. Recently, pulsed RF (13.56 MHz)
plasma has been introduced for tailoring properties of thin films
[Fedosenko et al., 2002].

Pulsed RF plasma introduces a modulation into the input electri-
cal energy for plasma discharge and the deposition of good quality
films is expected due to alternation of plasma chemistry. During
the pulse on phase, ions excited by electrical energy are accelerated
towards the substrate, leading to erosion of the soft components of
the film and to higher compressive stress caused by ion bombard-
ment. During the pulse-off phase, radicals can be deposited and the
stress caused on the depositing films by ion bombardment is re-
leased [Lau et al., 2000]. Major important parameters in the pulsed
RF plasma are pulse cycle duty and frequency (defined as the ratio
of pulse on-time to total cycle time). However, the films deposited
by different plasma frequency in the literature [Zuniga et al., 2003;
Jung et al., 1996; Inaba et al., 2002; Fedosenko et al., 2002] are dif-
ficult to compare their properties because of depositing those films
at different types of reactors manufactured by researchers.

In this paper, we investigate the effect of plasma frequency at
LF (100 kHz), RF (13.56 MHz), and pulsed RF (13.56 MHz) plasma

with DC self-bias voltage of −300 V and 50 mTorr for comparing
structural properties of the deposited films in an asymmetric plasma
reactor.

EXPERIMENT

The deposition of amorphous carbon thin films was carried out

Fig. 1. Schematic diagram of plasma-enhanced chemical vapor de-
position apparatus.
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in a capacitively coupled asymmetric plasma reactor driven by LF
(100 kHz), 13.56 MHz RF power, and 13.56 MHz RF power with
the modulation of cycle duty and frequency for generating pulsed
RF plasma. A schematic drawing of the reactor is shown in Fig. 1.
The internal dimensions of the reactor were 30 cm diameter cylin-
der and 50 cm height. The distance between the powered electrode
and the top showerhead was 5 cm. The reactor was operated in a
reactive ion etcher; the area of the powered electrode is much smaller
(10 cm diameter) than that of the grounded electrode. Due to asym-
metry, a high DC self bias voltage was developed at the powered
electrode [Kasper et al., 1992]. For all runs, the DC self-bias voltage
was set at −300 V. The substrates used were a piece of 5 inch (100)-
oriented silicon wafer and KBr disk. The gas flow rates were set at
20 sccm of hydrogen and 20 sccm of methane by a mass flow con-
troller (MKS, U.S.A.), and the chamber pressure was maintained
at 50 mTorr using a Baratron Gauge with a throttle valve controller
(MKS, U.S.A.). The temperature of the substrate holder (the pow-
ered electrode) was controlled at 15 oC by a recirculating water bath.
The gases were distributed uniformly by a showerhead type distrib-
utor. Pulsed RF plasma was set at 5 kHz cycle frequency (defined
as the ratio of pulse on-time to total cycle time) and 50% cycle duty.

The film thickness was measured by using an optical method
(KLA-200, Korea). The surface morphologies and the average rough-
ness (Ra) of the deposited films were observed by Atomic force
microscopy (Park Scientific Instrument, USA). Raman spectra were
obtained in a backscattering geometry and recorded at low powers
of 100 mW to avoid thermal decomposition of the samples. For
the excitation, an argon laser (514.18 nm) focused on the sample
surface using a cylindrical lens was used (Jobin-Yvon-Spex, Spec-
trum-1, USA).

RESULTS AND DISCUSSION

The deposition rates depending on plasma frequency at LF (100
kHz), RF (13.56 MHz), and pulsed RF (13.56 MHz) plasma with
DC self-bias voltage of −300 V and 50 mTorr are shown in Table 1.
The deposition rate at LF (100 kHz) plasma is highest (5.26 Å/sec),
while it is lowest (2.39 Å/sec) at pulsed RF (13.56 MHz) plasma.
This is due to the duration of the plasma-on and plasma-off phase. Fig.
2 shows the surface morphologies and the average roughness (Ra)
of films deposited by LF (100 kHz), RF (13.56 MHz), and pulsed
RF (13.56 MHz) plasma with DC self-bias voltage of −300 V ob-
served by Atomic force microscopy (AFM). Note that the average
roughness (Ra) of film deposited by pulsed RF (13.56 MHz) plas-
ma is lowest. It can be deduced that pulsed RF plasma forms more
smooth and dense films. This can be explained as follows: during
the pulse-on phase, the carbon and carriers gas ions excited by elec-
trical energy are accelerated towards the substrate, leading to etch- ing of the weakly-bonded components of the film and to higher com-

pressive stress caused by ion bombardment, while during the pulse-
off phase, carbon radicals can be deposited and the stress caused
on the depositing films by ion bombardment is released [Lau et al.,
2000].

Infrared spectroscopy (IR) can easily discern C-Hn sp
2 and sp3

bonds qualitatively, and the FTIR spectra acquired from the a-C : H
films deposited by LF (100 kHz), RF (13.56 MHz), and pulsed RF
(13.56 MHz) plasma with DC self-bias voltage of −300 V and 50
mTorr are shown in Fig. 3. Similar to reports in the literature [Jung

Table 1. Deposition rates of the amorphous carbon films depos-
ited on Si wafer by different plasma at −300 V and 50
mTorr

Applied plasma frequency Deposition rate (Å/sec)

LF (100 kHz) 5.26

RF (13.56 MHz) 3.75

Pulsed RF (13.56 MHz) plasma 2.39

Fig. 2. AFM images and average roughness (Ra) of Amorphous
carbon films deposited on Si wafer by (a) LF (100 kHz)
plasma, (b) RF (13.56 MHz) plasma, and (c) pulsed RF
(13.56 MHz) plasma at −300 V and 50 mTorr.



Amorphous Carbon Thin Films Deposited by Plasma Enhanced CVD 641

Korean J. Chem. Eng.(Vol. 22, No. 4)

et al., 1996; Inaba et al., 2002], fine structures are observed for the
C-H absorption at 2,850 cm−1 for sp3 CH (symmetrical), 2,870 cm−1

for sp3 CH (symmetrical), 2,920 cm−1 for sp3 CH2 (asymmetrical)
or sp3 CH, 2,970 cm−1 for sp3 CH3 (asymmetrical), and 3,025 cm−1

for sp2 CH (aromatic) or sp2 CH2 (olefin) stretching vibration modes.
It should be noted that the intensities of these peaks and the wave
number at the maximum transmittance depend strongly on the plas-
ma frequency. The well-resolved spectrum of film deposited by LF
plasma is indicative of a polymer-like film formation [Inaba et al.,
2002]. A transformation from a polymer-like to a hard film is visible
in the substantial decrease of the total peak area at pulsed RF plas-
ma [Jung et al., 1996]. Decrease of the total peak area can be related
to a decrease of the hydrogen incorporation. Sharp decrease of those
peaks by pulsed RF plasma indicates a more efficient hydrogen re-
moval. This can be explained as follows. Good quality film by pulsed
RF plasma is deposited due to alternation of plasma chemistry. Quan-
titative analysis of the sp3/sp2 ratio was not carried out, in view of
various difficulties associated with accurately deconvoluting the
F'I'IR spectra.

The first order Raman spectra in the range of 1,100cm−1 and 1,700
cm−1 of the films deposited by LF (100 kHz), RF (13.56 MHz), and
pulsed RF (13.56 MHz) plasma with DC self-bias voltage of −300 V
and 50 mTorr including their deconvoluted spectra using Gaussian
curve fitting are shown in Fig. 4. Those are typical Raman spectra
obtained in a-C : H films. It is known that a-C : H films exhibit two
major Raman activities in this region: G band (G means “graphitic”)
near 1,580 cm−1 and D band (D means “disorder”) near 1,360 cm−1

[Dillion et al., 1984; Tuinstra et al., 1970; Nemanich et al., 1988].
One of the most important factors governing the quality of a-C : H
films in Raman spectra is the integrated peak ratio of D band to G
band (ID/IG). It has been reported that ID/IG is proportional to the size
of the graphite crystallites and/or to the degree of graphitization [Dil-
lion et al., 1984; Tuinstra et al., 1970] and the ratio of sp2/sp3 bonds
[Sheeja et al., 2000; Jun et al., 2000]. Generally, the lower the ratio,
the closer the properties of a-C : H films approach to diamond [Merel
et al., 1998]. The ratios of ID/IG are 2.69, 0.76 and 0.44 at LF (100

kHz), RF (13.56 MHz), and pulsed RF (13.56 MHz) plasma with
DC self-bias voltage of −300 V, and 50 mTorr, respectively. There-
fore, the film deposited by pulsed RF (13.56 MHz) plasma is highest
sp3 content corresponding to the lowest ratio of ID/IG. This can be

Fig. 3. FT-IR spectra of amorphous carbon films deposited by dif-
ferent plasma at −300 V and 50 mTorr.

Fig. 4. Gaussian curve fitting of Raman spectra for amorphous
carbon films deposited on Si wafer by (a) LF (100 kHz)
plasma, (b) RF (13.56 MHz) plasma, and (c) pulsed RF
(13.56 MHz) plasma at −300 V and 50 mTorr.
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considered as due to the effects of using pulsed RF plasma men-
tioned above. According to the literature [Ferrari et al., 2000], an
ID/IG ratio of approximately 0.7 correlates to ~45% of the sp3 fraction
content in the films.

CONCLUSIONS

Amorphous carbon thin films are deposited on Si wafers at 15 oC
using a mixture of methane and hydrogen by LF (100 kHz), RF
(13.56 MHz), and pulsed RF (13.56 MHz) plasma at DC self-bias
voltage of −300 V and 50 mTorr for comparing structural properties
of the deposited films in an asymmetric plasma reactor. It is con-
cluded that the deposited films by pulsed RF plasma have lower
deposition rate, but are more smooth and dense and have more dia-
mond-like properties compared with those deposited by LF (100
kHz), and RF (13.56 MHz) plasma. To evaluate more conformed
diamond-like properties, the measurement of mechanical properties
such as hardness is necessary.
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