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Raman spectra of B ion-implanted glassy carbon (GC) and hydrogenated amorphous carbon (a-C:H)
films have been measured as a function of polarization direction of the scattered light and excitation
wavelength. Raman bands of GC implanted heavily with a fluence of more than 5X 10'® B ions/cm? and
a-C:H films show a frequency-independent depolarization ratio, suggesting the existence of sp? carbon
clusters in these samples. It was found that Raman spectra of GC implanted heavily with a fluence of
more than 5X 10'° B ions/cm? varied with the excitation wavelength. From a comparative study of the
heavily implanted GC and a-C:H films, the variation of the Raman spectra with the excitation wave-
length observed for the heavily implanted GC is interpreted in terms of m-7* resonant Raman scattering

from sp? carbon clusters having various sizes.

I. INTRODUCTION

To date, several workers have measured the Raman
spectra of graphite. The highly oriented pyrolytic graph-
ite (HOPG) is mostly aligned along the c axis, but in the
layered planes it consists of a randomly ordered collec-
tion of crystallites having a 1-um average diameter. A
Raman band assigned to the C=C stretching vibration
E,, mode is observed at 1581 cm ! in the HOPG.! The
peak frequency of the E,, mode shifts to a higher fre-
quency with the decrease in the crystallite size of the
graphlte layers. In glassy carbon (GC) having a crystal-
lite size of ~25 A, the E,, mode is observed at 1590
cm ™!, Furthermore, an additional band appears around
1355 cm ™! with the decrease of crystallite size in the gra-
phitic layers. The 1355-cm™! band, called the disorder
mode, is assigned to the 4,,-type mode at the K point of
the Brillouin zone activated by the disorder.? Generally,
in amorphous materials, the observed Raman spectrum
reflects the vibrational density of states, which is similar
to that of the crystal.3 There are two maxima, one at
1355 cm ™! near the K point of the Brillouin zone, the
other at 1590 cm™! in the calculated density state of
graphite. The Raman spectrum of GC can be explained
by the vibrational density of states in the graphite.

.Hydrogenated amorphous carbon (a-C:H) films have
been confirmed to consist of a mixture of tetrahedral (sp°)
and trigonal (sp?) bonding structures, based on the results
from a number of analytical techniques including Raman
spectroscopy.* '3 We have measured Raman spectra of
a-C:H films prepared by chemical-vapor-deposition
(CVD) and sputtering methods.>® Raman spectra of a-
C:H films consist of a broad band centered around 1550
cm ™! and a shoulder band near 1400 cm ™. The Raman
spectral profiles have been found to vary with the excita-
tion wavelength, depending on the electronic absorption
spectra associated with 7-7* electronic transitions.’”’

46

This spectral variation with excitation wavelength for a-
C:H films is very similar to that for the disorder mode in
GC.? The dependence of Raman spectra on the wave-
length of the excitation is interpreted in terms of r-7*
resonant Raman scattering from sp? carbon clusters with
various sizes. Considering that the Raman-scattering
cross section of diamond (9.1X 1077 cm™!sr™!) is much
lower than that of graphite (5X107° cm™!'sr™1),!* we
have concluded that the 7-7* resonant Raman scattering
from various-sized sp? carbon clusters is dominant in the
jipgcglga of the visible region between 4579 and 6471

Recently, Wagner et al. have measured Raman spectra
of amorphous carbon films.” They divided the Raman
spectra of the amorphous carbon films into two phases.
Phase 1, between 1400 and 1550 cm ™!, was assigned to
the vibration due to sp> carbon clusters resulting from an
enhancement of phase 1 at 4.8 ¢V near the o-0* transi-
tion energy of sp* carbon. Phase 2, at 1600 cm ™!, was as-
signed to the vibration due to sp? carbon clusters. Their
assignment for phase 1 is different from our interpreta-
tion that phase 1 is due to the sp? carbon clusters. The
measurement on the polarization property for phases 1
and 2 can give some information about the origin of the
Raman bands in the amorphous carbon films.

Robertson and O’Reilly have calculated the electronic
structures of a-C:H films and asserted that such films
having an optical gap of 1.5 eV contain sp? carbon clus-
ters with a crystallite diameter size of ~15 A.' In GC
having a crystallite size of ~25 A, two Raman bands are
observed at 1355 and 1590 cm~!. If Raman bands of a-
C:H films originate from sp? carbon clusters, the profile
and polarization property of the Raman spectrum for the
GC should approach those for g-C:H films with a de-
crease of crystallite size by ion implantation. Further-
more, 7-m* resonant Raman scattering from sp? carbon
clusters observed for a-C:H films can also occur in ion-
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implanted GC. In the present work, the microstructures
of the heavily implanted GC and a-C:H films will be dis-
cussed based upon the Raman spectral variations with
polarization direction of the scattered light and excita-
tion wavelength.

II. EXPERIMENT

HOPG and PG crystal plates from the Union Carbide
Corporation, and GC crystal plates from the Tokai Car-
bon Corporation, were used in the present work. The
HOPG plates were heat treated at 3000°C under a
compressive stress parallel to the average direction of the
c axis. PG and GC plates were heat treated at 1500 and
2000°C, respectively. The GC was implanted at 60 keV
with a fluence of 1 X 10'°~1X 10'® B jons/cm?.

The a-C:H films were prepared on Si and glass sub-
strates from CH, gas by an electron-cyclotron-resonance
plasma, chemical-vapor-deposition (ECR-P-CVD)
method. Several samples labeled from A to C were
prepared by changing the substrate temperature over the
range of 150-250°C. The total pressure was kept con-
stant at approximately 107> Torr.

Raman spectra were measured at room temperature
with several lines of argon- and krypton-ion lasers. Po-
larized and depolarized Raman spectra were measured in
backscattering and 90° scattering geometries, respective-
ly, and recorded at a low power of 40-60 mW to avoid
any thermal decomposition of the samples. Raman spec-
tra were recorded with use of a Jobin Yvon Ramanor U-
1000 double monochromator, equipped with a photomul-
tiplier and photon-counting electronics.

III. RESULTS AND DISCUSSION

A. The depolarization ratio for B ion-implanted
GC and a-C:H film

Figure 1 shows Raman spectra of GC, B ion-implanted
GC crystals, and a-C:H film. In the GC, two Raman
bands are observed at 1355 and 1590 com“l. The crystal-
lite size of GC is estimated to be ~25 A from the relative
intensity between 1355 and 1590 cm ™! bands, as is well
known from Ref. 2. As can be seen, the position of the
E,, mode at 1590 cm ™! shifts toward lower frequency,
whereas the position of the disorder mode shifts to a
higher frequency with an increase of B ion implantation.
The Raman spectral variation of GC crystals with B ion
implantation bears a resemblance to the results reported
by Elman.'® An asymmetric broad band is observed
around 1550 cm™! in the spectra of the GC implanted
with a fluence of 1X10'® B ions/cm?. The Raman spec-
tral profile of this heavily implanted GC is similar to that
of the a-C:H film.

Raman spectra of several samples were measured with
two different geometries; one with both the incident light
polarized and the scattered light analyzed perpendicular
to the scattering plane (||), the other with the incident
light polarized perpendicular to and the scattered light
analyzed parallel to the scattering plane (1). Figure 2
shows Raman spectra of the HOPG, PG, GC, B ion-
implanted GC and a-C:H film measured with these
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FIG. 1. The Raman spectra of GC, GC implanted with vari-
ous fluences, and a-C:H film prepared at 150°C.
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FIG. 2. Polarized Raman spectra of HOPG, PG, GC, and B
ion-implanted GC, and a-C:H film.
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geometries. When the Raman spectra were taken in a
backscattering geometry, the polarization vectors of in-
cident and scattered light lie in the sample plane.

The Raman tensors for the Ezg mode of graphite, R j
(j =1,2), are given by'*!7
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The Raman-scattering intensity is generally expressed
17
as

I~2j(e,-RjeS)2 , (1)

where e; and e; are the unit polarization vectors of in-
cident and scattered light, respectively. From Eq. (1), the
depolarization ratio, D, =1, /I, for the E,, mode is ex-
pressed as D, =1 for crystal and 3/4 for polycrystal.
Figure 3 shows the relationship between the peak fre-
quency and D, for the E,, mode and the disorder mode.
Raman spectra were decomposed into two bands with
Lorentzian or Gaussian line shapes. Raman spectra of

1600 F T T T T —
L O ]
I % 2 o
L
F A
1550 [ -
L x _
~ 1500} -
E - -
S L o HOPG ]
= A FG
% I o 1
3 - X a-C:H(150°C)
1450 ® B(1x10'%) -
K L e B(2x10'%) .
- A B(5x10"% .
ﬁ L §
B 1400| _
I x ]
. ]
L . §
1350} Lo hd .
1300 | 1 | 1 1 =
0.0 0.2 0.4 0.6 0.8 1.0
DP

FIG. 3. The relationship between the peak frequency and the
depolarization ratio, D,=1,/1,.
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a-C:H films can be well resolved to two bands with
Gaussian line shapes.>®® The measured values of D,
were calibrated against reference peaks of carbon tetra-
chloride, whose 218- and 314-cm™~! bands are known to
be completely depolarized (D, =0.75)."® As seen in Fig.
3, the observed D, of the E,, mode for HOPG is about
unique, being in agreement with the value expected from
Eq. 2). The D, for the E,, mode decreases from ~1.0
to 0.64 with the decrease in the crystallite size of the gra-
phitic plane, ranging from the HOPG to GC. In the B
ion-implanted GC, D, for the E,, mode decreases to 0.50
with an increase of the ion implantation. The experimen-
tal values of D, for the B ion-implanted GC are much
lower than the value for the polycrystal (0.75). This low
D, value implies that the high-frequency band observed
in the B ion-implanted GC no longer conserve the E,,
symmetry, suggesting that each crystallite is broken by
the ion implantation and converted into small sp? clus-
ters. The breakdown of F,, symmetry for the F,, mode
has been observed in small silicon particles with an aver-
age particle size from 60 to 350 A."

Dillon, Woollam, and Katkanant?® have measured Ra-
man spectra of carbon films prepared by ion-beam and
rf-discharge deposition as a function of anneal tempera-
ture, and pointed out that the positions of E,, and disor-
der modes shift to high frequency with the removal of the
disorder.” The downshift of the E,, mode with the in-
crease of the ion implantation for the ion-implanted GC
is consistent with their result, whereas the upward shift
of the disorder mode seems to disagree with their result.
We believe that this disagreement originates from an un-
certainty of the peak frequency obtained from the
Lorentzian fit to the weak broadband measured by Dil-
lon, Woollam, and Katkanant.

D, values for the disorder mode vary from 0.45 to 0.50.
With an increase of the ion implantation, the peak fre-
quencies of the disorder mode and E,, mode approach
each other, and the Dp values for the disorder mode and
the E,, mode also tend to approach each other. The D,
values for GC implanted heavily with a fluence of more
than 5X 10" B ions/cm? are almost independent of the
phonon frequency.

The polarization properties of the Raman spectra have
been used to test the validity of two structural models of
amorphous materials, a random-network model and a
molecular one. Igbal and Vepfek?! have summarized the
properties of D, as follows: In a continuous random net-
work (CRN) model, D, should be frequency dependent
because all vibrational modes with different local symme-
try characters contribute to the scattering. In the case of
the molecularlike cluster model, D, is frequency indepen-
dent and D,—0 in the ideal case of no intercluster in-
teraction, but has a high value in the condensed case.
The frequency-independent D, value for the heavily im-
planted GC confirms the existence of sp? carbon clusters
in the heavily implanted GC.

The D, value of the high-frequency band for the a-C:H
film was found to be 0.37 and independent of the phonon
frequency, being nearly in agreement with that of the
shoulder band near 1400 cm ™~ !. The D, values of Raman
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bands for the a-C:H film are close to those for the heavily
implanted GC. From the similarity between the Raman
spectra of a-C:H films and heavily implanted GC, and
from the comparison between their Raman band polar-
ization properties, the two Raman bands observed in the
a-C:H films are considered to originate from the sp? car-
bon clusters.

As can be seen in Fig. 3, the Dp values for the ion-
implanted GC tend to decrease with an increase of the
ion implantation. Tamor et al. studied changes in the
relative intensity between 1355 and 1590 cm ™! in a-C:H
films as a function of bias voltage.?>?* According to their
data, the relative intensity increases with the decrease of
spz crystallite size, La, showing a maximum near La =12
A and then a decrease as La decreases. In the spectra of
GC and the ion-implanted GC with the || configuration,
the relative intensity varies from 1.8 to 3.9 as the fluence
increases from 0 to 5X 10" B ions/cm?. Referring to
their result, ch for the ion-implanted GC decreases from
~25to ~12 A with the ion implantation. Since the D,
value in the molecularlike cluster model is expected to
decrease with a decrease of La because of a decrease of
the intercluster interaction,?! the decreasing tendency of
the D, values with decreasing La for the ion-implanted
GC can be well explained by the molecularlike cluster
model.

Lannin and Li have recently measured the radial distri-
bution function of the sputtered amorphous carbon (a-C)
film.>* Based upon the absence of a 2.84-A third-
nearest-neighbor peak due to cross-ring distances, they
have deduced that the sputtered a-C film is composed of
a graphitic random network. Their interpretation for the
sputtered a¢-C film seems to be inconsistent with our in-
terpretation for the a-C:H films. The sputtered a-C film
shows Raman spectra consisting of the main peak at
1560-1580 cm ™' and the disorder mode around 1400
cm~!. The intensity of the disorder mode for the sput-
tered a-C films is generally stronger than that for the a-
C:H films, showing that the crystallite size of the sput-
tered a-C films is larger than that of the a-C:H films.?
Hence, we believe that the difference between our inter-
pretation and their interpretation originates from a
difference between microstructures of the sputtered a-C
and a-C:H films. The measurement of the frequency
dependence of the depolarization ratio, the depolariza-
tion spectrum, may give detailed information about the
microstructures of a-C or a-C:H films.

B. Resonant Raman scattering
from sp 2 carbon clusters

Figures 4 and 5 show Raman spectra of the GC crys-
tal, the B ion-implanted GC, and a¢-C:H film obtained
with various excitation wavelengths. The positions of the
E,, modes for the GC and GC implanted with a fluence
of 2X 10" B ions/cm? hardly depend on excitation wave-
length. However, the position of the disorder mode shifts
to lower frequency with an increase in excitation wave-
length. In the GC implanted heavily with fluences
greater than 5X 10'> B ions/cm?, the position of the E,,
mode begins to shift toward lower frequency as the exci-
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FIG. 4. The Raman spectra of GC and GC implanted with a
fluence of 2X 10" B ions/cm? obtained with various excitation
wavelengths.

tation wavelength increases. The position of the main
peak around 1550 cm™! for the ¢-C:H film prepared at
150°C also shifts to lower frequency as the excitation
wavelength increases. The variation in the Raman spec-
tra of the a-C:H film as the excitation wavelength in-
creases agrees well with that of GC implanted with a
fluence of 1X 10'® B ions/cm?.

The dependence of the peak frequencies on the wave-
length of the excitation light for the two decomposed Ra-
man bands is plotted in Fig. 6. As the ion implantation
increases, the position of the Ezg mode shifts toward
lower frequency with an increase in the excitation wave-
length. The dependence of the frequencies of the two
decomposed Raman bands on the excitation wavelength
for GC implanted with a fluence of 1X10'® B ions/cm?
coincides well with that of the disorder mode in GC, and
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FIG. 5. The Raman spectra of GC implanted with a fluence
of 1X10' B ions/cm? and a-C:H film prepared at 150°C with
various excitation wavelengths.
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FIG. 7. Optical gap behavior of a-C:H films prepared at vari-
ous temperature.
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also with that of the two decomposed Raman bands in a-
C:H films.

Absorption spectra of a-C:H films deposited on glass
substrates were measured and plotted in Fig. 7 using the
relation®®

(aE)'?<(E—Eyy) , @

where a and E are the absorption coefficient and energy,
respectively. Extrapolation of the straight line to the
abscissa gives the optical gap E,,. The values of the op-
tical gap for various films change from 1.2 to 1.5 eV. The
optical gaps of ¢-C:H films decrease with an increase in
the substrate temperature. The absorptions associated
with the 7-7* transition in 7-bonded materials are found
between 10000 and 45000 cm ™! (for example, at about
16000 and 43000 cm™! for transpolyacetylene and ben-
zene, respectively).® As seen in Fig. 7, the absorptions
around 20000 cm ™! increase with an increase in the sub-
strate temperature.

Figure 8 displays Raman spectra of ¢-C:H films excited
by an excitation energy near 20000 cm~!. The disorder
band becomes stronger with an increase in the substrate
temperature. Comparing Figs. 7 and 8, the disorder band
becomes stronger with an increase of the absorption due
to the -7* transition in the (aE)'/? spectra.

The electron-energy-loss spectra (EELS) of ¢-C:H films

T T T T
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lae-? " oS
1300 1500 1700
RAMAN SHIFT(cm-1)
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FIG. 8. The Raman spectra of a-C:H films excited at the
5145-A line. The Raman spectra were given after subtracting
the background due to luminescence. The two Raman bands
decomposed with Gaussian line shapes are also shown in Fig. 8.
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are shown in Fig. 9. Two peaks are seen, a weak one of
approximately 6.7 eV due to plasma oscillations of 7 elec-
trons, and a strong peak from (7 + ¢ ) valence electrons at
about 25 eV.!! The intensity of the weak peak, due to the
7 plasmon, increases with the increase in the substrate
temperature. A comparison among EELS, (aE )12, and
the Raman spectra confirms that the variation in the Ra-
man spectra due to the excitation wavelength of the a-
C:H films is the result of 7-7* resonant Raman scattering
from sp? carbon clusters having various sizes. A similar
resonant Raman scattering from sp? carbon clusters hav-
ing various sizes has also been observed in such polyene
structures as polyacetylene.27

In Fig. 6, the dependence of the frequencies of the two
Raman bands on the excitation wavelength for GC im-
planted heavily with a fluence of 1X10'® B ions/cm?
coincides well with that of the two Raman bands in a-
C:H films. The coincidence between the variations in the
Raman spectra due to the wavelength of the excitation
energy shows that 7-7* resonant Raman scattering from
various-sized sp? carbon clusters occurs in the heavily
implanted GC.

IV. CONCLUSION

Raman spectra of the B ion-implanted GC and a-C:H
films have been measured as a function of polarization
direction of the scattered light and excitation wavelength.
Raman bands of GC implanted heavily with a fluence of
more than 5X10'° B ions/cm? and a-C:H films show a
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FIG. 9. The electron-energy-loss spectra of a-C:H films.

frequency-independent depolarization ratio, suggesting
the existence of sp? carbon clusters. It was found that the
Raman spectral profile for the heavily implanted GC
varied with the excitation wavelength. From the similari-
ty between the variation of the Raman spectra with exci-
tation wavelength for the heavily implanted GC and a-
C:H films, it is suggested that the spectral variation ob-
served for the heavily implanted GC was caused by 7-7*
resonant Raman scattering from various-sized sp? carbon
clusters. These results support the validity of the molec-
ularlike cluster model for the microstructures of the
heavily implanted GC and the a-C:H films.
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