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ABSTRACT Amorphous carbon nitride (a-CNx) films were pre-
pared by pulsed laser ablation of graphite in N2 RF plasma.
The film property was compared with that prepared in N2 gas.
The N2 plasma was generated by a mesh electrode, which was
inserted between a graphite target and a Si substrate. The gas
pressure pN2 was varied from 10 to 100 mTorr. The film depo-
sition rate exponentially decreased with pN2 for both the plasma
and gas environment. X-ray photoelectron spectroscopy analy-
sis showed that the ratio of nitrogen content to the carbon one
([N]/[C]) of the a-CNx film surface deposited in the N2 plasma
was ∼2 times higher than that obtained in the N2 gas. The film
structure was shown by Raman spectroscopy analysis that sp2

clustering was enhanced with increasing the [N]/[C]. The effect
of plasma on a-CNx film deposition was discussed.

PACS 81.15.Fg; 79.60.-i; 81.05.Uw

1 Introduction

Carbon nitride is a promising material for elec-
tronics and mechanical technology because of its excellent
physical properties, such as high hardness, low coefficient of
friction and high thermal conductivity. Since Liu and Cohen
predicted that β-C3N4 could have a higher bulk modulus than
diamond [1], numerous studies for crystallization of carbon
nitride have been performed. So far, amorphous carbon nitride
(a-CNx) film has been successfully synthesized by pulsed
laser deposition (PLD) and showed good mechanical as well
as an electron field emission property [2, 3].

PLD in nitrogen gas atmosphere has many advantages
for a-CNx film deposition, as: (1) energetic carbon species
generated in a plume promote sp3 C−C bonding, and (2) am-
bient nitrogen gas pressure can be varied in a wide range.
Moreover, plasma assisted PLD (PAPLD) technique is use-
ful for getting a high ratio of nitrogen to carbon ([N]/[C])
in a-CNx films. Therefore, so far, many reports concerning
PAPLD of a-CNx films have been presented, for instance,
in [4–6]. However, almost of them employ “a remote plasma
technique”, which generates nitrogen ions, nitrogen atoms

� Fax: +81-11/706-7890, E-mail: sakaiy@eng.hokudai.ac.jp

and excited nitrogen molecules by plasma gun mounted away
from a substrate and makes them bombard the substrate to
promote the chemical reactions between carbon and nitro-
gen in a-CNx films [4, 5]. On the other hand, the author’s
group has been studying PAPLD in a different electrode sys-
tem from aforementioned one [7–9]. In the present system,
plasma was generated around a mesh electrode inserted in
the space between the substrate and the target. This system is
similar to that in [6]. We have elucidated advantages of this
PAPLD system, as: (1) carbon nanoparticle growth was en-
hanced in Ar plasma atmosphere because nanoparticles can
be positively and/or negatively charged in plasma and coa-
lesce by Coulomb force [7, 8], (2) carbon species in a plume
in oxygen plasma atmosphere could react with oxygen radi-
cals while the plume was flying [9], and (3) μm-sized droplets
ablated from a target could be expelled by the sheath electric
field generated near the substrate and droplet free films were
obtained [9].

In the present study, we demonstrated a-CNx film depo-
sition using a PAPLD method in nitrogen atmosphere, and
evaluated the effect of the plasma on the film properties. The
deposited a-CNx films were analyzed by ellipsometry, X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy.
The physical property of the film (deposition rate, [N]/[C],
C−C bonding state) was examined.

2 Experimental

The present experimental setup of a PAPLD sys-
tem is the same as that described in the previous reports [7–9].
Here, the essential points are briefly described. An ArF ex-
cimer laser (LAMBDA PHYSIK COMPex 205; λ = 193 nm;
pulse duration = 20 ns) is used as ablation laser. The laser
beam is focused by two cylindrical lenses and irradiated to
the spot size of 1 mm × 5 mm on the target with an inci-
dent angle of 37◦. The PAPLD chamber contains a substrate
and a target holder and is evacuated up to 2.7 ×10−6 Pa.
A mesh electrode (ϕ = 68 mm; mesh opening = 0.328 mm)
was inserted between the target and substrate. An RF ( f =
13.56 MHz) plasma was generated around the mesh. The tar-
get and substrate spin with around 25 and 10 rpm, respec-
tively. The target and substrate were pre-treated before the
deposition as described in the previous reports [7–9]. N2

gas (purity = 99.9995%) was introduced through a mass flow
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Target Sintered graphite (purity = 99.999%)
Substrate n-type Si(100)
Laser fluence 3 J cm−2

Laser repetition rate 10 Hz
Target-substrate distance 37 mm
RF input power 60 W

TABLE 1 Experimental condition

controller with a flow rate of 10 sccm. The N2 gas pressure
pN2 was kept to be at 10–100 mTorr. Deposition is continued
for 30–120 minutes at room temperature. The experimental
condition is listed in Table 1.

The film thickness was measured by an ellipsometer
(Mizojiri Optical Co., Ltd, DVA-FL3). The chemical com-
position and bonding state of the film were analyzed by
X-ray photoelectron spectroscope (XPS: Shimadzu Cooper-
ation, ESCA-3400; X-ray radiation: Mg Kα (1253.6 eV); pass
energy = 75 eV) and Raman spectroscope (JASCO Co. Ltd.,
NR-1000HS: excitation wavelength = 632.8 nm).

3 Results and discussion

The deposition rate of a-CNx films as a function of
pN2 is shown in Fig. 1. The deposition rate exponentially de-
creased with pN2. It is reasonable that ablated carbon clusters
are decelerated due to an increase of collisions with ambient
N2 gas molecules and cannot reach the substrate with increas-
ing the pressure. There was no difference in the deposition
rate in the conditions of between N2 gas and N2 plasma. Gen-
erally, plasma generates high electric field in sheath region
near the substrate surface, and then ionic carbon species (C+

n )
may have high velocities. However, for the deposition rate
result, there was no difference between the N2 gas and N2

plasma conditions. It may indicate that the present magnitude
of sheath potential did not affect C+

n or most of the impinging
species are neutral.

FIGURE 2 C (1s) and N (1s) XPS spectra of the
a-CNx films deposited in the N2 plasma

FIGURE 1 Film deposition rate as a function of pN2

C (1s) N (1s)

C−C sp2C−N sp3C−N N−sp3C N−sp2C
284.6 eV 285.9 eV 287.7 eV 398.5 eV 400.0 eV

TABLE 2 BE of C−C and C−N bonds in C (1s) and N (1s) XPS spec-
tra [7]

The C (1s) and N (1s) XPS spectra of the a-CNx films de-
posited in the N2 plasma are shown in Fig. 2. The binding
energies (BE) of C−C and C−N in XPS spectra were reported
by Marton, et al. [10] as listed in Table 2. With increasing pN2,
the energy at which the C (1s) peak shows shifts from the BE
of C−C to that of sp2C−N, and the peak in the N (1s) spec-
trum shifts from BE of N−sp3C to that of N−sp2C. Figure 3
shows the ratio of nitrogen content to carbon one ([N]/[C]) of
a-CNx films evaluated by the area of C (1s) and N (1s) spec-
trum under consideration of the relative sensitivity factor for
each element. The value of [N]/[C] increases, but gradually,
with increasing pN2. From these results, the increase of nitro-
gen content in the film with pN2 would be ensured.
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FIGURE 3 [N]/[C] ratio in the a-CNx film as a function of pN2

FIGURE 4 Emission spectrum generated by synergy effect due to interac-
tion between N2 plasma and carbon plume (= I1 − I2 − I3). All the measure-
ments were performed in pN2 = 5 Torr

Note that the [N]/[C] in the plasma is ∼ 2 times higher
than that in the gas. To investigate the effect of plasma, spec-
troscopic measurement of the carbon ablation plume and the
N2 plasma has been performed in our laboratory [11, 12], in
the following three experimental conditions: (1) laser abla-
tion of graphite in N2 plasma (spectral intensity, I1); (2) laser
ablation of graphite in N2 gas (I2); (3) N2 plasma only (I3).
Subtracting the emission intensity of I2 and I3 from I1(= I1 −
I2 − I3), we obtain the plasma effect on the plume as shown
in Fig. 4. This figure clearly shows the increase of CN vio-
let emission (388.34 and 421.60 nm) and decrease of C2 Swan
one (468.02 and 516.52 nm) in the condition (1). This result
implies that introduction of the plasma induced some sort of
synergy effect. It may be reasonable to consider that ener-
getic electron (> 9.76 eV) generated in plasma dissociates N2
molecule into radicals and promote chemical reaction of CN
molecule formation. If CN molecules were directly deposited
on a-CNx film, the value of [N]/[C] could be ∼1. However,
a plateau tendency for the [N]/[C] in the plasma condition
is obtained as ∼0.6. On the surface reaction during the film
deposition, further study, for instance, etching of carbon by
nitrogen ions, is needed.

Raman spectra of the a-CNx films at various [N]/[C] ra-
tios are shown in Fig. 5a. Generally, the visible Raman spec-
trum of a-C has two peaks, G and D, which lie at around
1560 and 1360 cm−1, respectively. Both peaks arise from sp2

FIGURE 5 a Raman spectra of a-CNx films, and b I(D)/I(G) vs. [N]/[C]

sites [9, 13, 14]. In the present analysis, broad peak ranging
from ∼ 1300 to ∼ 1600 cm−1 was obtained. This is a typical
spectrum of a-C and a-CNx films [9, 13, 14]. Though CN peak
at ∼2200 cm−1 was not detected from the present a-CNx , it
is reported that this peak could be usually detected using UV
excitation [10].

The Raman spectrum was deconvoluted by fitting a Loren-
tzian profile to G and D peaks, and then the ratio of D peak
intensity to G peak one, I(D)/I(G), was calculated as shown
in Fig. 5b. I(D)/I(G) increases with [N]/[C], and G peak
position always locates at ∼ 1560 cm−1. As this tendency is
referred to a three-stage model proposed by Ferrari et al. [14],
the domain size of graphite clusters would be increased as in-
creasing the [N]/[C].

4 Conclusion

We have deposited a-CNx films by N2 plasma-
assisted pulsed laser deposition. It was found that, compar-
ing to the conventional PLD in N2 gas, the nitrogen con-
tent in the film was enhanced by introduction of nitrogen
plasma without any decrease in the film deposition rate.
This enhancement was suggested by the increase of CN con-
tent in the plume in the N2 plasma condition, which was
proven from emission spectroscopic observation. The chem-
ical bond between carbon and nitrogen was ensured by the
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C (1s) and N (1s) XPS spectra. Raman spectroscopy analy-
sis indicated the increase of graphite cluster size with in-
creasing the ratio of nitrogen content to carbon one in the
film.
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ABSTRACT By feeding with carbon clusters from the ArF ex-
cimer laser (λ = 193 nm) ablation of graphite target, carbon
nanotubes (CNTs) were grown on Fe and Ni films deposited on
SiO2/Si substrates, which were set inside a quartz tube with Ar
gas pressure of 500 Torr operating at 1100 ◦C. Optical emission
spectroscopic observation of the ablation plume of graphite and
Ni/Y catalyst was performed in the Ar gas for a pressure range
of 0–600 Torr at room temperature and 1000 ◦C. The emission
band intensity of C3 ( Ã1Πu) at the distance of 2 mm from the
target increased with increasing Ar gas pressure.

PACS 79.20.Ds; 81.07.De; 39.30.+w

1 Introduction

As carbon nanotubes (CNTs) show unique struc-
tural and excellent electronic properties, they have been
widely studied for applications, such as field electron emit-
ters, electronic devices and hydrogen absorption. Among
several CNT-production techniques, a method of laser ab-
lation of metal-catalyzed graphite is known to synthesize
single-wall CNTs in gas phase with high yield [1, 2]. In this
technique, the growth process of CNTs is thought as follows.
(1) Firstly, carbon and metal catalyst are vaporized from target
surface by laser ablation and form high temperature plasma.
(2) As the plasma gradually cools by collision with ambient
gas atoms, the vaporized carbon and metal clusters condense
to liquid-phase nanoparticles. (3) Finally, when the tem-
perature of nanoparticle drops down below the carbon-metal
eutectic temperature, Teu (e.g., Teu for C−Ni = 1326 ◦C),
carbon atoms are separated out from the nanoparticles and
form CNT [3, 4]. In order to understand the aforementioned
presumption more clearly, it is essential to generate small-
size carbon clusters and grow CNT by feeding with them.
Therefore, we have studied CNT growth in gas phase by
ArF excimer laser (λ = 193 nm) ablation of metal-catalyzed
graphite [5] since ArF excimer laser generates mainly small
carbon clusters (C+

n , n = 1 −3) [6]. However, concerning the
use of ultra-violet laser light for CNT growth, as far as we

� Fax: +81-11/706-7890, E-mail: sakaiy@eng.hokudai.ac.jp

know, only a few results have been reported by, e.g., Braidy
et al. [7] and the authors’ group [5].

On the other hand, plasma chemical vapour deposition
(CVD) of CNTs using hydrocarbon gases as carbon feedstock
has been extensively studied because a large volume of CNTs
can be grown on metal-catalysed substrates with an aligned
and ordered structure [8].

In this report, we have grown CNT on Ni and Fe catalytic
films deposited on Si substrates by feeding with carbon clus-
ters from plumes generated by ArF laser ablation of graphite
as well as Ni/Y-catalyzed graphite target. Optical emission
spectra from the ablation plume in Ar gas were observed to
understand what kind of excited species existed in the plume.

2 Experimental setup and procedure

A schematic diagram of the present experimental
set-up for CNT growth (SUGA Co., Ltd., AL039) is illus-
trated in Fig. 1. The set-up consists of a quartz tube of 60 mm
in inner diameter and 620 mm in length, an electrical furnace
(360 mm length) operating at 1100 ◦C, and an ArF excimer
laser (LAMBDA PHYSIK, COMPex 205: λ = 193 nm; pulse
duration = 20 ns; fluence = 2 J/cm2; repetition rate = 50 Hz).
Inside the tube, a target was mounted at the center of the fur-
nace and was spun at 40 rpm. The operating temperature T in
the span of ∼ 100 mm at the center of the furnace was 1100 ◦C
and dropped gradually down to ∼ 700 ◦C at the front end and
∼ 800 ◦C at the back end. Sintered graphite containing 1 at. %
Ni and a minute amount of Y (Ni/Y/C target: TOYO TANSO
Co., Ltd.) and pure graphite (Kojundo Chemical Laboratory
Co., Ltd.) were used as targets. Using inductively coupled
plasma mass spectrometry (ICP-MS: JOBIN YVON S.A.S,
JY38UL) of Ni/Y/C target, the concentration of Y was meas-
ured to be < 0.1 at. %. Both metals were used as catalyst for
CNT growth as performed in [9]. In the experiment, the quartz
tube was first evacuated down to < 10−2 Torr by a rotary
pump and then heated up to T = 1100 ◦C for 2 hours. Ar gas
with a flow rate of 600 sccm was introduced from the window
side inlet and pumped out through a butterfly valve by a rotary
pump. The gas pressure was kept at 500 Torr. On SiO2/Si sub-
strates, Ni and Fe catalytic films with a thickness of ∼ 350 nm
and ∼ 300 nm were respectively prepared by DC sputtering,
and placed at +30 mm, −30 mm and −60 mm from the tar-
get surface (+: upstream of the Ar gas flow, −: indicates
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FIGURE 1 Experimental setup for CNT growth

downstream). The grown CNT was analyzed with a scanning
electron microscope (SEM: Hitachi, S-4300). Optical emis-
sion spectrum of the ablation plume generated from Ni/Y/C
target surface was observed by photonic multichannel ana-
lyzer (PMA: Hamamatsu, PMA-11 (300–800 nm)) with an
exposure time of 20 ms.

3 Results and discussion

3.1 CNT growth on metal-catalyzed substrates

Figure 2a and b shows the SEM micrographs
of CNTs on Ni/SiO2/Si and Fe/SiO2/Si substrates placed
at −30 mm when Ni/Y/C target was used. The diameters
of CNTs on Ni/SiO2/Si and Fe/SiO2/Si substrates are
∼ 150 nm and ∼ 80 nm, respectively. The number density
of CNTs on Ni/SiO2/Si is ∼ 2 times higher than that on
Fe/SiO2/Si substrate. Both CNTs are > 100 μm in length.
The present CNT diameter is a few times larger than that ob-
tained in gas-phase growth (∼ 20–50 nm) [5]. When a graph-
ite target without Ni/Y catalyst was used, the characteristics
of CNT figures did not show any difference from those ob-
tained by the catalyzed target.

Huang et al. reported that the CNT diameter depended on
the catalyst film thickness because the film thickness strongly
correlated with the size of catalytic nanoparticle encapsu-
lated in CNT [10]. On the Fe film surface, as seen in Fig. 2b,
nanoparticles are composed. Their sizes are ∼ 400 nm, which
is larger than the size of catalyst particle for the CNT of 80 nm
in diameter in [10]. The present large size of nanoparticles
may come from the thick Fe film (∼ 300 nm). Concerning the
activation thickness of the catalyst films, further investigation
is needed.

Figure 2a shows that the CNTs contain catalyst particles in
their tips. However, the CNTs on Fe/SiO2/Si substrate shown

FIGURE 2 SEM micrographs of the CNT
grown on a Ni/SiO2/Si and b Fe/SiO2/Si sub-
strate. The film thickness of Ni and Fe was
∼ 350 nm and ∼ 300 nm, respectively

in Fig. 2b do not seem to hold them. There are some differ-
ences in the diameter, the number density and the shape of the
tip of CNTs grown on between Ni/SiO2/Si and Fe/SiO2/Si
substrates. These results may indicate that the catalyst effect
of Ni and Fe on CNT growth is different. In the case of the
plasma CVD process using C2H2 gas, it was reported that
Ni catalyst yielded higher growth rate and the larger diam-
eter of CNT than Fe did [10, 11]. Lee et al. explained this
difference by the fact that the diffusion coefficient of car-
bon in bulk Ni (1.6 ×10−7 cm2 s−1) is higher than that in Fe
(1.1 ×10−7 cm2 s−1) [11].

Though the substrates were placed at three different pos-
itions, CNTs were grown mainly at the edge of the substrate
placed only at −30 mm. As Sen et al. and Puretzky et al.
observed dynamics of carbon clusters (Cn) generated from
a metal-catalyzed graphite target by laser ablation, Cn initially
goes against Ar gas flow, then was pushed back, and finally
deposited at certain position downstream the target as form-
ing CNT [3, 4]. Taking into account these observations, we
speculate that in the present CNT growth process ablated Cn

initially reached the substrate surface, and then dissolved into
the catalytic metal, and CNT was finally precipitated from the
saturated metal particle [1]. The position at −30 mm may be
appropriate to have enough carbon feedstock from the graph-
ite ablation plume.

3.2 Optical emission spectrum of ablation plume of
Ni/Y/C target
In order to investigate ablated species from Ni/Y/C

target, optical emission spectroscopy was performed in the
Ar gas pressures of 0–600 Torr at room temperature (RT) and
1000 ◦C as shown in Fig. 3. The background emission from
the electric furnace was removed. The emission band of C2

(A3Πg) and the emission lines of CII ( 2P0), YI (y 2D0
3/2),
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FIGURE 3 Optical emission spectrum of the
laser ablation plume of Ni/Y/C target in the Ar
gas pressure range of 0–600 Torr at the tempera-
ture of RT and 1000 ◦C

YII (z1D0
2) and ArI (4p′[1/2, 3/2], 4p[1/2, 3/2, 5/2]) were

detected, which were identified from [13]. The wide bands
of C3 ( Ã1Πu) were detected at 405 nm, 410 nm and 431 nm
as [14, 15] indicated. Ni was not observed in this spectrum
since the intense lines of Ni lie in UV region [13]. The emis-
sion intensity of C3 ( Ã1Πu) increased as the Ar pressure and
the temperature increased. For the atomic and ionic emission
lines of C, the emission intensity at 1000 ◦C was ∼ 100 times
higher than that at room temperature, however, the structure in
the spectrum did not changed. The C3 ( Ã1Πu) emission bands
could give information about the formation of carbon clusters
in the ablation plume.

4 Conclusion

CNTs were grown on Ni and Fe-catalyzed SiO2/Si
substrates set inside a quartz tube operating at 1100 ◦C by
feeding with carbon from the ArF laser ablation plume of
graphite. The number density and diameter of CNT depended
on Ni and Fe catalytic metals. The optical emission spec-
troscopy of the ablation plume showed that carbon species
including the catalyst metal with various excited levels were
generated by the laser ablation.
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Effects of Oxygen and Substrate Temperature on Properties of Amorphous Carbon Films

Fabricated by Plasma-Assisted Pulsed Laser Deposition Method
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Amorphous carbon (a-C) thin films were deposited on Si (111) substrates by an oxygen RF plasma-assisted pulsed laser
deposition (PLD) method at an oxygen pressure of 53mPa, as well as in vacuum and oxygen gas ambient at 53mPa for
comparison, at substrate temperatures (Tsub) between room temperature and 480�C. An X-ray photoelectron spectroscopy
(XPS) analysis showed that the highest sp3 content of the film was 58% in oxygen plasma PLD at Tsub ¼ 410�C. Under this
condition, the film surface morphology was shown to be quite smooth with a roughness of about 5 nm, by scanning electron
microscopy (SEM) and atomic force microscopy (AFM). Effects of the oxygen plasma and the substrate temperature on the
film properties were examined. [DOI: 10.1143/JJAP.41.4651]

KEYWORDS: amorphous carbon (a-C), pulsed laser deposition (PLD), oxygen plasma, substrate temperature, XPS, SEM,
Raman spectroscopy, graphite, diamond

1. Introduction

It is well known that amorphous carbon (a-C) films have
many useful properties such as mechanical hardness, optical
transparency near the infrared (IR) range, high thermal
conductivity, high electrical resistivity, low frictional
coefficient and chemical inertness.1) Therefore, a-C films
will be widely used in fields of industrial coatings,
tribological materials and corrosion protection. The film
consists of two components, that is, diamond (sp3-bonded
carbon) and nondiamond. The sp3-bonded/non-sp3-bonded
carbon ratio, which depends strongly on the preparation
conditions, influences the aforementioned physical and
chemical properties of a-C film.2–8)

Pulsed laser deposition (PLD) is an excellent method for
the fabrication of a-C films, because it can generate highly
energetic carbon clusters on a substrate. Consequently,
diamond-rich films are obtained at relatively low substrate
temperatures.9) However, particularly when laser beams with
long wavelengths are used, micrometer-sized droplets are
also deposited on the film, which is undesirable for industrial
applications.

In plasma-enhanced chemical vapor deposition (PECVD)
of a-C films, atomic oxygen generated by electron impact
dissociation is known to remove the nondiamond component
and hence to cause selective diamond component growth.8)

In PLD, as well, when oxygen is introduced into a reactor, it
is reported that atomic and excited oxygen enhances
diamond formation.10,11) In oxygen-plasma-assisted PLD,
since much atomic and excited oxygen is produced, selective
growth of the diamond component may be expected.

In the present study, we deposit a-C films by a PLD
method carried out in oxygen RF plasma ambient. The film
properties are analyzed by scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), atomic
force microscopy (AFM) and Raman spectroscopy. The
effects of the oxygen plasma and substrate temperature on
the film properties are examined.

2. Experimental Setup and Procedure

The experimental setup is illustrated in Fig. 1. A focused
ArF excimer laser beam was irradiated onto a sintered

graphite target. A radio frequency (RF) plasma was
generated in a RF coil. Carbon films were deposited on Si
(111) substrates in vacuum, in 53mPa oxygen gas and in
53mPa oxygen plasma. Experiments were attempted at other
pressures up to �20 Pa, but no deposition occurred. The
pressure of 53mPa was found to be favorable for revealing
the differences among the present three ambients. The
typical deposition rates in vacuum, oxygen gas and oxygen
plasma at a substrate temperature (Tsub) of 400

�C were about
1.5, 1.3 and 0.7 nm/min, respectively. Table I shows the
present experimental conditions.

In an XPS (X-ray source: Mg K� (1253.6 eV); pass
energy: 75 eV) analysis of the film, we referred to Au spectra
to calibrate the binding energy of C (1s). Gold spots were

ArF
Excimer

Laser
O2

Substrate
TMP

RF Coil

Focusing Lens

Mirror

Chamber

Mirror

Target

Shield Box

Fig. 1. Schematic diagram of the experimental setup.

Table I. Experimental condition.

Ablation laser: ArF excimer laser (193 nm, 20 ns)

Laser fluence: 2.1 J cm�2

Repetition rate: 20Hz

Target (purity): Graphite (99.999%)

Base pressure: <6:5� 10�4 Pa

Ambient gas (pressure): Oxygen (53mPa)

Substrate: Si (111)

Substrate temp. Tsub: RT–480�C

Target–substrate distance: 33mm

Plasma input power: 0, 20W

Deposition time: 30–60min
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deposited by vacuum evaporation in some small areas (��

100�m) on the film before the analysis. The binding energy
of Au (4f ) was 83.57 eV using the present XPS instrument.

The C (1s) spectra were decomposed into ‘‘diamond
(100% sp3 carbon)’’, ‘‘graphite (100% sp2 carbon)’’ and
‘‘unidentified’’ components using the peak values and full-
widths at half maxima (FWHMs) listed in Table II. These
data were obtained from the spectra of polycrystalline
diamond (pc-diamond) (Kobe Steel Ltd.) and crystalline
graphite (c-graphite) samples obtained using the present
XPS instrument shown in Fig. 2.

3. Results and Discussion

3.1 Morphology of film surface
Figure 3 shows SEM micrographs of the films deposited

in (a) vacuum, (b) oxygen (O2) gas and (c) O2 plasma at an
O2 pressure pO2

of 53mPa at Tsub � 400�C. As is clearly
seen, the surface morphology of the film formed in vacuum
and in O2 gas is rough. In particularly, about 300-nm-sized
particles are seen on the film prepared in the O2 gas. In
contrast, the film surface obtained in the O2 plasma is quite
smooth.

PLD in gas ambients is well known as a fabrication
technique of fine particles, particularly nm-sized particles
(nanoparticles).12) Here, it is thought that ablated atoms and
molecules cool due to collisions with ambient gas atoms
and/or molecules and condense into nanoparticles. In O2 gas
ambient, fine carbon particles with a diameter of �100 nm
were formed, as shown in Fig. 3(b). On the other hand, on
the film deposited in O2 plasma no �100-nm-order particles
are seen, even at the same pO2

as in the case of O2 gas [see
Fig. 3(c)]. In order to examine whether the plasma inhibited
particle formation in the ablation plume or on the film

surface, the carbon film prepared in O2 gas [e.g., the film
shown in Fig. 3(b)] was exposed to oxygen plasma for
30min (¼ deposition time) using the same arrangement of
the coil, target and substrate as in the experiment resulting in
Fig. 3(c). However, the �100-nm-order particles remained
without any appreciable change in size. This result suggests
that the smooth film surface was not treated directly with O2

plasma, but O2 plasma restrained the formation of �100-nm-
order particles in the plume, and/or did not allow the
particles to reach the substrate if they were generated in the
plume. These speculations may be supported also by the
following findings. (1) In O2 plasma, atomic and reactive
oxygen, which are produced in significant amounts by
electron collision, may etch the graphite component8) in the
plume. (2) As in dense SiH4 plasmas, �100-nm-sized
particles are formed with negative charge,13) and these
negatively charged particles may not reach the substrate due
to a strong electric field formed in the plasma sheath
surrounding the substrate.

Figure 4 shows an AFM image of the film surface shown
in Fig. 3(c). The imaged area is 1�m� 1�m. It is clearly
shown that nanometer-scale fine convex structures cover the

Table II. Decomposing data of C (1s) spectra.

Content FWHM (eV) Peak position (eV)

Diamond 1.1 285.5

Graphite 1.1 284.1

Binding energy [eV]
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Fig. 2. C (1s) spectra. (a) Polycrystalline diamond film deposited by

plasma CVD, and (b) crystalline graphite.

(a)

(b)

(c)

Fig. 3. SEM micrographs of the films deposited at Tsub � 400�C in (a)

vacuum, (b) 53mPa oxygen gas and (c) 53mPa oxygen plasma.
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entire surface of the film. These convex structures are not
formed by deposition of fine nanoparticles grown in the
plume, but are composed of migrated C clusters which
impinged into the film subsurface since this surface was
prepared at 400�C.14)

3.2 Film Composition
Figure 5 shows C (1s) XPS spectra of the films obtained in

the O2 plasma PLD at Tsub between 380�C and 450�C. At
Tsub � 410�C, the peak binding energy (BE) of the film is
close to that of [pc-diamond] (BE ¼ 285:5 eV). However,
above 420�C, the BE approaches that of c-graphite
(BE ¼ 284:1 eV).

Figure 6 shows the sp3 content of the films as a function of
Tsub. In vacuum and in O2 gas ambient, the sp3 content
decreases gradually with the increase of Tsub and no
appreciable differences are seen. However, in the O2 plasma,
although the sp3 content decreases with Tsub below 100�C, it
increases with Tsub and finally reaches a maximum value of
58% at Tsub ¼ 410�C. For Tsub > 410�C the sp3 content
rapidly drops with Tsub. Above 450�C the sp3 content
becomes only a 2–3% in any ambient.

It is difficult to explain why the distinct peak of the sp3

content appears at Tsub ¼ 410�C in O2 plasma PLD.
However, the following previously reported results will
help us to understand this peak. 1) In the microwave plasma-
enhanced CVD experiment, the sp3 bond number decreases
with increasing Tsub, and addition of O2 gas significantly
influences the growth of diamond films below 500�C,
through the etching of nondiamond carbon component with
O and active species.8) Another example is the oxidization
effect observed at around 500–600�C.11) 2) Deposition of a-
C from appropriate energy ion beams (�100 eV) promotes
sp3 bonding,7) so the plasma sheath could accelerate Cþ

n to
the appropriate energy. 3) The deposition rate of the films in
O2 plasma PLD was significantly lower than that in other
ambients at Tsub � 400�C. This may indicate selective
etching of nondiamond carbon components.8)

Based on the results presented above, we conclude that
appropriate energy impinging onto the substrate for Cþ

n due
to sheath formation was obtained in O2 plasma PLD at
410�C. More efficient etching of nondiamond components
would shift the favorable Tsub for O2 addition in PLD or
CVD.8,11)

Figure 7 shows Raman spectra of the films deposited in (a)
vacuum, (b) oxygen gas and (c) oxygen plasma of 53mPa at
Tsub ¼ 410�C. The spectra in Figs. 7(a) and 7(b) clearly
show two peaks at �1590 cm�1 (indicating c-graphite G)

Fig. 4. AFM image of sample shown in Fig. 3(c).
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Fig. 5. C (1s) spectra of the films in oxygen plasma at pO2
¼ 53mPa.

50

40

30

20

10

5004003002001000

Oxygen plasma

Oxygen

Vacuum

sp
   

co
nt

en
t [

%
]

3

Substrate temperature [  C]

Fig. 6. sp3 content as a function of the substrate temperature.
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and �1350 cm�1 (indicating disordered nanometer-size
graphite D). This structure represents a typical property of
glassy carbon.15) The G peak originates in lattice vibrations
in the crystal face, and the D peak originates in crystalline
graphite with nanometer size. The appearance of the D peak
indicates disordered graphite. When the defects in the
crystalline graphite increase and their size is reduced below
2 nm, the intensity of the D peak starts to decrease.6) Hence,
the Raman spectra of a-C show broad peaks, and
consequently, Fig. 7(c) corresponds to the a-C spectra.
These results appear to be consistent with those obtained
from the XPS analysis.

4. Conclusions

Amorphous carbon thin films on a Si (111) substrate were
prepared by an oxygen-plasma(53mPa)-assisted PLD
method and were compared with those prepared in vacuum
and oxygen gas (53mPa). Effects of the oxygen plasma and
substrate temperature on the sp3 bonding content were
examined. The results are summarized as follows.

(1) The film surface deposited in oxygen plasma of 53mPa
was composed of namometer-sized particles, although
on the surface prepared in oxygen gas, particles with
diameters of approximately 300 nm were grown.

(2) The maximum sp3 content of the film was 58% in the
oxygen plasma at Tsub ¼ 410�C, though the sp3 content
deposited in vacuum and O2 gas decreased mono-
tonically with the increase of Tsub below 450�C.

(3) The Raman spectra of the film obtained in the oxygen
plasma at Tsub ¼ 410�C exhibited a typical amorphous
carbon property, although the films deposited in
oxygen and vacuum ambients were of a typical glassy
carbon.
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