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

PACS 81.15.Fg; 79.60.-1; 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 3-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-CN,) 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-CN, film deposition, as: (1) energetic carbon species
generated in a plume promote sp® 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-CN, films. Therefore, so far, many reports concerning
PAPLD of a-CN, films have been presented, for instance,
in [4—6]. However, almost of them employ “a remote plasma
technique”, which generates nitrogen ions, nitrogen atoms

B 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-CN, 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) wm-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-CN, film depo-
sition using a PAPLD method in nitrogen atmosphere, and
evaluated the effect of the plasma on the film properties. The
deposited a-CN,, 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; A = 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 x 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 x 107°Pa.
A mesh electrode (¢ = 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]. N,
gas (purity = 99.9995%) was introduced through a mass flow
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Target
Substrate

Sintered graphite (purity = 99.999%)
n-type Si(100)

Laser fluence 3Jem™
Laser repetition rate 10Hz
Target-substrate distance 37 mm
RF input power 60 W

TABLE 1 Experimental condition

controller with a flow rate of 10 sccm. The N, gas pressure
PN, 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 K, (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-CN, films as a function of
DN, is shown in Fig. 1. The deposition rate exponentially de-
creased with py;, . It is reasonable that ablated carbon clusters
are decelerated due to an increase of collisions with ambient
N 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 N, gas and N, plasma. Gen-
erally, plasma generates high electric field in sheath region
near the substrate surface, and then ionic carbon species (C;")
may have high velocities. However, for the deposition rate
result, there was no difference between the N, gas and N,
plasma conditions. It may indicate that the present magnitude
of sheath potential did not affect C;" or most of the impinging
species are neutral.

sp’C-N sp’C-N C-C

= | ] O inN, plasma
510 E B inN,gas
= 6F
Sqomm
s [ |
= 2r | @ H B
g e
S 1F O o¥e
& of =
2 °F
O 4
A L
2, 1 1 1

Il Il
0 20 40 60 80 100
Py, (mTorr)

FIGURE 1 Film deposition rate as a function of pn,

C (1s) N (Ls)
c—C sp*C—N spPC—N N—sp3C N—sp?C
284.6 eV 285.9eV 287.7eV 398.5eV 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 (15) XPS spectra of the a-CN, films de-
posited in the N, 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 px,,
the energy at which the C (1s) peak shows shifts from the BE
of C—C to that of sp?C—N, and the peak in the N (1s) spec-
trum shifts from BE of N—sp>C to that of N—sp?C. Figure 3
shows the ratio of nitrogen content to carbon one ([N]/[C]) of
a-CN, 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 py,. From these results, the increase of nitro-
gen content in the film with pn, would be ensured.

N-sp’C N-sp'C

Cls) i
hv = 1253.6 eV

[N (15)
hv=1253.6 eV

Intensity (a.u.)
Intensity (a.u.)

10 mTorr

290 288 286 284 282
a Binding Energy [eV] b

404 402 400
Binding Energy [eV]

398 396
FIGURE 2 C (Is) and N (1s) XPS spectra of the
a-CN; films deposited in the N, plasma
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FIGURE 4 Emission spectrum generated by synergy effect due to interac-
tion between Nj plasma and carbon plume (= I} — I, — I3). All the measure-
ments were performed in pn, = 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
N, plasma has been performed in our laboratory [11, 12], in
the following three experimental conditions: (1) laser abla-
tion of graphite in N, plasma (spectral intensity, 1;); (2) laser
ablation of graphite in N, gas (I5); (3) N, plasma only (I3).
Subtracting the emission intensity of I; and I3 from I (= I} —
I, — 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 C, 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 N,
molecule into radicals and promote chemical reaction of CN
molecule formation. If CN molecules were directly deposited
on a-CN, 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-CN, 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™!, respectively. Both peaks arise from sp?

1360 cm™ 1560 cm”
L :
3 [nicios i
\C?'/ I
2
% _[N]/[C]:O.2(JI>
g
INVICI=0.10
1 n E 1 n E 1
1200 1400 1600 1800
a Raman Shift (cm'l)
0.6
o o
0.5F
S 04 °®
= ()
=031
@)
) °
0.2+
0.1F o
I I I I I I
0.1 0.2 0.3 0.4 0.5 0.6
b [N]/[C]

FIGURE 5 a Raman spectra of a-CN, 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™! was obtained. This is a typical
spectrum of a-C and a-CN films [9, 13, 14]. Though CN peak
at ~2200 cm~! was not detected from the present a-CN,, 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™!. 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-CN, films by N, plasma-
assisted pulsed laser deposition. It was found that, compar-
ing to the conventional PLD in N, 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 N, 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 (A = 193 nm) ablation of graphite target, carbon
nanotubes (CNTs) were grown on Fe and Ni films deposited on
Si0, /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 (A'IT,) 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, T, (e.g., Ty 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 (A = 193 nm) ablation of metal-catalyzed
graphite [5] since ArF excimer laser generates mainly small
carbon clusters (C,J{, n = 1—3) [6]. However, concerning the
use of ultra-violet laser light for CNT growth, as far as we

B 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: & = 193 nm; pulse
duration = 20 ns; fluence =217/ cm?; 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 7 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~ Torr by a rotary
pump and then heated up to 7 = 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 SiO, /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 (4: upstream of the Ar gas flow, —: indicates
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Butterfly Valve  Rotary Pump FIGURE 1  Experimental setup for CNT growth
Ni/C target
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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
3.1

Results and discussion

CNT growth on metal-catalyzed substrates

Figure 2a and b shows the SEM micrographs
of CNTs on Ni/SiO,/Si and Fe/SiO,/Si substrates placed
at —30mm when Ni/Y/C target was used. The diameters
of CNTs on Ni/SiO;,/Si and Fe/SiO,/Si substrates are
~ 150 nm and ~ 80 nm, respectively. The number density
of CNTs on Ni/SiO,/Si is ~ 2 times higher than that on
Fe/Si0,/Si substrate. Both CNTs are > 100 wm 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/Si0, /Si substrate shown

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/SiO,/Si and Fe/SiO,/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 C,H, 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 x 1077 cm? s™!) is higher than that in Fe
(1.1 x 1077 ecm?s~H [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 (C,) generated from
ametal-catalyzed graphite target by laser ablation, C, 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 C,
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 C;

(A%I1,) and the emission lines of CII (2P°), YI (y2D°2),

FIGURE 2 SEM micrographs of the CNT
grown on a Ni/SiO;/Si and b Fe/SiO;/Si sub-
strate. The film thickness of Ni and Fe was
~ 350 nm and ~ 300 nm, respectively
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FIGURE 3 Optical emission spectrum of the
(a) 1000°C, 600 Torr laser ablation plume of Ni/Y/C target in the Ar
= 0 . gas pressure range of 0—600 Torr at the tempera-
O _ (b) 1000°C, 400 Tor tre of RT and 1000°C
Et - (¢) 1000°C, Vacuum
| £ - :
iﬁ'{;’; g E _ (d) RT, 600 Torr (x50)
o= EE T =< 2 (1) 4103m(000AT, —(000X'E," C;
=0 o4 T 2E_ 5 (e0B1RmO00AT —(L00X'E," ¢,
~ | =5~E =g - Enm =7 v - '
S | ==Ex T % O 5E%E & x P
s | EEas | g £ EE ¢ =
S Smg o \ : o ;:? ; — -~ (a)
2 % 8 & 5
& IS
2 0
k= &
(b)
(c)
(d)
| | | | | | | |
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)
REFERENCES

YII (leg) and Arl (4p'[1/2,3/2], 4p[1/2,3/2,5/2]) were
detected, which were identified from [13]. The wide bands
of C; (A'I1,) 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 (A'I1,) 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, hoyvever, the structure in
the spectrum did not changed. The C3 (A'I7,,) 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 SiO, /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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Synthesis Technique of Thin Films by Laser Ablation Method and Their Properties
Kaoru SUZUKI (College of Science and Technology, Nihon University)

Laser ablation has been employed for synthesis of high quality thin films of hard coating, high Tc superconductors,
semiconductor devices and chemical inertness as a method for simple and reproducible preparation. The difference of another
synthesis technique of thin films such as ion beam plating, chemical vapor deposition and sputtered deposition are introduced
here. The recent research achievements and the properties of thin films are also reviewed.

Keywords: Laser ablation method, Thin films, Electrical and optical properties
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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 53 mPa, as well as in vacuum and oxygen gas ambient at 53 mPa for
comparison, at substrate temperatures (7,,) between room temperature and 480°C. An X-ray photoelectron spectroscopy
(XPS) analysis showed that the highest sp® content of the film was 58% in oxygen plasma PLD at Ty, = 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." 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 sp*-bonded/non-sp*-bonded
carbon ratio, which depends strongly on the preparation
conditions, influences the aforementioned physical and
chemical properties of a-C film.>®

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.” 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.®
In PLD, as well, when oxygen is introduced into a reactor, it
is reported that atomic and excited oxygen enhances
diamond formation.'™'" 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

Il Mirror
™P| ! X
Substrate A
— R .
o O Focusing Lens
Target P H AF
o, et Excimer
g ? S RF ICoil Mirror [] Laser
Chamber Shield Box
Fig. 1. Schematic diagram of the experimental setup.

Table 1. Experimental condition.

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

Laser fluence: 2.1 Jem™2
Repetition rate: 20Hz
Target (purity): Graphite (99.999%)
Base pressure: <6.5 x 107*Pa

Ambient gas (pressure): Oxygen (53 mPa)

Substrate: Si(111)
Substrate temp. Tgyp: RT-480°C
Target—substrate distance: 33 mm
Plasma input power: 0,20W
Deposition time: 30-60 min

graphite target. A radio frequency (RF) plasma was
generated in a RF coil. Carbon films were deposited on Si
(111) substrates in vacuum, in 53 mPa oxygen gas and in
53 mPa oxygen plasma. Experiments were attempted at other
pressures up to ~20Pa, but no deposition occurred. The
pressure of 53 mPa 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 (7g,p) 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 Ko (1253.6eV); pass
energy: 75eV) analysis of the film, we referred to Au spectra
to calibrate the binding energy of C (1s). Gold spots were
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Table II. Decomposing data of C (1s) spectra.

Content FWHM (eV) Peak position (eV)
Diamond 1.1 285.5

1.1 284.1

Graphite

(b)

Intensity [arb. units]

1 1 | 1 1 |

288 287 286 285 284 283 282 281
Binding energy [eV]

Fig. 2. C (ls) spectra. (a) Polycrystalline diamond film deposited by
plasma CVD, and (b) crystalline graphite.

deposited by vacuum evaporation in some small areas (~¢
100 um) on the film before the analysis. The binding energy
of Au (4f) was 83.57 eV using the present XPS instrument.

The C (ls) spectra were decomposed into ‘“‘diamond
(100% sp* carbon)”, “graphite (100% sp> 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 (O,) gas and (c) O, plasma at an
O, pressure po, of 53mPa at T ~ 400°C. As is clearly
seen, the surface morphology of the film formed in vacuum
and in O, gas is rough. In particularly, about 300-nm-sized
particles are seen on the film prepared in the O, gas. In
contrast, the film surface obtained in the O, plasma is quite
smooth.

PLD in gas ambients is well known as a fabrication
technique of fine particles, particularly nm-sized particles
(nanoparticles).'? 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 O, gas
ambient, fine carbon particles with a diameter of ~100nm
were formed, as shown in Fig. 3(b). On the other hand, on
the film deposited in O, plasma no ~100-nm-order particles
are seen, even at the same po, as in the case of O, gas [see
Fig. 3(c)]. In order to examine whether the plasma inhibited
particle formation in the ablation plume or on the film

T. ONO et al.

Fig. 3. SEM micrographs of the films deposited at T, ~ 400°C in (a)
vacuum, (b) 53 mPa oxygen gas and (c) 53 mPa oxygen plasma.

surface, the carbon film prepared in O, gas [e.g., the film
shown in Fig. 3(b)] was exposed to oxygen plasma for
30min (= 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 O,
plasma, but O, 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 O, plasma, atomic and reactive
oxygen, which are produced in significant amounts by
electron collision, may etch the graphite component® in the
plume. (2) As in dense SiH; plasmas, ~100-nm-sized
particles are formed with negative charge,'” 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 um x 1 um. It is clearly
shown that nanometer-scale fine convex structures cover the
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X, Y2 0.200 pm/div
Z: 40.000 nm/div

Fig. 4. AFM image of sample shown in Fig. 3(c).

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.'¥

3.2 Film Composition
Figure 5 shows C (1s) XPS spectra of the films obtained in
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Fig. 5. C (ls) spectra of the films in oxygen plasma at po, = 53 mPa.
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Fig. 6. sp’ content as a function of the substrate temperature.

the O, plasma PLD at Ty, between 380°C and 450°C. At
Tsup ~ 410°C, the peak binding energy (BE) of the film is
close to that of [pc-diamond] (BE = 285.5eV). However,
above 420°C, the BE approaches that of c-graphite
(BE = 284.1eV).

Figure 6 shows the sp? content of the films as a function of
Tswp. In vacuum and in O, gas ambient, the sp3 content
decreases gradually with the increase of Ty, and no
appreciable differences are seen. However, in the O, plasma,
although the sp3 content decreases with Ty, below 100°C, it
increases with Ty, and finally reaches a maximum value of
58% at Typ = 410°C. For Ty, > 410°C the sp® content
rapidly drops with Ty,. Above 450°C the sp’ content
becomes only a 2-3% in any ambient.

It is difficult to explain why the distinct peak of the sp
content appears at Ty, = 410°C in O, plasma PLD.
However, the following previously reported results will
help us to understand this peak. 1) In the microwave plasma-
enhanced CVD experiment, the sp> bond number decreases
with increasing Ty, and addition of O, gas significantly
influences the growth of diamond films below 500°C,
through the etching of nondiamond carbon component with
O and active species.® Another example is the oxidization
effect observed at around 500-600°C."" 2) Deposition of a-
C from appropriate energy ion beams (~100eV) promotes
sp® bonding,” so the plasma sheath could accelerate Cto
the appropriate energy. 3) The deposition rate of the films in
O, plasma PLD was significantly lower than that in other
ambients at Ty, ~ 400°C. This may indicate selective
etching of nondiamond carbon components.®

Based on the results presented above, we conclude that
appropriate energy impinging onto the substrate for C;" due
to sheath formation was obtained in O, plasma PLD at
410°C. More efficient etching of nondiamond components
would shift the favorable T, for O, addition in PLD or
cvDp.>P

Figure 7 shows Raman spectra of the films deposited in (a)
vacuum, (b) oxygen gas and (c) oxygen plasma of 53 mPa at
Ty = 410°C. The spectra in Figs. 7(a) and 7(b) clearly
show two peaks at ~1590cm™! (indicating c-graphite G)
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Fig. 7. Raman spectra of the carbon films deposited in (a) vacuum, (b)

oxygen and (c) oxygen plasma of 53 mPa at Ty, of 410°C.

and ~1350cm~! (indicating disordered nanometer-size
graphite D). This structure represents a typical property of
glassy carbon.'® 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.”’ 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(53 mPa)-assisted PLD
method and were compared with those prepared in vacuum
and oxygen gas (53 mPa). Effects of the oxygen plasma and
substrate temperature on the sp® bonding content were
examined. The results are summarized as follows.

T. ONO et al.

(1) The film surface deposited in oxygen plasma of 53 mPa
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 sp> content of the film was 58% in the
oxygen plasma at Ty, = 410°C, though the sp® content
deposited in vacuum and O, gas decreased mono-
tonically with the increase of Ty, below 450°C.

(3) The Raman spectra of the film obtained in the oxygen
plasma at Ty, = 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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High-Repetition-Frequency Short Pulses in a VHF Discharge-Excited Slab-Type
Carbon Dioxide Laser Using an Ultrasonic Vibrator

AKIRA MORI and KAORU SUZUKI
Nihon University, Japan

SUMMARY

We propose a novel method for producing high-repe-
tition-frequency short pulses with a halved confocal con-
figuration consisting of an unstable concave—convex
resonator in a very high frequency (VHF) discharge-excited
slab-type carbon dioxide laser. This method utilizes a fully
reflective concave mirror with variable curvature which can
be controlled by a piezoelectric device.

In general, slab lasers are modulated directly by
varying the pulse voltage. However, because plasma fluc-
tuation occurs at the pulse transitions, the repetition fre-
quency is less than 10 kHz and the minimum pulse width
is 1 ps. On the other hand, in our method there is no
disturbance of the plasma, because the power source is not
modulated. There is also little mechanical constraint, be-
cause we use a piezoelectric device. As a result, pulse
shortening with a high repetition rate is possible. The pulse
shape is well reproduced by a three-level rate equation.

The mechanism of the method involves changes in
ejection efficiency with periodic variation of the radius of
curvature of the mirror. Good agreement between observa-
tions and calculations was also obtained for the peak power
and the pulse width.

In this paper we compare measurements with calcu-
lations. The possibility of achieving high repetition rate
oscillation and pulse shortening by this method is exam-
ined. The results confirm the possibility of achieving a
repetition frequency between 1.4 kHz and 170 kHz. The
shortest pulse width that can be achieved is 160 nanosec-
onds. © 2003 Wiley Periodicals, Inc. Electr Eng Jpn,
146(3): 1-7, 2004; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/eej.10127
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1. Introduction

Carbon dioxide lasers are widely used for machining
because of their high efficiency, high power, and high
absorption factor in various materials. When using these
lasers for machining, it is desirable to generate short pulses,
which improve the thermal effect and machining accuracy.
Such laser systems require small size, high power, high
efficiency, and a high repetition frequency at low cost [1].
Thus we have studied the generation of short pulses at high
repetition rates in slab-type carbon dioxide lasers [2-6],
which are small in size and have high efficiency.

The laser under consideration has a broad medium,

~ and unstable resonators are widely used [7, 8]. Power

supply modulation is used to produce pulses. But the repe-
tition frequency does not exceed about 10 kHz owing to
afterglow. Therefore, a method of producing short pulses at
high frequencies is needed. We have produced short pulses
by the cavity damping method, in which the form of the
optical resonator is changed. The laser medium can be made
constant, because the input power cannot be modulated,
which prevents afterglow. Changing the shape of the totally
reflective mirror used in the unstable resonator is also
possible. Switching between pulsed oscillation and con-
tinuous-wave oscillation is easily realized in this method.

We earlier conducted research on the composition of
devices such as variable curvature mirrors. However, the
relation of the frequency and the pulse width to the method
of mirror vibration is uncertain. In this paper we describe
an investigation of these relationships in connection with
pulse generation, in which we use both numerical analysis
based on the rate equation and experiments.

2. Experimental System and Method

Figure 1 shows the halved confocal configuration of
the unstable concave—convex resonator. This resonator con-
sists of two fully reflective mirrors with a variable radius of
curvature. The laser beam is amplified by reflection and
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Fig. 1. Principle of the proposed method.

passage between the output-side mirror and the end mirror
of this resonator.

The radius of curvature of the end mirror is variable.
When the radius is small, laser output is not verified. The
laser beam is confined within the resonator and reflected
between the end mirror and the output mirror [Fig. 1(a)].
The laser beam is only amplified under this condition
(amplification condition).

When the radius of curvature of the end mirror is
large, laser output is obtained from the output mirror (edge
point). Figure 1(b) shows this condition. Laser output is
verified (output condition).

When the radius of curvature of the end mirror is
varied from the amplification condition to the output con-
dition by a piezoelectric device, we can obtain short pulses
by the cavity damping method.

Figure 2 shows a sketch of the experimental system.
The slab laser tube has two opposing copper electrodes 430
mm in length and 35 mm wide with a constant spacing of
2 mm. Pyrex glass is used for the spacer. A gas mixture
consisting of CO,:N,:He = 1:2:7 flows at a constant pres-
sure of 35 Torr, and the laser medium is caused to discharge
by a high-frequency power source. Its frequency is 100
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Fig.2. Schematic diagram of experimental apparatus.

MHz and the discharge power is 320 W. The output mirror
of the resonator is a totally reflective mirror with a constant
radius of curvature (gold coated, radius of curvature 4400
m, length 25 mm, Mie Kougaku Corp.). The end mirror is
a totally reflective mirror whose radius of curvature can be
varied. The length of the resonator is 0.6 m. When the radius
of curvature of the end mirror is adjusted to 5.6 m, the
output laser power from the resonator reaches its maximum
(output condition). The power output decreases rapidly in
the vicinity of that radius of curvature {15].

The end mirror is made of phosphor bronze and is 16
mm long, 30 mm wide, and 0.3 mm thick. The radius of
curvature of the end mirror can be adjusted by means of a
sliding stage (Sigma Kouki Co., Ltd.) and a piezoelectric
device (PZT, resonant frequencies 60 and 100 kHz, Tokin
Co., Ltd.). The distance between the fixed and displaced
points is 25 mm.

The fixed radius of curvature of the end mirror is set
by a sliding stage, controlled by a direct current (DC)
voltage. The piezoelectric device produces variation of the
radius of curvature, controlled by an AC voltage. The end
mirror on the sliding stage is given a constant radius of
curvature and continuous oscillation is produced. An ultra-
sonic vibrator produces fast variations in the radius of
curvature and a puised output is obtained. The ultrasonic
vibrator is capacitively driven with correction for hystere-
sis.

The laser power in pulsed oscillation was measured
with a CdTe photodetector (Vigo Systems, R005-2), and the
output in continuous-wave (CW) oscillation was measured
with a thermocouple (Ophir, AN/2). The vibration displace-
ment of the ultrasonic vibrator was measured with an
ultrahigh-precision noncontact displacement meter (Op-
tometric OM-10).

3. Use of the Rate Equation

The three-level model shownin Fig. 3 is widely used
in analyzing oscillation in carbon dioxide lasers by means
of the rate equation. The rate equation derived from this
model is as follows:



Table 1. Parameter values used in numerical calculation

Pumping rate | P |30 Hz

Rate of (0,0,1)-(0,0,0) vibrational Ryo 2.5 kHz
relaxation

Rate of (0,0,1)-(1,0,0) vibrational R, 50 Hz
relaxation

Rate of (1,0,0)-(0,0,0) vibrational Rz 870 kHz
relaxation

Total molecule density M 3.5%10°
Cavity-loss rate k 54.7 Mz
Coefficient of spontaneous |A 0 Hz

emission

dn
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Here n is the photon density, M; is the molecular density (i
=0, 1, 2) of the energy levels in question, k is the cavity loss
factor, P is the pumping probability, A is the spontaneous
emission coefficient, B is the stimulated emission coeffi-
cient, and Rj; is the transition rate between energy levels i
and j.
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MO
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Fig. 3. Energy-level model of CO, laser (three-level
laser) oscillator system.

The transition rate from low energy levels to high
energy levels was taken as 0 Hz because of its smallness
compared with the reverse process. The spontaneous emis-
sion coefficient A was taken to be 0 Hz in comparison with
the stimulated emission coefficient B. The other numerical
values were obtained from experiments or from Refs. 9-14.
M represents all molecular densities (= Mgy + M| + M,) of
the carbon dioxide molecules. In analyzing the pulsed
operation produced by this method, the cavity loss factor
was varied, because it depends on the ejection rate of the
resonator, which in turn depends on the changing shape of
the resonator [15].

4. Results and Discussion

4.1 Effect of vibratory displacement on pulse
generation

Figure 4 shows the effect of the vibratory displace-
ment on pulse generation. The oscillation frequency is 60
kHz. The measurements and calculations are in good agree-
ment. The pulse width decreased and the peak power in-
creased with increasing vibration displacement. At constant
frequency, a state with large vibration displacement moves
more rapidly into the output state because a time of 1 cycle
is still sufficient for the generation of a population inver-
sion. Thus, laser output will be obtained quickly and short-
pulse oscillation should occur. In addition, the pulse width
and peak power showed a gradual, linear change as a
function of the vibratory displacement. Thus, it appears that
varying the vibratory displacement allows pulsed oscilla-
tion to be controlled easily. '
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Fig. 4. Effect of vibration displacement on pulse width.



4.2 Effect of bias on pulse generation

Figure 5 shows the effect of the bias on pulse genera-
tion. The value at which the radius of curvature increases
most, which is a measure of the change in the size of the
mirror curvature, was defined as the bias. In the presence
of vibration, at an oscillation frequency of 60 kHz, the size
of the vibratory displacement was 1.0 pm. We found that
short pulses were obtained when the bias was 5.6 m, that is,
the radius of curvature was reduced above 5.6 m. A high
peak power was obtained under this condition.

The size of the vibration displacement varied consid-
erably with changes in the bias. At a radius of curvature of
5.6 m, which yielded a stronger output power than when a
second peak was produced near a bias value of 5.625 m, the
variation was irregular due to the timing. Thus, the vibration
displacement is varied more easily in pulsed oscillation
control than the bias.

4.3 Effect of vibration frequency on pulse
generation

Figure 6 shows the pulse shapes when the oscillation
frequency of the vibrator is varied. The vibration displace-
ment is assumed to be 200 mm. The upper panel presents
experimental results and the lower panel presents calcula-
tion results. The plots, from top to bottom, show the reso-
nator length, light wave, photon density, upper level
density, lower level density, and ejection rate. At an oscil-
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Fig. 5. Effect of bias on pulse width.

lation frequency of 100 kHz, the pulsed oscillations reach
the peak power and the pulse width becomes short. At both
higher and lower frequencies, the pulses are wider and
lower than at the peak intensity.

The calculation results indicate that the rapidity of
attainment of the output stateincreases at high repetition
frequencies, but the pulse spacing becomes short and suffi-
cient amplification cannot be obtained. At a low repetition
frequency the pulse spacing increases and sufficient ampli-
fication can be obtained, but the rapidity of attainment of
the output state decreases and the duration of pulsed oscil-
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lation gradually increases. These appear to be the reasons
for the occurrence of the peak.

If the discharge power and the vibration displacement
are varied, there are corresponding changes in the amplifi-
cation time and in the rapidity of attainment of the output
state, which may change the frequency characteristics. We
therefore examined the effect of the vibration frequency on
pulse generation and the maximum pulse oscillation fre-
quency under the following conditions:

(1) vibration displacement 200 nm, discharge power
320 W

(2) vibration displacement 1.0 um, discharge power
320w

(3) vibration displacement 200 nm, discharge power
400 W

The results are shown in Fig. 7.
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Fig. 7. Effect of vibration frequency on pulse power.

Pulsed oscillation was confirmed repeatedly from the
peak power results between 1.4 and 170 kHz. Under each
condition, the peak power reached a maximum at some
repetition frequency. This frequency moved higher with
increasing discharge power, and moved lower with decreas-
ing vibration displacement. The pulse width also had a
shortest value at some frequency. This frequency was the
same as the frequency at which the peak power reached a
maximum. Such a value also existed for the relation be-
tween the variation speed and the amplification time under
each set of conditions.

Owing to the large vibration displacement and high
rate of variation, high pulse peaks were obtained by this
method at low frequencies with a large gain factor. Con-
versely, at low vibration displacement and a low rate of
variation, high pulse peaks were obtained at high frequen-
cies with a high variation speed by this method. Thus,
because the pulse oscillations have an optimum repetition
frequency, it appeared useful to adjust the vibration dis-
placement of the oscillator, thus changing the radius of
curvature of the mirror and the discharge power, in order to
obtain the desired pulse output. Calculations suggested that
pulsed oscillation at up to 300 kHz could be obtained, but
owing to the limitations of the device used, measurements
could be made only to 170 kHz.

4.4 Pulse generation by application of a
triangular-wave voltage

Because the pulse spacing increases rapidly at low
repetition frequencies, it appeared possible to make the
pulses even shorter by changing the vibration waveform of
the oscillator. While the application of a square wave might
be effective, the oscillator cannot easily track such a wave.
We therefore changed the applied voltage waveform to a
triangular wave and studied the pulse output.

Because the rapidity of attainment of the output state
could not be increased in the case of a symmetric triangular
wave, the waveform was altered. The rise time in one cycle
was defined as the symmetry factor. Figure 8 shows the
change in pulse shape as the symmetry factor is varied from
0.5t0 0.75. By increasing the symmetry factor we were able
to obtain shorter pulses with a high peak power. The reason
is that the change in the ejection rate increased. -

Figure 9 shows the behavior of the pulse output as the
symmetry factor of the voltage waveform applied to the
oscillator is varied. The oscillation frequency is 12 kHz and
the vibration displacement is 3.0 pm. If the oscillation
frequency is increased, there is difficulty in keeping up with
the oscillation. We therefore took 12 kHz as the maximum
value at which the ability to follow the oscillations was
confirmed. Our calculations indicated that short pulses with
a high peak power would be obtained as the symmetry
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factor was increased. The measurements proved to be simi-
lar to the calculated results, indicating the possibility of
obtaining shorter pulses. The minimum pulse width was
about 160 nm. The peak power in pulsed oscillation was
about 45 times that in CW oscillation. But both the pulse
width and peak power tended to saturation when the sym-
metry factor was 0.7 or more, and in view of the maximum
value obtained in the previous method, we took the limiting
value to be 12 kHz.
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§. Conclusions

1. With sine waves, it is possible to obtain equally
spaced pulsed oscillations at frequencies between 1.4 and
170 kHz. Our calculations suggest that pulses can be ob-
tained at frequencies up to 300 kHz.

2. The measured results were in good agreement with
calculated results, indicating that shorter pulses could be
obtained. The minimum pulse width was about 160 ns. The
peak power in pulsed oscillation was about 45 times that in
CW oscillation.

3. Pulse oscillation control is more easily performed
by varying the vibration displacement than the bias.

4. Because there is an optimum repetition frequency
for pulsed oscillation, it appears effective to control the
vibration displacement of the oscillator that varies the ra-
dius of curvature of the mirror and the discharge power in
order to obtain the desired pulse output.

Acknowledgments. The authors are most grateful
for the advice of professors emeritus Takaya Masutani and
Junji Nakata. They also thank Mr. Naohiro Adachi, Mr.
Yoshinobu Hashinishi, and the members of the Discharge
and Laser Laboratory of Nihon University, for their assis-
tance.

REFERENCES

1. Asami Y, Inaba F, Inuishi Y, Sakurai K, Sugawara Y,
Nanba S, Hirano J, Yamanaka C. Laser engineering.
Tokyo Denki University; 1983. p 184.

2. Laser Society of Japan. Laser handbook. Ohm Press;
1982. p 199, 196197, 362-366.

3. Parazzoli CG, Chen K. IEEE J Quantum Electron
1986,22:479-488.

4. Schock W, Walz B, Wessel K, Wildermuth E. High
power gas lasers. SPIE 1225 1990;1225:349-356.

5. Hall DH, Hall DR. IEEE J. Quantum Electron
1989;20:509-516.

6. Nishimae J, Yoshizawa K. Trans IEE Japan 1992;A-
112:1-7. '

7. Nowack R, Opower H, Schaefer U, Nessed K, Hall
T. Lasers and applications II. SPIE Press; 1990. p
18-25.

8. Kuzumoto M. 1996 National Convention Record IEE
Japan, $4-27-S4-30.

9. TachikawaM, Tanii K, KajitaM, Shimizu T. Sinusoi-
dal self-modulation in the output of a CO, laser with
an interactive saturable absorber. J Opt Soc Am
1988;5:24-28.



10. TachikawaM, Tanii K, Kajita M, Shimizu T. Undam- 13. Cheo P. Lasers 3. Dekker; 1971. p 111-267.

ped undulation superposed on the passive Q-switch- 14. Tada K, Kamiya T. Optical electronics. Maruzen;
ing pulse of a CO, laser. Appl Phys B 1986;39:83-90. 1988. p 137-177.

11. Dang C, Reid J, Grarside B. Appl Phys B 1983;37: 15. Mori A, Hashinishi Y, Suzuki K, Nakata J. Rev Laser
163-172. Eng 2001;29:251-255.

12. Statz H, Tang C, Koster G. J Appl Phys 1966;37:
4278-4284.

AUTHORS (from left to right)

.

'Akira Mori (member) obtained his B.S. degree from the Department of Electrical Engineering, Nihon University, in 1996
and M.E. and D.Eng. degrees in electrical engineering in 1998 and 2001. He is a member of the Laser Society of Japan, JSAP,
and IEE Japan. His research interests include the generation of pulsed light with infrared lasers.

Kaoru Suzuki (member) obtained his B.S. degree from the Department of Electrical Engineering, Nihon University, in
1978, and M.E. and D.Eng. degrees in electrical engineering in 1980 and 1996. He is a member of the Laser Society of Japan,
JSAP, and IEE Japan.



X

YN
i)

BINWANA T AZRIR LA F 2 E— LERAERICE > THER L
F1 YT RIRRERORE

EEH B F B g5
EAaE & H £ & @
E & & K E (g

The characteristic of the diamond-like carbon film prepared by the ion beam plating method
using negative pulse bias
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Diamond-Like Carbon films were deposited by the ion beam plating method using negative pulse bias on silicon wafer

substrates. Benzene (C¢He) gas was used as a working gas for plasma. Direct current ion source was used to produce a glow
discharge plasma. Negative pulses were applied to a substrate holder to accelerate ions from plasma. The DLC films were
analyzed using Raman Spectroscopy, X-ray Photoelectron Spectroscopy and Electron Energy Loss Spectroscopy. The result
of the mechanical property of DLC films using negative pulse bias was as follows. Adhesion power was 81 N, durability was
933 minutes and average of hardness was 21 GPa. As compared negative pulse bias with direct-current bias, adhesion
power of the DLC films increased by 2.7 times, durability of the DLC films has been improved about 85 times and hardness

of the DL.C films can be controled broadly.
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Table.1. Mechanical property of DLC films.
DC Pulse

w&H [N 30 81
BEHR AR AKX 0.07 0.13
EEREH MEEH [min] 11 933
EAVE [nm] 4 16
®E [GPal 27 21

K 5 IZ AR THEMEIC L 2EEORERRERT .

D¥RMET /) — REE, EREEHIC LRI T2 LBER
BEL B @EEICH > T RBEEEILTY /— RE/E 100V OFF

MEET 12nm/min TH o 7.

3.2) #mMEE EH1ICT/—REBESWV. N7
ZEFE 1.5V &L, ERICET/NA 7 AZENNT 55EKD
IBP = THERR L 7=3EH. &/VVZANA 7 XA IBP # (Duty ;
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