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Abstract

Amorphous carbon (t,aC, _,) films were prepared by filtered cathodic arc deposition (FCAD). The films were deposited
on p-type Si (111). The angle of beam incidence was varied from 0° to 75° with respect to the substrate normal.
Micro-Raman spectroscopy, €lectron energy loss spectroscopy (EELS), and transmission electron microscopy (TEM) were
carried out for sample analysis. It was found that the position of the G peak shifts to a higher wave number region as the
angle of incidence increases. This means that the sp?/sp® ratio increases with increasing angle. This conclusion is supported
by EELS. The film deposited at an angle of 75° exhibits a columnar structure with alternating high and low carbon density
regions. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction gap depending on growth conditions [1-6]. This
material exhibits many of the desirable properties of
crystalline diamond, and yet it can be produced with
ease at room temperature. Therefore, it can be useful
for various eectronic and tribological applications.
Hydrogen-free tetrahedrally-bonded amorphous car-
bon can be produced by pulsed laser deposition [1,2],
ion beam sputtering [3,4], and cathodic arc deposi-
tion [5,6].

Energetic carbon deposition by pulsed laser va
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Much interest has been shown in the deposition of
tetrahedrally-bonded amorphous carbon due to its
high hardness, chemical inertness to both acids and
bases, wear resistance, and variability in optical band
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technique for structural analysis of various forms of
amorphous carbon. In the present study, we have
deposited amorphous carbon at oblique angles, and
presented a systematic change in first-order Raman
spectra of t,aC,_, films as a function of incidence
angle.

2. Experimental procedure

The amorphous carbon films were prepared by
filtered cathodic arc deposition (FCAD). The films
were deposited on p-type Si (111). Fig. 1 shows the
diagram of the incident carbon ions on the substrate.
The angle of beam incidence was varied from 0° to
75° with respect to the substrate normal. Detailed
sample preparation procedures were published else-
where [8]. The films were analyzed by micro-Raman
spectroscopy, electron energy loss spectroscopy
(EELS), and transmission electron microscopy
(TEM). Micro-Raman spectroscopy was performed
using backscattering geometry with the 514.5 nm
line of an Ar ion laser. An ISA U-1000 scanning
double monochromator was used to detect the first-
order Stokes spectra. The size of the laser beam was
~5 um in diameter. The EELS and TEM anayses
were carried out using a Philips CM300 FEG TEM
equipped with a Gatan model 666 parallel-acquisi-
tion EELS spectrometer.
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3. Results and discussions

Fig. 2a, b, ¢, d and e show first-order Raman
scattering of amorphous carbon (t,a-C, _,) deposited
at angles of 0°, 30°, 45°, 60°, and 75°, respectively.
The typical Raman spectrum of amorphous carbon
consists of two broad bands; a D band (D for disor-
dered) at approximately 1350 cm™!, and a G band
(G for graphite) at about 1580 cm~. The D band is
associated with the disorder-induced A, mode at
the K point in the Brillouin zone of the graphite [9].
When long-range trandational symmetry is lost due
to bond-angle disorder upon amorphization, the se-
lection rule is destroyed. Thus, optical phonons with
any k vector in the Brillouin zone can contribute to
Raman scattering. The G band is related to the E,,
mode of the graphite [10]. The position and full
width at half maximum (FWHM) of the peaks were
obtained by fitting the peak with two Gaussian func-
tions and a linear background.

In a typical Raman spectrum for amorphous car-
bon, the position of the G band shifts significantly if
sp?/sp? ratio of the film varies [11,12]. The shift in
frequency of the Raman spectrum can be produced
by changes in the force constant. In these spectra, it
was found that the position of G peak shifts to a
higher wave number region and the FWHM of the G
peak decreases as the angle of incidence increases, as
is summarized in Fig. 3. The intensity of the D peak
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Fig. 1. Diagram of the incident carbon ions on the substrate.
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Fig. 2. First-order Raman scattering of amorphous carbon (t,aC, _,) deposited at an angle of (a) 0°, (b) 30°, (c) 45°, (d) 60° and (e) 75°.

starts to increase when the incidence angle is higher
than 30°. The position and FWHM of G and D peaks
and integrated intensity ratio 1/l are summarized
in Table 1.

The contributions from amorphous sp® bonded
carbon were not observed using laser with 514.5 nm
line due to its low scattering cross-section [13].
Rather, UV excitation should be used to sufficiently
excite the transition from ¢ to o* state in amor-

phous sp* bonded carbon [14]. However, the excita-
tion at 514.5 nm which is used in the present study is
suitable for inducing resonant enhancement of the
Raman cross-section of the amorphous sp? species,
since 514.5 nm corresponds to the transition between
w and w* states [15-17].

EELS was carried out with these samples since a
smaller probe size (< 100 A) can be used in EELS
than that in micro-Raman spectroscopy. The EELS
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Fig. 3. Plot of the G peak position and FWHM of G peak with respect to the angle of incidence.

analysis can aso provide quantitative information on
the sp®/sp? ratio in the films. Bruley’s ‘‘two-
window'’ method was used for quantification [18].
The calculated sp® carbon concentration in the films
deposited at 0° and 60° are 90(+10)% and 30
(+10)%, respectively. This means that the fraction
of sp? carbon increases as the angle of incidence
increases.

Fig. 4 shows a cross-sectional TEM micrograph
of t,aC,_, films prepared at an angle of 75°. A
selected area electron diffraction (SAED) pattern
(which is not shown in this paper) confirmed that the
film is amorphous in nature. It is well known that
columnar microstructure can occur in amorphous Si
and Ge [19]. A columnar structure with aternating
high and low carbon density regions can be clearly
seen from the TEM micrograph. It is believed that

each column is composed of mixture of sp? and sp®
bonded carbon with different ratio. The formation of
columnar structure can be explained by shadowing
effect which follows the tangent rule [20];

tan a = 2tan B

where « is the angle between source direction and
substrate normal, and B is the angle between the
columns and substrate normal. As the angle of inci-
dence increases, the tendency to form a columnar
structure increases. At a higher angle, the incoming
atoms and ions will lose energy after experiencing
multiple collision before landing. These atoms and
ions may not have enough energy to produce highly
sp® bonded carbon. Therefore, it can be concluded
that the formation of sp? bonded carbon is promoted
as the incidence angle increases. In this research, this

Table 1

The position and FWHM of G and D peaks, integrated intensity ratio I /I, and sp bonding fraction

Angle of vp (em™1) vg (em™h) FWHM FWHM g Io/lg sp* bonding

incidence (°) (em™Y) (cm™Y) fraction (%)
0 1545 217 90(+10)

30 1545 204

45 1362 1554 212 200 0.3

60 1453 1569 309 190 13 30(+10)

75 1410 1584 285 137 18
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Fig. 4. A TEM microgaph of the cross-sectional view of t,aC, _,
deposited at angle of 75°.

phenomenon was well confirmed by Raman spec-
troscopy and EELS. The detailed mechanisms on the
formation of the columnar structure was discussed
elsewhere [21].

4, Conclusions

The position of G peak shifts to a higher wave
number region as the angle of incidence increases.
This means that the sp?/sp® ratio increases with
increasing angle. This conclusion is supported by
EELS.
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