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Raman scattering studies were carried out to investigate the effects of ion implantation on the struc-
ture of diamond, graphite, and polymers. Carbon phases produced by chemical vapor deposition (CVD
diamond) and rf discharge (diamondlike carbon or DLC) were also analyzed. Two types of amorphous
carbon phases were distinguished with relevance to hardness. In general, amorphous carbon phases pro-
duced by electron beam evaporation and sputtering are soft (hardness <<1 GPa), while DLC and some
ion-beam-modified polymers are much harder. In all cases, the characteristic Raman bands of the start-
ing material were lost upon ion implantation, and for the lowest fluences the one-phonon bands near
1360 cm™! (D line) and 1580 cm ™! (G line) of disordered polycrystalline graphite appeared. With in-
creasing fluence these bands coalesced into a broad, asymmetric peak with the D line shifting to higher
wave number and the G line shifting to lower wave number. This trend was clearly distinguishable from
the finite crystallite size effect seen in graphite, where, in addition to the appearance of the D line, the G
line shifts to higher wave number with decreasing crystallite sizes. Raman scattering could not distin-
guish between soft and hard amorphous carbon. There was also no indication that the hardness of DLC
films and ion-beam-modified polymers was due to diamondlike sp> bonds. Instead, hardness in these ma-
terials is related to the three-dimensional interconnectivity of chemical bonds. Experimental results sug-
gest that the amorphous carbons examined in this study are composed of random networks of distorted
sp, sp?, and sp> bonded atoms, sometimes in a hydrogenated state. The hard carbons such as DLC films
and ion beam modified polymers have long-range chemical connectivity while the soft carbons such as
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damaged graphite, and carbon films prepared by sputter deposition lack such connectivity.

1. INTRODUCTION

In the past decade, hard carbon films such as diamond-
like carbon (DLC) and chemical vapor deposited (CVD)
diamond have received a great deal of attention in the
research community because of potential uses in optical,
electronic, and tribological applications.! > Ion implan-
tation of polymers to produce surface films has also been
under investigation recently. In our studies,*”°® it has
been discovered that some of the ion-beam-treated poly-
mers become carbon rich and show substantial improve-
ments in tribological properties and hardness (which has
increased by factors as great as 50 in some cases). Other
researchers have also found carbon enrichment in ion-
implanted polymers.””® Many investigators have studied
these carbon-based materials in an effort to understand
their unusual properties.’ ~!7

The nature of the bonding in these materials is key to
understanding their properties. Although fourfold coor-
dinated sp3 diamond bonds have been unambiguously
identified in CVD diamond films, the determination of
the nature of the bonding (the underlying cause of hard-
ness variations) in DLC, other amorphous carbons and
ion-implanted polymers has not been conclusive. In par-
ticular, the difference in chemical bonding between the
softer and harder amorphous carbon phases has not been
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resolved, and attempts to correlate hardness to the ex-
istence sp® diamondlike bonds have not established such
a link.

In the present work, ion implantation was carried out
on diamond, graphite, and selected polymers. Various
ion species, fluences, and energies were employed for im-
plantation. A range of carbonaceous materials, including
unhydrogenated amorphous carbon (a-C), DLC, and
CVD diamond were also prepared by various methods.
Raman scattering studies were performed for the im-
planted materials as well as for the DLC and CVD films.
Hardness data were also collected for most of the sam-
ples. The primary motivation for this work was to clarify
the nature of the chemical bonding in these carbon-based
materials to gain a greater understanding of their materi-
al properties.

II. EXPERIMENT

The various carbon-based materials used in this study
are listed in Table I. Type-Ila natural diamond with
(111) orientation, high grade polycrystalline graphite,
commercial grade polyacetal resin (DuPont, Delrin
500®), and polystyrene (PS) were subjected to ion-beam
treatments. Implantations were carried out using the
multiple ion-beam irradiation facility at Oak Ridge Na-
tional Laboratory equipped with three Van de Graaff ac-
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TABLE I. Summary of ion-implantation conditions.

Energy Fluence
Materials Ion species (keV) (ions/m?)
Diamond Ar” 1000 2X10%°
Graphite Sit 200 1.6X 10"
Polyacetal Ar” 1000 1.6 X 10%
Polystyrene Ar* 200 8x 108
2.7X 10"
5.4X 10"
1000 8Xx 108
2.7X 10"
5.4X 10"
Tefzel B,N,C 420,700,640 1.2X10%

(total fluence)

celerators producing energies up to 5, 2.5, and 0.4 MeV.!®
The beam lines are configured to bombard a target with
three ion species simultaneously or independently. Dur-
ing implantation of all samples in this work, beam
currents were maintained less than 100 mA/m? in order
to keep the sample temperature below 50 °C (as confirmed
by a thermocouple attached to the sample holder). Also
included in this study are the previously reported results*
for Tefzel®, a copolymer of ethylene and
tetrafluoroethylene, which was implanted simultaneously
with 420-keV B, 700-keV N, and 604-keV C ion beams to
an equal fluence for each species, 1.2 X 10% jons/m?2. The
implantation conditions are summarized in Table I. The
amorphous DLC film was prepared on a polystyrene sub-
strate by rf discharge under 25-mTorr CH, and Ar with
600-V bias. Polycrystalline diamond films were grown on
a silicon substrate by a filament assisted chemical vapor
deposition method at 1050 °C under 40-Torr pressure of
1% CH, in H,.

Raman spectra were obtained using an Instruments S
A Ramanor U1000 spectrometer. The excitation source
was the 514.532-nm line of a Coherent Model Innova 90-
5 argon-ion laser typically operated at 100 mW for
graphite and 5 mW for the various polymers. The low
laser power was necessary for the polymers to avoid
thermal damage from excessive absorption of laser radia-
tion. The spectrometer bandpass was typically 9.4 cm ™,
and microsampling (180° backscatter geometry) was ac-
complished with a Leitz 100X objective with a numerical
aperture of 0.9. With this objective, the laser beam focal
point diameter was approximately 1 pum. Spectra were
obtained from 50 to 3500 cm™!. The bandfitting results
reported in this work were obtained using an algorithm
that optimized both the Gaussian and Lorentzian contri-
butions to the line shape.

III. RESULTS
A. Raman spectroscopy

1. Graphite

Since Raman spectra of ion-beam-modified polymers
have their origins in their carbonaceous backbone struc-
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ture and resemble the spectra of disordered graphite,* the
Raman spectrum of polycrystalline graphite (100—200-
pm grain size) was examined first and is shown in Fig.
1(a). The first-order Raman peak of unimplanted graph-
ite shows a sharp, intense peak at 1580 cm ™' (G line),
and is assigned to the C-C stretching mode within the
graphite basal plane with E,, symmetry.'>?° The 1354-
cm ™! disorder peak (D line) results from first-order Ra-
man scattering from a zone edge phonon with 4,, sym-
metry. This normally forbidden Raman mode becomes
active as a result of relaxation of the wave-vector conser-
vation selection rule, probably as a result of microcrystal-
linity.2! The relationship between the D and G lines has
been examined by many researchers and can be related
directly to the structure and properties of graphite.!® A
peak near 50 cm ™!, which is assigned to a shear type rig-
id layer mode,?! was not observed in these experiments.

The second-order spectrum of polycrystalline graph-
ite?® exhibited four distinct bands, two overtones at
2(1354)=~2716 cm ! and 2(1620)~3248 cm ™!, and two
combination bands at (1354+1580)=~2950 cm ' and
(8504 1580)~2452 cm™!. Bands at 850 and 1620 cm ™!
correspond to peaks in the one-phonon density of states
for graphite that are not normally allowed in Raman
scattering because of the wave-vector conservation selec-
tion rule.?>?> However, these phonons are allowed in
two-phonon Raman scattering. A broad peak near 760
cm ™! was not assigned, but probably is due to an instru-
mental artifact in combination with scattering from
nonzone-center phonons.

Upon implantation with 200-keV Si™ ions to 1.6X 10"
ions/m?, all peaks were broadened with a concurrent
reduction in the peak heights, making some of the
second-order peaks unnoticeable as shown in Fig. 1(b).
The peak broadening is caused primarily by phonon
damping and, as such, is intimately related to the degree
of structural disorder.'’?* At this fluence, the G line
softened slightly to 1578 cm ™! while the D line moved
higher in frequency from 1354 to 1362 cm ™!,

2. Diamond

Figure 2 compares the Raman spectra of diamond be-
fore and after implantation with 1000-keV Ar™. The sin-
gle triply degenerate first-order Raman peak®® appeared
at 1334 cm™!. For pristine diamond, second-order peaks
corresponding to overtones and combination bands®
were also observed at 2184, 2468, and 2652 cm ™~ !. The
second-order peaks were more than 2 orders of magni-
tude weaker than the first-order band as indicated in Fig.
2. Ion implantation resulted in a complete loss of the Ra-
man bands characteristic of crystalline diamond. In-
stead, a broad asymmetric peak appeared near 1546
cm~!. Bandfitting revealed that this spectrum was a
composite of two peaks, the D line shifted to 1417 cm ™!
and the G line at 1569 cm™!. The results of the
bandfitting analysis are summarized in Table II.

The surface became very dark but was still shiny
despite the displacement damage caused by the bombard-
ment. Rutherford backscattering (RBS) and ion channel-
ing analysis exhibited about a 25% increase in back-
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scatter yield from the subsurface region?’ which was at-
tributed to lattice atom displacements. The fraction of
displaced carbon atoms from sp® bonding sites was es-
timated to be less than 10+5%.2® Raman scattering did
not show any evidence of the crystalline structure associ-
ated with the original diamond lattice.

3. DLC film

The Raman spectrum for the DLC film showed a
broad asymmetric peak near 1526 cm ™! as shown in Fig.
3. Bandfitting of the asymmetric peak indicated the pres-
ence of the D line at 1357 cm™! and the G line at 1533
cm ™! as summarized in Table II. Weak, broad second-
order peaks appeared near 3000 cm ™.

4. CVD diamond film

The Raman spectrum for the CVD diamond film
showed the first-order diamond peak at 1334 cm™! and
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an additional broad asymmetric peak centered at 1568
cm ™! as shown in Fig. 4. Bandfitting revealed that this
broad peak was composed of overlapping bands at 1357
and 1533 cm ! (see Table II). The asymmetric peak indi-
cated the presence of disordered regions, possibly com-
posed of nondiamond carbon, in the CVD film.

5. Polyacetal

Polyacetal (-CH,-O - ), was structurally unstable under
1000-keV Ar™ bombardment because of its weak oxygen
bonds. Residual gas analysis revealed that high concen-
trations of H, and H,O molecules, in addition to mono-
mers, dimers, and small amounts of multimers of acetal
units, were emitted during bombardment. The implanted
area was in the form of dull powdery soot and was very
soft, indicating that long-range chemical bonding was
destroyed. The implanted layer could be easily removed
with a soft tissue. The Raman spectrum from the im-
planted region, shown in Fig. 5, resembled that of amor-

FIG. 1. Raman spectra of
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TABLE II. Summary of bandfitting analysis for asymmetric
peaks.

Peak Peak Peak
position height ratio area ratio
Materials (cm™1) (Hp/Hg) Ip/Ig)
Diamond 1417(D) 0.61 1.05
1000-keV Ar™ 1569(G)
DLC 1357(D) 0.44 0.90
1533(G)
CVD diamond 1355(D) 0.54 0.59
1542(G)
PS 1407(D) 0.72 1.78
1000-keV Ar™* 1573(G)
8X10® m2
PS 1414(D) 0.97 2.02
1000-keV Ar* 1561(G)
2.7X10" m™?
PS 1414(D) 0.92 © 1.63
1000-keV Ar* 1559(G)
5.4X 10" m™?

phous carbon with the D line at 1368 cm ™! and the G line
at 1604 cm™!. The spectrum in Fig. 5 is after back-
ground subtraction to remove the strong luminescence
that partially obscured the Raman bands. It should be
noted that the G line is higher in frequency than that of
polycrystalline graphite (1580 cm™!). This is another
consequence of relaxation of the wave-vector conserva-
tion selection rule as a result of defects or microcrystal-
linity. In this case, contributions to Raman scattering
from normally forbidden phonons at or near the zone
edge at approximately 1620 cm ™! cause an apparent up-
ward shift in the frequency of G line.?
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6. Polystyrene

Residual gas analysis revealed that the major species
emitted during Ar'T bombardment of polystyrene
(-CH,-CH¢-), were H,, CH,, C,H,, C,Hs, and C¢Hg. Be-
cause of the predominant loss of hydrogen, the residual
material became a carbon-rich glassy phase. The
modified surface changed from colorless to brown and
eventually became completely dark at high fluences. The
surface of the modified polystyrene (PS) became harder
with increasing ion fluence and energy, and had a metal-
lic luster which was not observed for polyacetal.

The first-order Raman spectrum of the 200-keV Ar™
implanted specimen resembled that of polyacetal at the
lowest fluence. Figure 6 shows the D line appearing near
1384 cm ™! and the G line near 1604 cm ~! for a fluence of
8 X 10'® jons/m?. When the fluence was increased to
5.4X 10" ions/m?, the spectrum became more like that
of amorphous carbon. The D and G lines merged togeth-
er forming an asymmetric peak with the maximum peak
position at ~1540 cm L.

For 1000-keV Ar™' implantation at the lowest fluence
(8X10'® ions/m?), two Raman peaks were again ob-
served, with the D line at 1374 cm ™! and the G line at
1566 cm™ ! as shown in Fig. 7. Interestingly, the G line is
at a much lower wave number than for the 200-keV im-
plantation at the same fluence (1604 cm™!), and even
lower than the frequency for unimplanted graphite (1580
cm ™ !). With increasing fluence, the G line shifted con-
tinuously to lower wave number while the D line shifted
higher until the two peaks merged into a broad, asym-
metric band as shown in Fig. 7. Bandfitting results for
the asymmetric peaks are given in Table II. In general,
the Raman spectra from Ar‘-implanted polystyrene
resembled the spectrum of polycrystalline graphite for
the low-energy and low-fluence implantations, but were
similar to the spectrum of amorphous carbon with in-
creasing ion energy and fluence.

FIG. 4. Raman spectrum of
FACVD film. The analysis indi-
cates that the broad asymmetric
peak is a superposition of 1357
and 1533 bands.
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B. Hardness TABLE III. Summary of hardness data.
One of the most striking differences between ditferer}t Ton energy and fluence
forms of carbon is hardness. Hardness data from this Materials (keV, ions/m?) Hardness (GPa)
study and from other sources are summarized in Table
III. Hardness values of pristine and Ar-implanted dia- Diamond
mond were measured using the Knoop indentation tech- Pristine 0 222
nique with a 1-N normal load and a 15-s dwell time. Cal- Implanted 1000, 2X10™ (Ar) 39
culations from the measured diagonals yielded hardness Graphite
values of 222 GPa for pristine and 39 GPa for the im- Pristine 19 e 0.08
planted diamond, indicating that Ar implantation had DII_,I(‘;pi?il;rt:d 200, 1.6X10° (Si) gég
softened the diamond by a factor of 5.7. The hardness of B
. . . . Polystyrene
implanted diamond may have been slightly overestimated Pristine 0.32
due to the undamaged diamond beneath the surface film. Implanted 200, 8X 10'® (Ar) 13
The penetration depth of the Knoop indenter was ~0.63 200i 2.7X10"° (Ar) 1.7
pm, which is approximately the ion penetration depth. 200, 5.4X 10" (Ar) 1.8
Hardness values in the range 55—131 GPa have been re- 1000, 8 10'® (Ar) 75
ported for diamond depending on the quality and orienta- 1000, 2.7X 10" (Ar) 9.5
tion.?>® It should be noted that the hardness of Ar- 1000, 5.4X 10" (Ar) 12.5
implanted diamond is still extremely high compared to

1000 keV Ar”*
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that of other materials. This is probably because most
chemical bonds were still intact although they may have
been severely distorted.

The hardness of graphite, the DLC film, and implanted
PS was measured using a nanoindentation method’!
which is used to probe subsurface hardness. Five indents
were made for each material, and the results were re-
markably reproducible (to within a few percent
difference). The hardness of pristine and Si-implanted
graphite were very similar, having values of 0.08 and 0.12
GPa, respectively. The hardness of the DLC film was
about 0.62 GPa, substantially higher than that of graph-
ite and vapor-deposited a-C films. In the case of eva-
porated a-C films, hardness values were in the range
0.2-0.5 GPa. ¥

The hardness of Ar-implanted PS increased with ion
fluence and energy, having values of 0.32 GPa for pris-
tine, 1.3 GPa at 810" jons/m? 1.7 GPa at 2.7X 10"
ions/m?, and 1.8 GPa at 5.4X 10" ions/m? for 200-keV
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Ar™ irradiation. In the case of 1000-keV Ar™ implanta-
tion of PS, hardness values were 7.5, 9.5, and 12.5 GPa
for the same corresponding fluences. At the higher ener-
gy, hardness values of Ar'-implanted PS approached
those of CVD diamond films. In this study, the hardness
of the CVD diamond film was not measured because of
surface roughness but reported values range from 12 to
60 GPa.32,34‘*36

IV. DISCUSSION

Raman spectra from a wide variety of carbons pro-
duced by various techniques have been examined in this
study. Relevant studies from the large body of work
dealing with carbon are reviewed and compared with the
present data in Tables IV and V. Table IV summarizes
D- and G-line positions of the Raman spectra of dia-
mond, single-crystal graphite, polycrystalline graphite,
hydrogenated and unhydrogenated amorphous carbon,

TABLE IV. Raman spectra for various carbon compounds [ 4, asymmetric peak; B, broad peak (D
and G lines are generally overlapped in the middle making a twin peak); S, sharp peak].

Materials D line (cm™!) G line (cm™!) Reference
Natural diamond (1332)5? 25,11
(1336) 14
(1334)5* This work
Graphite
Single crystal (1580)¢ 11,41
(1585)5 21
(1584) 14
(1575)¢ 19
Small crystallite (1360) (1620)5 23
Charcoal (1360) 5 (1584)p 11
Polycrystalline (1355)p (1575)p 19
Graphite (1360)p (1580)5 41
(1354)p (1580) This work
a-C, graphite
e-Beam evap. or (1360)p (1580) 41
Ar sputtered (1550 4 37
900 C annealed (1350)5 (1580)5 9
(1353), (1598) 5 38
a-C:H, graphite
Ar sputtered in H, (1580) 4 37
500°C annealed (1370)3 (1590) 5
a-C:H, DLC
rf discharge in (1520) 4 10
CH, (1357+1533) This work
CVD diamond
FACVD, CH,/H, (1332) 13, 15, and this work
(1333)5*
(1334)5* (1355+1542)
MPCVD, CH,/H, (133)5* (1550) , 17
Flame, C,H,/0, (1334)5+(1342), (1576) 16

?In general, D line designates a disorder peak, not the diamond peak.



15 548

DLC films prepared by rf discharge, and diamond films
prepared by CVD methods. Table V summarizes the
same type of Raman information for ion-implanted car-
bon compounds. Appropriate references are listed in the
tables.

From this work and the studies reviewed in Tables IV
and V, it was concluded that carbon phases can be placed
into one of three general categories, depending on the
bonding state. First, diamond and single-crystal graphite
have single, sharp first-order bands at 1332 and 1580
cm ™!, respectively, which are highly characteristic
features of the two allotropes of carbon with very long-
range order. Second, graphitic carbon exhibiting finite
crystal size effects is a distinct carbon form that is pro-
duced by many methods. Annealing of amorphous car-
bon at high temperature,”?*373 ion implantation of po-
lymers such as polyacetal and PS (at low fluence and en-
ergy), and ion implantation of single-crystal graph-
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ite?>3%40 are all examples of methods of producing graph-

ite exhibiting finite crystal size effects. Raman scattering
from these types of carbons showed the disorder induced
D line near 1360 cm ™! along with the G line near 1580
cm~ . When the crystallite size became smaller, both
Raman lines became broader and the G line became
asymmetric with a shift to higher wave number. The
third general category is amorphous carbon in which the
D and G lines coalesce into a weak, broad asymmetric
peak with a maximum in the 1500-1560 cm ™! region.
The shift of the D line to higher frequency along with the
G line moving to lower frequency is distinctly different
from the finite crystal size effects discussed above. Two
types of amorphous carbon were identified in this study;
soft carbon such as Si-implanted graphite and e-beam and
sputter-deposited carbon,”*”*! and hard carbons such as
DLC, Ar-implanted diamond, and some ion-implanted
polymers.

TABLE V. Raman spectra of ion-implanted carbon compounds [ 4, asymmetric peak; B, broad peak
(D and G lines are generally overlapped, making a twin band)].

Materials D line (cm™!) G line (cm™!) Reference
Diamond, 1000-keV Ar*
2X10*° m™? (14174 1569) , This work
Ion implanted (1332) (1400—1600) 4 42
Graphite
100 keV B, 10'*-10'° m~2 (1360) 5 (1580) 5° 22
40-200 keV He, 10" m™? (1360)5 (1580)3% 22
200-keV Si, 1.6X 10" m™?2 (1362)p (1578) This work
Ion implanted (1400—1600) , 42
PE, 60-keV Of 45
2.5%X10" m~2 (1300— 1400) (1550 —1600)
1X10*° m™2 (1300—1400), (1550— 16004
Tefzel, 420, 700, 640 keV 4
(B,N,C), 1.2X10*° m™? (1356)p (1588)p
Kapton, 150-keV Ar 46
1X10" m™2 (1400)p (1600) 5
1X10® m™? (1400) 3 (1580)p
PS, 240-KeV Ar 39
5X10Y m™? (1500—1600) 4
4X10*° m™? (1500—1600) 4
PS, 200-keV Ar This work
8X10'® m™2 (1384), (1604),
5.4X 10" m™? (1540) 4
PS, 1000-keV Ar This work
8X 108 m~2 (1374)p (1566)5
2.7X 10" m™2 (1388)p (1552)p
5.4X10" m~2 (1414+1559) ,
Polyacetal, 1000-keV Ar This work
1.6 X10%° m—?2 (1368)p (1604)5

?Additional small peak was observed at 1620 cm

. For B implantation, the G line shifted to higher

wave numbers with decreasing crystallite sizes when ion dose increased. For He implantation, the G
line shifted to lower wave numbers with increasing crystallite sizes when ion energy was increased.
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The Raman scattering data indicates that carbon
phases can be uniquely classified into the three distinct
types outlined above, depending upon the shape and fre-
quency of the D and G lines. As such, a new
classification scheme based on the Raman peak positions
is proposed. Materials are categorized as being graphitic
when the G line is equal to or greater than 1575 cm™},
the frequency observed for single crystal, natural graph-
ite.!” In this case, the D line remains at approximately
1360 cm ™~ !. Average particles sizes are larger than 1 nm,
based on the data reviewed in Table IV. Carbon is
categorized as being amorphous when the G line is below
1575 cm™! and the D line moves higher in frequency
(typically to 1400 cm ! or higher). In general, when par-
ticle sizes are less than 1 nm, x-ray or electron-diffraction
methods fail to identify the crystalline features. Raman
scattering is a more useful criterion for determining the
degree of disorder in carbon in such cases.

Although there were subtle differences in peak posi-
tions and peak shapes depending upon the material and
experimental parameters, a-C, a-C:H, DLC, Si-implanted
graphite, Ar-implanted diamond, and ion-implanted po-
lymers, all showed similar Raman spectra, suggesting
that they all have common structural features despite the
difference in chemical bonding of the pristine materials.
As a result, Raman scattering could not be used to distin-
guish between amorphous carbons produced by different
techniques. Interestingly, however, the disordered dia-
mond was much harder than disordered graphite (39 GPa
vs 0.12 GPa) hinting that the three-dimensional network
of chemical bonds was still intact in diamond. The pres-
ence of other elements (e.g., oxygen and nitrogen in Kap-
ton®, fluorine in Tefzel®, and hydrogen in DLC, PE, and
PS) had no noticeable effect on the Raman spectrum of
amorphous carbon. Amorphous carbons apparently have
a large capacity to accommodate various defects and im-
purities due to their more random structure and, as such,
the Raman spectrum, dominated by scattering from a
carbon arrangement common to all of these materials, is
very similar.

There have been numerous attempts by researchers to
establish the level of sp3 bonding in various amorphous
carbons. 11243738 Thjs is particularly true for the hard
carbon films in which a significant level of sp® bonding
would help explain the hardness.’”!” From the Raman
spectra, it is clear that good quality CVD diamond films
have a definite diamond structure with almost no sp?
bonding. However, the level of sp? and sp® bonding in
various amorphous carbons is still the subject of debate.
A large fraction of sp> bonds would be expected to
remain in the implanted diamond as shown by ion chan-
neling data and by retention of its extreme hardness (see
Table III), while implanted graphite would be expected to
be composed of a large fraction of sp? bonds. Yet both
materials had similar Raman spectra (graphitelike spec-
trum),*? which, in turn, were similar to the spectra of
DLC and the heavily implanted polymers. Interestingly,
the Raman spectrum of each of these materials exhibits a
broad, asymmetric peak in the 1500-1575 cm™! region,
which does not correspond to a maximum in the phonon
density of states of either graphite (sp?) or diamond
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Several models for the structure of amorphous carbon
have been proposed.>!"?* The emerging picture from
this and other work is that many amorphous carbons
consist of an intricate network of single, double, and tri-
ple bonds and their conjugate forms which are intercon-
nected in a random fashion. Graphitic sp? planar regions
are often interconnected via tetragonally bonded sp>
bonds allowing gradual changes in planar orientations.
Bond angles are greatly distorted in such structures. In
hydrogenated carbon, about 15 different types of bonds
have been identified by infrared absorption including
—CH,;, =CH,, and =CH bonds together with other
sp, sp?, and sp® hybridizations and conjugated bonds.?
Figure 8 shows infrared spectra of polystyrene before and
after implantation with 1-MeV Ar' to a fluence of
5.4x 10" ions/m%* The distinct vibrational modes of
pristine PS were replaced by a broad feature between ap-
proximately 800 and 1800 cm ™! after implantation. A
wide range of C-C stretching and CH bending modes,
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FIG. 8. Infrared spectra of pristine (above) and Ar™-ion-
implanted polystyrene to a fluence of 5.4 X 10'° ions/m? at 1000
keV (Ref. 43) (below). For the implanted specimen, the
unaffected regions were eliminated by dissolving in a solvent
and the spectrum was obtained from the bombarded region
only.
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probably with a great deal of bond angle distortion, are
the dominant species observed in the spectrum of im-
planted PS. Recently, the presence of Cg, fullerene mole-
cules was also observed in ion-implanted polymeric ma-
terials.**

In general, most experimental results suggest that there
is no particular bonding type that necessarily dominates
in many amorphous carbons, especially for ion-implanted
materials. While more hydrogenated carbon atoms are
expected in DLC and ion-beam-treated polymers, more
sp> bonds are expected in damaged diamond and more
sp? bonds in graphite as discussed above. Because all of
these show a similar response to Raman scattering, it
seems plausible that sp> or sp? bonds in these amorphous
structures have severely distorted bond angles (and bond
lengths). In such cases, the Raman scattering intensity
decreases and the peaks broaden because of the loss of
translational symmetry.

A downward shift of the G line with increasing sp°
bonds was predicted in Beeman et al.’s theoretical
work,?* which was based on lattice dynamic calculations
using the valence force field model. In their random-
network model, peak broadening and shifting was related
to the degree of disorder and the relative proportion of
sp? and sp® bonds. Current experimental results, howev-
er, indicate that the shift to lower frequency occurs when
carbon becomes disordered, regardless of the initial state
(e.g., diamond, graphite, or polymers). For example, the
highly characteristic diamond peak at 1332 cm ™! was
severely attenuated by ion implantation and replaced by a
broad asymmetric peak which was very similar to the
peak observed for other amorphous carbons. It is cer-
tainly possible that a significant level of sp* bonding ex-
ists in highly disordered carbons, but such a conclusion is
not supported by the Raman results in this work.

Despite the similar response to Raman scattering,
amorphous carbons exhibited quite different physical
properties, particularly hardness, depending upon
preparation conditions. Since hardness is a manifestation
of the degree of chemical bonding in three dimensions,
differences in hardness in these materials are thought to
arise from variations in the degree of crosslinking. As an
example, e-beam evaporated or sputter-deposited films
are produced by condensation of carbon atoms from the
vapor phase. The sizes of the clusters which nucleate
generally vary with substrate temperature. At low tem-
peratures, small clusters of randomly bonded carbon
atoms aggregate without establishing long-range chemi-
cal bonds, and result in carbon films with very low hard-
ness. On the other hand, much harder DLC films are
grown from ionized carbon deposition which led to better
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long-range chemical bonding. The results of this study
indicate that although there are distinct differences in
physical properties and long-range bonding among the
various amorphous carbons, Raman scattering is not sen-
sitive to these differences. Properties related to the de-
gree of three-dimensional connectivity are better deter-
mined by other methods such as hardness measurements.

V. CONCLUSIONS

Raman scattering studies were conducted on diamond,
graphite, and several polymers to investigate the nature
of chemical bonds in various carbon-based materials.
CVD diamond and DLC films were also examined in the
as-prepared condition for comparison with the ion-
bombarded materials. It was shown that a shift of the G
line to frequencies above 1575 cm ™! is indicative of crys-
talline graphite, whereas a shift below 1575 cm ™! can be
attributed to amorphization (or the onset of amorphiza-
tion). Although all disordered carbons had similar Ra-
man spectra, the D and G lines tended to be well-
separated, distinct peaks for the more graphite materials
and to merge into a broad asymmetric peak for the highly
disordered carbons.

Raman spectra of ion-implanted diamond, polycrystal-
line graphite, polymers, DLC, e-beam evaporated graph-
ite, and sputter-deposited graphite are similar. Each of
these materials has a carbon framework that is in a high-
ly disordered, distorted state, and no evidence for
significant levels of pure sp? or sp® bonded carbon could
be found. Experimental evidence suggests that there is
no clear correlation between hardness and sp*® bonding in
amorphous carbons, but rather, hardness is related to the
level of three-dimensional connectivity involving many
types of distorted bonds.
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