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Raman spectroscopy, cross-sectional transmission electron microscopy, and electron-energy-loss spec-
troscopy have been used to monitor the ion-beam-induced transformation in glassy carbon irradiated
with 320-keV Xe ions to doses between 5X 10'? and 6X 10'® ions/cm?. It was found that (i) the ion beam
amorphizes the glassy carbon structure; (ii) the amorphization is accompanied by a compaction of the
glassy carbon from an initial density of 1.55 to 2.2+0.2 g/cm?; and (iii) approximately 15% of the graph-
itelike bonds in glassy carbon are converted to diamondlike bonds in the amorphization process. The
transformation of glassy carbon to an amorphous state occurs in two distinct stages as a function of ion
dose. For damage levels up to 0.2 displacements per atom (dpa) the effect of the ion beam is to decrease
the average graphitic crystallite size. Above 0.2 dpa, disorder in bond length and bond angle away from
ideal graphitic threefold coordination occurs leading to complete amorphization at high doses. The
amorphization, compaction, and presence of ~15% sp* bonds in the implanted layer of glassy carbon
results in a surface layer which is significantly more resistant to abrasion than as-grown glassy carbon.

I. INTRODUCTION

A. Glassy carbon

Synthetic graphites are an important class of materials
which, because of their chemical inertness and high elec-
trical conductivity, have a wide range of industrial appli-
cations as materials for use in electrodes, crucibles, and
biomaterials."> Glassy carbon (GC) is one example of a
synthetic graphite produced by the decomposition of
highly cross-linked polymers. The structure and proper-
ties of GC depend on the heat treatment temperature
during manufacture. X-ray diffraction experiments have
revealed that GC consists of carbon atoms bonded
predominantly in graphitelike planes. The registry be-
tween these graphitic planes is, however, poor. Examina-
tion of GC in the transmission electron microscope
(TEM) reveals a structure comprised of tangled graphite-
like ribbons. The size of these ribbonlike stacks for GC
heat treated to 2500°C is estimated to be up to 10 nm
long and 4 nm in cross section. The tangled graphitic mi-
crostructure of GC is resistant to three-dimensional or-
dering even when heat treated to temperatures in excess
of 3000°C. For this reason, GC is classified as a nongra-
phitizing carbon.?

Ion implantation is a technique which can produce
metastable layers in materials via nonequilibrium process-
es.’ In addition to providing a mechanism for the intro-
duction of foreign species into a host material, ion im-
plantation can be employed to reproducibly and controll-
ably alter the level of disorder within the host structure,
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potentially leading to desirable changes in the surface
properties of materials. In particular, ion-beam irradia-
tion has been shown to significantly enhance the abrasive
wear resistance of GC.*° It has been shown that the ion-
beam-induced wear resistance is independent of the im-
planted ion species, suggesting that the hardening process
is damage driven and not due to chemical effects. How-
ever, whilst the implantation conditions under which GC
becomes resistant to wear are well characterized, the
mechanisms behind this toughening are not well under-
stood. An understanding of the mechanisms behind this
increase in wear resistance is one of the goals of the
present study. In addition, this study seeks to further
elucidate the effects of ion implantation on the structure
of graphitic materials. Since the structure and properties
of GC are well documented, GC is an ideal prototype ma-
terial for such a study. The present work is concerned
with the structural changes which occur to GC as it is
transformed from a predominantly graphiticlike struc-
ture to an essentially amorphous state under the action of
the ion beam.

In order to investigate ion-beam-induced damage
effects, GC substrates were irradiated with xenon ions to
doses between 5X 10'2 and 6 X 10'¢ ions/cm?. Xenon ions
are ideal for ion-beam-induced damage studies of GC,
since they create a large damage density in the carbon
matrix while, at the same time, they are unlikely to be
chemically active, with the possible exception of causing
the formation of inert gas bubbles at doses in excess of
~10' Xe/cm2.” Thus for doses below 10'® Xe/cm?
changes in the structure of GC are predominantly due to
the introduction of damage.
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B. Techniques of analysis

Due to its sensitivity to structural changes, Raman
spectroscopy has proved to be a powerful technique for
monitoring changes in the microstructure of various
carbon-based materials.® For example, Raman spectros-
copy has been used to help understand changes in the mi-
crostructure of graphite and diamond following ion irra-
diation.! The first-order Raman spectrum of graphite
consists of one peak at 1582 cm ™! (the G peak) attribut-
able to in-plane symmetric C-C stretching (Eyg). The
first-order Raman spectrum of GC is dominated by two
peaks. The first is at ~1590 cm ™! (the G peak), originat-
ing from lattice vibrations in the plane of the graphitelike
ribbons present in the GC structure. The second peak is
the so-called disorder or D peak at ~1355 cm™! which
occurs in graphitic materials with small crystallite sizes.
Also present in the Raman spectrum of GC is a small
peak at 1615 cm™! (the D’ peak) which appears as a
high-wave-number shoulder on the G peak. Since the G
and D’ peaks are usually unresolved from one another,
the presence of the D’ peak can lead to a higher than ex-
pected apparent G peak position in GC. The D and D’
peaks correspond to local maxima in the phonon density
of states (DOS) of graphite.” Normally, the k =0 selec-
tion rule restricts the observed phonons to those near the
Brillouin zone center and hence the D and D’ peaks are
not observed in the Raman spectrum. However, as the
level of disorder increases and long-range translational
symmetry is lost, the kK =0 selection rule is relaxed and
phonons with non-zero k vectors throughout the Bril-
louin zone may contribute to the Raman spectrum.

It has been shown that ion implantation of GC tends to
broaden these peaks and eventually produces a broad
asymmetric peak near 1550 cm ! similar to that obtained
from amorphous carbon (a-C).!° By examining the
change in the G and D peak positions and widths as a
function of ion dose, it was found that the transformation
begins to occur at a damage level of 0.21 displacements
per atom (dpa) for a wide range of ion species (H, He, C,
N, Si, and Xe).!!

The Raman spectra in the present study have been col-
lected from Xe-irradiated GC with a vastly better signal-
to-noise ratio than the spectra published in the previous
investigation.!! Despite past success in fitting the Raman
spectrum of implanted GC with two Lorentzians, it was
found that a superior fit was achieved by fitting a
Lorentzian line near ~1350 cm ™! and an asymmetric
Breit-Wigner-Fano (BWF) line shape at ~1600 cm .
Dillon,Woollam, and Katkanant!? also found that asym-
metric line shapes provided superior fits to the Raman
spectra of annealed a¢-C films than those obtained using
symmetric Lorentzians. It was suggested that an asym-
metric line shape fits the Raman spectrum of disordered
carbon better than a symmetric line shape due to the
asymmetric nature of the DOS curve for graphite in the
region of the D and G lines. The BWF line shape arises
in Raman scattering as a result of the interaction between
discrete Raman-active phonon modes and a continuum of
Raman-active modes.”> The BWF line shape has been
observed in implanted graphite'*!® and stage-1 alkali-
metal graphite intercalation compounds.!® In graphite-
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based materials the interaction is thought to be between
the zone center E,, mode and a broad continuum of
modes which becomes active as the k =0 selection rule
breaks down. The origin of the broad continuum which
gives rise to the BWF line shape has been attributed to a
disorder-induced phonon mechanism.'®

The cross-sectional TEM specimens of implanted GC
were prepared using ultramicrotomy. Ultramicrotomy
has proved to be a successful technique for slicing sec-
tions of GC which are sufficiently thin to be able to be
readily observed in the TEM.!®!° By viewing the im-
planted GC samples in cross section, the depth of the im-
planted layer can be accurately determined. In addition,
large areas of specimen with uniform thickness can be
produced which are ideal for the application of electron-
energy-loss spectroscopy (EELS). EELS is a powerful
technique for investigating carbon-based materials since
it can be used to estimate the fraction of diamondlike
(sp?) to graphitelike (sp?) bonding present.?’

In a recent investigation'® it was shown that ion im-
plantation of GC with 50-keV C ions to a dose of 5X 10
C/cm? leads to an increase in density of the implanted
layer from 1.55 to 2.4+0.2 g/cm®. In that study the den-
sity of the implanted layer was determined from measure-
ments of the depth of the implanted layer obtained from
cross-sectional TEM images and measurements of the
step height between unimplanted and implanted areas of
the sample. Concomitant with this increase in density is
an observed increase in refractive index from 1.8 to
2.410.1. The increase in refractive index was attributed
to an increase in electron density of the denser implanted
layer. It has been suggested'® that the increase in density
of the implanted layer is an important factor to consider
in attempting to understand the transformation of GC
under the influence of an ion beam. In the present study,
ellipsometry and step-height measurements are employed
to monitor the dose dependence of changes in the density
of the implanted layer.

Collectively, these diagnostics provide an insight into
the nature of the ion-beam-induced transformation in GC
and may be used to suggest a model for the increase in
wear resistance of the material following ion implanta-
tion.

II. EXPERIMENT

A. Ion implantation

The GC substrates were cut from plates supplied by
Atomergic Chemetals Corporation (New York). Accord-
ing to the manufacturer’s specifications, the GC was heat
treated to 2500°C and has a density of 1.5-1.55 g/cm’.
Prior to implantation the GC substrates were polished
with progressively finer diamond paste down to a 1-um
finish on a cloth lap. The samples were then mounted
onto a Cu target holder using Ag paste and implanted
with 320-keV Xe ions to doses between 5X10'? and
6% 10" ions/cm? in a vacuum better than 1X 10~ Torr.
Beam currents were kept below 1 uA/cm? to minimize
beam heating of the sample during the irradiation. The
range (R,) and straggling (AR,) of 320-keV Xe ions in
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GC were calculated by the TRIM computer program?! to
be 130 and 20 nm, respectively. Thus the implanted layer
is expected to have a thickness of ~150 nm (R, +AR,).

B. Raman spectroscopy

The Raman spectra were taken in a near-
backscattering geometry on a Dilor Microdil 28 micro-
raman spectrometer with an Ar ion laser operating at 488
nm. The laser was focused down to a 2-um spot with a
50X objective lens and a laser power of 100 mW was em-
ployed. The spectra were taken over the range
1000-1800 cm ! with a resolution of 5 cm™!. In order
to test whether the laser used for the Raman measure-
ment was modifying the implanted specimens at a power
of 100 mW, Raman spectra were also taken with reduced
powers down to 40 mW. No change in the Raman spec-
trum was observed upon decreasing the laser power and
hence a laser power of 100 mW was used for all the mea-
surements presented here. The skin depth of the laser
light in disordered carbons is 80—100 nm.!* In order to
check the possibility that the incident laser light
penetrates the ion-beam-implanted layer and samples the
underlying unimplanted GC, Raman spectra were ob-
tained from some of the implanted samples with the laser
beam incident at 60° from the surface normal. The re-
sulting spectra were identical to those obtained in the
near-backscattering geometry, indicating that the under-
lying unimplanted substrate contributes little to the Ra-
man spectrum.

In order to analyze the Raman spectra quantitatively,
the Raman spectra were fitted with a BWF G peak,
Lorentzian D peak, and a linear background using a
linear least-squares computer program. The BWF line
shape is described by the following expression:

I[14+2(0—wy) /qT ?
I(w)= 5
1+[2(0—wy) /T

(1

In Eq. (1), I(w) is the intensity as a function of frequency,
1, is the peak intensity, w, and I are the peak position
and full width at half maximum (FWHM), respectively,
and ¢! is the Breit-Wigner-Fano coupling coefficient.
In the limit ¢~ '—0, the Lorentzian line shape is
recovered. In annealing studies of implanted graphite the
limit of I'/q—0 has been identified as the point where
in-plane ordering is complete and three-dimensional or-
dering begins.!* Thus I' /q (the coupling parameter) can
be used as a measure of in-plane graphic order.

C. Cross-section transmission electron microscopy

In order to prepare cross-sectional TEM specimens a
sliver of each implanted GC specimen was embedded into
a hard epoxy resin (Epon 812 equivalent) and then cross-
sectional sections cut using a diamond knife in an ultra
microtome.”> The thickness of the thin sections were es-
timated to be less than 60 nm from the interference colors
observed in the sections while cutting. Cutting speeds of
0.2-0.5 mm/s were found to produce the best sections.
The TEM was performed using a JEOL 2010 electron mi-
croscope operating at 200 keV. The Rayleigh resolution
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of this electron microscope is approximately 0.23 nm at
the Schertzer defocus condition. The selected area
diffraction patterns were taken from an area of the sam-
ple with a diameter of 100 nm using the smallest selected
area diffraction aperture available on the microscope.

D. Electron-energy-loss spectroscopy

The EEL spectra were taken using a Gatan 666 Paral-
lel EEL spectrometer, fitted beneath a Philips CM20
transmission electron microscope operating at 80 keV.
All spectra were taken with the microscope in scanning
mode with an electron probe convergence semiangle on
the specimen of 8 mrad. The electron beam was estimat-
ed to illuminate an area of the sample with a diameter of
~5 nm. The spectra were collected with a spectrometer
acceptance semiangle of 4 mrad. The energy resolution
of the spectrometer, as measured by the full width at half
maximum of the zero-loss peak, was 1.2 eV.

E. Ellipsometry

The refractive index of the implanted samples was
measured using an ellipsometer equipped with a He-Ne
laser. The Fresnel equation for a one-interface system
(i.e., air/implanted GC) was employed.?* Analysis requir-
ing a two-interface model (i.e., air/implanted
GC/unimplanted GC) was not necessary since, as dis-
cussed above, the skin depth of the laser light is expected
to be less than the thickness of the implanted layer, espe-
cially since these measurements were carried out at a
glancing angle of 70° to the surface normal.

ITII. RESULTS AND DISCUSSION

A. Raman spectroscopy

The Raman spectra of GC samples irradiated at room
temperature with increasing doses of 320-keV Xe ions are
shown in Fig. 1. Also shown in the figure are the fits to
the data using the BWF-Lorentzian line-shape combina-
tion. As the dose increases, the general trend apparent in
Fig. 1 is that the D and G peaks broaden as a result of an
increase in disorder in the system. As the G peak
broadens, the G and D’ peaks become unresolved from
one another. For the sake of simplicity, the more ener-
getic peak will continue to be referred to as the G peak.

The G and D peak parameters extracted from the fits
to the data in Fig. 1 are plotted as a function of Xe dose
in Figs. 2-5 below. In order to compare damage pro-
duced by different ions in a solid it is often convenient to
calculate the number of displacements per atom (dpa) for
a given ion dose. The top axis in the plots shown in Figs.
2-5 displays the number of dpa corresponding to each
dose calculated by dividing the average vacancy concen-
tration calculated using TRIM (Ref. 21) by the atomic
density of GC.!! Essentially, the dpa parameter is pro-
portional to the energy density deposited by the incoming
ion in nuclear collisions. Because TRIM does not take
into account dynamic annealing or the effect of multiple
impacts, the dpa parameter almost certainly overesti-
mates the actual damage density for a given ion dose.
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FIG. 1. Raman spectra of glassy carbon samples irradiated at
room temperature with increasing doses of 320-keV Xe" ions.
The implanted samples have been fitted with one Lorentzian
line shape for the D or disorder peak and one Breit-Wigner-
Fano line shape for the G or graphite peak using a least-squares
algorithm.
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The error bars in Figs. 2-5 are indicative of the spread of
values obtained by collecting Raman spectra from
different regions on a particular implanted sample and
then fitting each spectrum using the procedure outlined
above. At higher ion doses or dpa, the G peak begins to
dominate the overall fit, I (D) becomes very small, and so
there is generally a larger spread of values associated
with the D peak parameters than the G peak parameters.
In order to help understand the connection between
changes in the Raman spectrum and structural changes
which occur in GC following ion bombardment, refer-
ence will be made to the work of Beeman et al.'” Bee-
man and his colleagues calculated the vibrational DOS
and corresponding Raman spectrum for various model
structures of disordered carbon using the equation of
motion method. For a graphite structure with ideal 120°
threefold-coordinated bonding, the Raman spectrum cal-
culated by Beeman was found to display peaks at 1591
and 1310 cm™! which were identified as the G and D
peaks experimentally observed in microcrystalline graph-
ite. As the average bond angle in the model structure
was changed from the ideal graphitelike 120° due to in-
troduction of five- and sevenfold membered rings, the
peak at =~ 1600 cm ! in the calculated Raman spectrum
shifted down in frequency, while the D peak remained
unchanged. This result suggested that a deviation in the
average bond angle in a purely threefold-coordinated ma-

terial can lead to a decrease in G peak position with little
change in the D peak position. In addition to model
structures consisting of purely threefold-coordinate bond-
ing, Beeman et al. also studied the effect on the DOS and
Raman spectrum of model structures containing different
percentages of diamondlike fourfold-coordinated bond-
ing. It was found that, as the percentage of fourfold-
coordinated bonds increased, a decrease in both the G
and D peaks is observed. This latter result suggests that a
simultaneous downward shift in both the G and D peaks
of a disordered carbon may be indicative of the presence
of fourfold-coordinate bonding.

Figures 2(a) and 2(b) show the position (@) and
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FIG. 2. The (a) position (wy) and (b) FWHM (TI') of the
Breit-Wigner-Fano G peak plotted against Xe dose. The A on
the ordinate axis indicates the values of w, and T for the unirra-
diated glassy carbon. The schematic in (c) shows how the
changes in G peak position correspond to changes in the glassy
carbon structure following ion irradiation (see text).
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FWHM (I') of the BWF G peak as a function of Xe ion
dose. At a dose of 5X 10" Xe/cm?, wy=~1590 cm™!,
which is close to the value obtained for the G peak posi-
tion of unirradiated GC of ~1588 cm™~!. As the Xe dose
increases above 5X10'2 Xe/cm?, there is an increase in
wg, Which reaches a maximum value of =~1615 cm ™! for
doses between 6X10'3 and 2X10'* Xe/cm? before de-
creasing again. The shift in the position of the BWF line
from 1588 to 1615 cm ™! can be understood with refer-
ence to the phonon dispersion curve for graphite.’ As
the ion dose is increased and the GC structure becomes
more damaged, a decrease in the average graphitic crys-
talline size allows k vectors away from the zone center to
contribute to the Raman spectrum, resulting in an in-
crease in the contribution to the Raman spectrum of the
1615-cm ™! peak in the DOS.° The increased contribu-
tion in this portion of the DOS leads to an apparent shift
in the G peak position from ~1588 to ~1615 cm .
This interpretation for the upward shift in the G peak po-
sition in terms of an increased contribution of the D’
peak at 1615 cm™! is supported by calculations carried
out by Lespade, Al-Jishi, and Dresselhaus.?* They studied
the effects of decreasing the size of two-dimensional gra-
phitic crystallites on the Raman spectrum and found
that, indeed, as the average graphite particle size de-
creased, the D’ peak increased in intensity with respect to
the G peak.

Between doses of 6X10'* and 2X 10 Xe/cm? the G
peak position stays relatively constant at ~1615 cm™!.
A G peak value of 1615 cm ™! in this dose range indicates
that the irradiated material still contains a large propor-
tion of graphitelike threefold-coordinate bonding as indi-
cated by the continued agreement with the phonon DOS
of graphite. Figure 2(c) diagrammatically shows the ex-
pected shifts in the Raman line which should accompany
the transformation between GC and a material which
contains small crystallites of graphite (micropolycrystal-
line graphite) for doses between 5X10'2 and 6X10'3
Xe/cm?.

For Xe doses exceeding ~2X 10" jons/cm? or 0.2 dpa,
the BWF line position shows a monotonic decrease from
~1615 to ~1575 cm™~'. As discussed above, modeling
studies by Beeman and his colleagues!” have shown that a
change in the bond angle away from the ideal 120° results
in a decrease in the frequency of the G peak. Therefore
the decrease in G peak position observed in the Raman
spectrum at higher doses indicates that the level of disor-
der has increased sufficiently to alter the average bond
angle within the implanted layer away from 120°. The re-
verse of this process was observed by Dillon, Woollam,
and Katkanant'? who noted an increase in the G peak po-
sition as the proportion of graphitelike bonding within
their a-C films increased by thermal annealing. A second
possibility that some of the decrease in G peak position is
due to the presence of fourfold-coordinate bonding will
be discussed below. What is clear is that the downward
shift in the G peak position at damage levels above ~0.2
dpa indicates that the phonon density of states of graph-
ite no longer well describes the implanted layer in GC
and thus this downward shift can be interpreted as evi-
dence for a transformation from micropolycrystalline
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graphite into a-C as shown schematically in Fig. 2(c).

The FWHM of the G peak [Fig. 2(b)] shows a dramatic
broadening from ~60 cm ™! at low doses to ~260 cm ™!
for Xe doses above 2X 10'* Xe/cm?. A broadening of the
G peak can be interpreted as an increase in bond-angle
disorder. The initial increase in G peak width probably
corresponds to the introduction of point defects such as
C interstitials and vacancies within the graphitelike
planes.® The greatest rate of increase in the G peak width
occurs at a damage level of =0.2 dpa, corresponding to
the point where the average bond angle changes from the
ideal graphitelike 120° as the material transforms from a
micropolycrystalline graphite to an a-C. Eventually, at a
damage level of 4 dpa the G peak FWHM saturates,
which probably indicates that the damage level has also
saturated and the structure has completely amorphized.
However, the downward shift in the G peak position at
damage levels in excess of 4 dpa suggests that, although
the implanted layer has amorphized, the ion beam contin-
ues to reduce the average bond angle within the amor-
phous irradiated material.

Figure 3(a) shows the Breit-Wigner-Fano coupling pa-
rameter I" /g plotted as a function of Xe ion dose. As dis-
cussed above, the limit of I' /g —0 has been identified as
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the point where in-plane graphitic ordering is complete
and three-dimensional ordering begins.!> Thus the I' /g
parameter can be used as a measure of in-plane graphitic
order. The coupling parameter for unimplanted GC ap-
proaches O, supporting the proposition that excellent in-
plane ordering exists in GC as indicated by its radial dis-
tribution function.?> It can be seen from the figure that
there is a significant increase in the magnitude of the cou-
pling parameter for Xe doses up to ~10" Xe/cm?.
Above this dose a saturation of I' /g is observed. In Fig.
3(b) the coupling coefficient g is plotted as a function of
Xe dose. The large increase in g for damage levels up to
~ 10" Xe/cm? indicates that the coupling factor is very
sensitive to damage at low doses as the G peak changes
from a crystalline symmetric line shape to the BWF line
shape. Above doses of ~10'* Xe/cm? g saturates. Thus
the trend in I" /g for doses above =~ 10'* Xe/cm? is dom-
inated by the FWHM (I') and the coupling parameter
(T"/q) versus dose curve closely resembles the FWHM
(") versus dose curve shown in Fig. 2(b). The dose
dependence of the coupling parameter indicates that
there is a substantial structural change occurring at a
dose of ~2X 10" Xe/cm? (0.2 dpa) since at this point it
rises sharply. A damage density of 0.2 dpa corresponds
to the production of approximately one vacancy per C
hexagon in the graphitic ribbons which make up GC.
Thus 0.2 dpa corresponds to the point where the graphi-
tic bonding within the GC structure begins to break up.

In Fig. 4 the relative intensity of the D and G peaks
[the 7(D)/I(G) ratio] is plotted against Xe dose. It has
been shown that the 7 (D)/I(G) ratio is inversely propor-
tional to the in-plane crystalline size (L,) for disordered
graphite.?® Recently it was shown that this relationship
holds for a wide range of sp’-bonded carbons over the
range 2.5 <L, <300 nm for laser wavelengths of 488 and
514.5 nm.® Using the calibration curves provided in
these previous investigations, it is estimated that an
I1(D)/I(G) ratio of 1.2 which is observed for unirradiat-
ed GC corresponds to an L, of =3.5 nm. It can be seen
from the figure that there is an initial increase in the
I1(D)/I(G) ratio between unimplanted GC and the sam-
ple implanted at the lowest dose (5X 10'? Xe/cm?). This
initial increase in the I(D)/I(G) ratio probably corre-
sponds to a decrease in the in-plane crystallite size as the
ion implantation introduces disorder into the system.
For implantation doses above 5X10'* Xe/cm’ the
I(D)/I(G) ratio decreases linearly. This downward
trend in the I(D)/I(G) ratio with increasing Xe dose
cannot be interpreted as an increase in crystalline size as
would be predicted be an application of the relationship
1/L, a I(D)/I(G). However, since L, of unimplanted
GC is near the lower limit for the validity of the above re-
lationship, it is not surprising that I (D)/I(G) cannot be
effectively used to estimate crystallite size in irradiated
GC.

A possible explanation for the decrease in I(D)/I(D)
with increasing dose is as follows. As discussed above,
the D peak originates from the peak in the density of
states of graphite at points k70 in the Brillouin zone.
However, as the damage level is increased and the im-
planted material suffers a loss of short-range order, the
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FIG. 4. I(D)/I(G) ratio plotted as a function of Xe dose.
The A on the ordinate axis indicates the value of I(D)/I(G)
for unirradiated glassy carbon.

DOS of graphite can no longer be directly applied to this
system. It has been shown from modeling studies of
highly disordered carbons that the DOS consists of a sin-
gle broad asymmetric peak.!” Thus for graphitic materi-
als an increase in the intensity of the D peak indicates a
decrease in crystallite size. By contrast, for highly disor-
dered graphites, with L, <2.5 nm, a decrease in the D
peak intensity at high damage levels may represent a fur-
ther increase in disorder as the system transforms from a
microcrystalline graphite to a-C.

In Figs. 5(a) and 5(b) the position (wy,) and FWHM (T")
of the Lorentzian D peak are shown as a function of ion
dose. Above doses of ~ 10" Xe/cm? the D peak becomes
small compared to the G peak as indicated by the low
value of the I(D)/I(G) ratio, and the peak-fitting pro-
gram has difficulty determining the D peak parameters of
position and FWHM. In this dose regime it is in fact
possible to obtain an adequate fit to the data with a single
BWEF line (i.e., I(D)=0]. Hence trends in the D peak
parameters can only be followed reliably for Xe doses up
to ~ 10" Xe/cm? Despite this limitation there are some
trends apparent in both the D peak position and width.
There is some evidence for a slight decrease in the D peak
position from ~1355 to ~1345 cm~'. As discussed
above, modeling studies by Beeman and his colleagues'’
have shown that a simultaneous decrease in both the D
and G peak frequencies may indicate the presence of
some fourfold-coordinated bonds. Thus at high Xe doses,
as the GC structure becomes highly disordered, there is
the possibility that a small percentage of carbon atoms
present within the implanted layer are tetragonally bond-
ed. Given the errors in the position of the D peak evident
in the Raman data, this possibility would remain purely
speculative. However, in Sec. IIIC it is shown using
EELS that the implanted layer in GC does indeed contain
a small percentage of diamondlike bonds.

The D peak width shows a clear dependence on dose
with a change from =~75 cm™! at low doses to =300
cm™! at a dose of ~10" Xe/cm?. This trend in the D
peak FWHM is similar to that shown by the G peak
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FIG. 5. The (a) position (w,) and (b) FWHM (I') of the
Lorentzian D peak plotted against Xe dose. The A on the ordi-
nate axis indicates the values of o, and I for unirradiated glassy
carbon.

FWHM in Fig. 2(b). Thus the increase in the D peak
FWHM reflects the introduction of defects into the GC
structure which results in an increase in bond-angle dis-
order.

The picture to emerge from the Raman analysis is
then as follows. At damage levels below 0.2 dpa the ion
irradiation introduces defects within the essentially intact
graphite ribbons of the GC structure. This appears as a
broadening of the Raman peaks, and an increase in the G
peak position and coupling parameter. As the damage
level and concentration of defects increase, a reduction in
the average size of the graphitic crystallites occurs. At a
dpa of =0.2 the damage level is sufficiently high for the
graphitic ribbons to be effectively destroyed. At this
point the implanted layer probably contains stable defects
such as vacancy and interstitial loops, resulting in bridg-
ing and randomization of the basal planes. The down-
ward shift in the G peak position which is observed at
this damage level suggests that the average bond angle
within the irradiated material has been reduced. A
reduction in the average bond angle may be accounted
for by the presence of five-membered rings which are
likely to be present in the highly disordered implanted
layer. When the damage level reaches ~1 dpa a satura-

tion of the coupling parameter is observed, suggesting
that the structure has been amorphized.

B. High-resolution transmission electron microscopy

Cross-sectional TEM images of the GC specimens im-
planted at room temperature with 320-keV Xe to doses of
(i) 9%10", (i) 5% 10", and (i) 5X10"° Xe/cm?® are
shown in Fig. 6. A comparison between unimplanted and
implanted areas of the 9X10'* and 5X 10'* Xe/cm? sam-
ples are shown at a higher magnification in Fig. 7. For
the 9X 10" Xe/cm? sample [Fig. 6(i)], there is evidence
that the ion beam has disrupted the GC structure to a
depth of approximately 120 nm. However, at higher
magnifications the (002) graphitic fringes can still be seen,
indicating that at this ion dose the Xe irradiation has not
entirely destroyed the tangled graphitic microstructure
[Fig. 7()]. The image from the 5X 10'* Xe/cm? sample
[Fig. 6(ii)] is dominated by the gold surface layer (black
band on the right of the image) approximately 20 nm
thick. Below the gold layer is a region approximately 130
nm thick in which the tangled graphitic structure is ab-
sent [Fig. 7(ii)]. Thus at this Xe dose, which corresponds
to a damage levels of 0.4 dpa, the ion bombardment has

FIG. 6. High-resolution transmission electron microscope
images of glassy carbon implanted with 320-keV Xe ions to
doses of (i) 9X 103, (ii) 5X 10", (iii) 5 X 10'* Xe/cm? prepared in
cross section by ultramicrotomy. Region a is as-grown glassy
carbon, region b is the ion-beam-modified layer, and region c is
a gold surface layer in (i) and (ii) and epoxy resin in (iii).
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FIG. 7. Comparison between the ¢ unimplanted and b im-
planted regions of the glassy carbon samples implanted with (i)
9% 10" and (ii) 5 X 10'* Xe-/cm? shown at higher magnifications
than in Fig. 6.

significantly reduced the medium- to long-range graphitic
order of the GC structure, as indicated by the absence of
the graphitic fringes.

The image from the 5X10" Xe/cm? sample [Fig.
6(iii)] is similar to that obtained from GC implanted with
50-keV C to a dose of 5X10'® C/cm?.'® An amorphous
layer can be seen extending from the surface to a depth of
150 nm (region b). In order to create an amorphous sur-
face layer, it is expected that a much lower dose .of 320-
keV Xe irradiation is required compared to 50-keV C ir-
radiation, since TRIM?! calculations predict that 320-keV
Xe ions create =~ ten times greater lattice damage than
50-keV Cions in GC.

In order to obtain a more sensitive measure of the
effects of the ion implantation on microstructure within
the implanted layer, selected area diffraction patterns
were taken from the implanted layers of the Xe-
irradiated samples. The implanted layer was taken to be
within the first ~100 nm from the surface of each sam-
ple. Care was taken not to include contributions from
the gold surface layers or the underlying GC substrate in
these diffraction patterns. The resulting ring patterns
were digitized using a charge couple device (CCD) cam-
era. Radially averaged pixel intensities were then calcu-
lated from the digitized images and plotted in Fig. 8.
Also shown for comparison is the digitized diffraction
pattern from unirradiated GC. It can be seen from the

D. G. McCULLOCH, S. PRAWER, AND A. HOFFMAN 50

$0023 DOSE
£100} (Xe/cm?)
§110} l

as—grown

9 x 10%

L L L L L B

Intensity (arbitrary scale)

T

| RS S | SRS B

2 4 6 8 ' IlO
Scattering Vector (A7)

o

FIG. 8. Plots of radially averaged pixel intensities taken from
selected area diffraction patterns of as-grown glassy carbon and
the ion-beam-implanted glassy carbon layers of the Xe-
implanted samples shown in Fig. 6.

figure that the irradiation has had a dramatic effect on
the diffraction pattern of GC. At a Xe dose of 9X 10"
ions/cm? (corresponding to 0.07 dpa) the {100} and
{110} rings have broadened. Also evident is a slight
broadening of the {002} ring, suggesting that some dis-
ruption of the interplanar bonding has also occurred.
However, it is clear from the image of the implanted lay-
er of this sample that the tangled (002) graphitic fringes
are still present [Fig. 7(i)], which suggests that the dam-
age at this ion dose is insufficient to destroy the graphitic
bonding completely within the implanted layer. Thus
this TEM result is consistent with the findings from the
Raman spectroscopy study which showed that for a dose
of 9X 10" ions/cm? short-range graphitelike bonding is
dominant in the implanted layer.

The rings broaden further for a Xe dose of 5X 10"
ions/cm? (0.4 dpa). In the images of the implanted layer
of this sample, the (002) graphitic fringes are no longer
present, indicating that the graphitic ribbons of the GC
structure have broken up. The diffraction pattern from
the 5X 10" Xe/cm? sample shows broad halos charac-
teristic of those found from a-C. Thus at this ion dose,
which corresponds to 4 dpa, the ion bombardment has
completely amorphized the GC structure. This result is
consistent with the saturation observed in the Raman
coupling parameter (which is a measure of graphitic or-
der) above ~1 dpa which is also attributed to the forma-
tion of an amorphous surface layer.

C. Electron-energy-loss spectroscopy

In order to understand more about the nature of the
bonding in the implanted regions, EEL spectra were tak-
en from the GC samples implanted with 320-keV Xe. In
Figs. 9(c)-9(e) typical EEL spectra in the low-loss region
for GC irradiated with 9X10%, 5X10", and 5X10"
Xe/cm? are shown. These spectra were taken with the
electron beam positioned in the center of the implanted
layer. For comparison purposes, spectra were also ob-
tained from samples of unirradiated GC [Fig. 9(b)],
single-crystal graphite (highly oriented pyrolytic graph-
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FIG. 9. Electron-energy-loss spectra in the low-loss region of
(a) single-crystal graphite, (b) unimplanted glassy carbon, (c)—(e)
glassy carbon irradiated with 320-keV Xe to doses of 9X 10",
5% 10", and 5X 10" ions/cm? and (f) evaporated amorphous
carbon (a-C).

ite) [Fig. 9(a)], and evaporated a-C (in the form of a ho-
ley carbon film obtained from Agar Scientific Ltd.) [Fig.
9(f]. All spectra were deconvoluted to give the single
scattering component using the Fourier-log method.?’
The zero-loss peaks have also been removed by fitting a
symmetric zero-loss peak to the negative-energy tail in
each of the spectra. Both these processes were carried
out using the Gatan EL/P software (version 2.1).

The dominant feature of all the spectra shown in Fig. 9
is the broad 7+o0 plasmon peak at energy losses of be-
tween 22 and 26 eV. Also present is a peak between 5
and 6 eV which corresponds to transitions between 7 and
m* states in graphite. Due to the relatively poor energy
resolution of these spectra (1.2 eV), this peak overlaps
with the tail of the zero-loss peak, making the determina-
tion of its exact position and amplitude difficult. Thus
this peak provides qualitative information only. As one
would expect, the 7 to 7* peak of GC is quite intense and
has a magnitude similar to that obtained from graphite,
reflecting the graphitic nature of the bonding in GC. As
the irradition dose is increased, the 7 to 7* peak is seen
to reduce in intensity and broaden, which may indicate a
decrease in the ratio of sp2- to sp3-bonded carbon atoms.
After irradiation at the highest dose, the 7 to 7* peak is
approximately the same intensity as the evaporated a-C
[Fig. 9(D)].

The m+ o0 plasmon peak positions for each of the sam-
ples examined are listed in Table I. The value listed in
the table is the average of at least six measurements of
the samples analyzed. The largest standard deviation
from any set of measurements was 0.2 eV. The w+o
plasmon peak position for graphite occurs at an energy
loss of 25.6+0.2 eV, which is considerably greater than
the 22.710.2 eV found for unirradiated GC. The lower
value for as-grown GC can be explained to some extent
by a lower density of electrons contributing to the reso-
nance, which is understandable in terms of the difference
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TABLE 1. Summary of some important parameters deter-
mined from electron-energy-loss measurements for the various
materials studied.

Plasmon peak sp? fraction

Material (eV) f
Graphite 25.61+0.2 1.00
Glassy carbon 22.7+0.2 1.00
Glassy carbon irradiated

with 9X 10" Xe/cm? 23.1+0.2 1.00+0.05
Glassy carbon irradiated

with 5X 10 Xe/cm? 23.610.2 1.00+0.05
Glassy carbon irradiated

with 5X 10" Xe/cm? 25.1+0.2 0.85+0.05
Evaporated amorphous

carbon (a-C) 23.240.2 0.85+0.05

in density between GC and graphite (1.55 and 2.27
g/cm’, respectively). The m+o plasmon peak position
for the implanted GC is seen to rise with increasing Xe
dose, reaching a value of 25.21+0.2 eV for a dose of
5% 10" Xe/cm? This shift in energy loss indicates that
the ion irradiation leads to the formation of an amor-
phous surface layer with increased electron density. The
evaporated a-C was found to have a plasmon peak at an
energy loss of 23.2+0.2 eV. It is important to note that,
whilst ion bombardment has amorphized the GC struc-
ture, the electron density of the implanted material is
considerably higher than that found in evaporated a-C.
The electron-energy-loss spectra in the carbon K edge
for graphite, unimplanted GC, the Xe-implanted GC
samples, and evaporated a¢-C are shown in Figs.
10(a)-10(f). The background was subtracted from the
spectra by fitting a power-law curve and then the spectra
were deconvoluted using the Fourier ratio method.”” The
main features in these spectra are the 1s to 7* peak at
~285 eV and the large broad peak mainly due to 1s to
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FIG. 10. Background-subtracted electron-energy-loss spectra
in the carbon K edge region from (a) single-crystal graphite, (b)
unimplanted glassy carbon, (c)-(e) glassy carbon irradiated with
320-keV Xe to doses of 9X 10'3, 5X 10", and 5X 10" ions/cm?,
and (f) evaporated amorphous carbon (a-C).
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o* transitions at around 300 eV. The 1s to o* peaks of
the graphite and unimplanted GC samples show a near-
edge fine structure which reflects the density of states of
the conduction band of grpahite.® As the irradiation
dose is increased, the spectra show a “washing out” of
this fine structure until the spectra become similar to that
obtained from the evaporated a-C sample [Fig. 10(f)].
Also evident in Fig. 10 is an apparent decrease in intensi-
ty of the 1s to #* peak for the evaporated a-C film and
implanted GC in comparison to graphite and GC. This
apparent decrease in the 1s to #* peak provides good
quantitative evidence for a reduction in the proportion of
carbon atoms bonded in the graphitelike (sp?)
configuration.

Berger, McKenzie, and Martin?® have developed a pro-
cedure for determining the fraction of sp? bonded carbon
atoms in carbon materials. This method is based on a
comparison of the contribution of the ls to #* peak in
the carbon K edge to that of a fully graphitized carbon
which is taken as a 100% sp2-bonded reference materi-
al.? In this calculation the fraction of sp? bonds present
(f) is calculated using

sp? I, « I,(AE) )

/= sp2+sp3 B Ign-* I1,(AE) ’

where Ig#. and I . are the integrals from the leading

edge to the peak of the 1s to 7* peak of the graphitized
and unknown carbon, respectively, and Ig(AE ) and
I,(AE) are the integrals over some energy window AE of
the graphitized and unknown carbon, respectively, which
are included in order to normalize K edges collected from
the different specimens. The factors exp(z /A) which are
normally applied to Eq. (2) to correct for multiple scatter-
ing were not included in this case since the spectra in Fig.
10 have been deconvoluted to give the single scattering
component.

Since the intensity of the 1ls to #* peak for single-
crystal graphite depends on the beam-to-crystal orienta-
tion and other experimental parameters,? the Igv* used

to calculate the fraction of sp2-bonded carbon atoms in
Eq. (2) was not measured from the graphite sample. In-
stead, I, was measured from unimplanted portions of

each of the irradiated GC specimens. This procedure is
justified because unimplanted GC microstructurally ap-
proximates graphite with randomly orientated crystallites
over the area being illuminated by the electron probe.
The normalization window was taken to be the integral
under the first 100 eV of the carbon K edge.

The fraction of carbon atoms in the implanted layer
bonded in the sp? configuration (f), evaluated using Eq.
(2) for each of the implanted GC samples, is shown in
Table I. The values for f are the average from at least six
measurements from each of the samples analyzed. The
uncertainty in the values of f was taken to be the largest
standard deviation from any set of measurements
(£0.05). The relatively large standard deviation is a re-
sult of the relatively poor energy resolution of these EEL
spectra, which introduces errors due to the overlap of the
m and o peaks. It was found that f =1.0010.05 for the
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GC samples irradiated to doses of 9X10'* and 5X 10
Xe/cm?. This indicates that, although ion irradiation has
introduced a significant amount of damage into the GC
structure as indicated by the washing out of the near-
edge fine structure, the carbon atoms within the implant-
ed material are still bonded predominantly in the sp?
configuration. For doses up to 5X 10'* Xe/cm? (0.4 dpa),
f =1.00%0.05 and this is consistent with the Raman re-
sults which also suggested that graphitic bonding persists
within the implanted layer for damage levels up to ~0.2
dpa. For the 5X 10" Xe/cm? sample f was found to be
0.851+0.05. Thus, in addition to producing a dense
amorphous layer, ion implantation has converted ~15%
of the sp? bonds into sp> bonds at these damage levels. In
the case of the evaporated a-C film, f was also measured
to be 0.85+0.05.

The conversion of ~15% of the sp? to sp’ bonds in
GC under the influence of the ion beam can be explained
to some extent by the amorphization of the GC structure.
As the ion dose increases and the graphitic ribbons of GC
break down and bond-angle disorder increases, it is high-
ly likely that some sp* bonds are formed. However, it is
important to note that, although the irradiated layer con-
tains a similar fraction of sp® bonds as the evaporated a-C
(about 15%), the position of the plasmon peak for eva-
porated a-C was =~23.2 eV, which is substantially less
than the plasmon peak position of the GC sample im-
planted to a dose of 5X 10'° ions/cm? (~25.2 eV). Since
the implanted layer has a similar fraction of sp? bonding
as the evaporated a-C, one may expect the plasmon peak
energies for this implanted sample and the a-C to scale as
the square __root _ of their densities (ie.,
E,c/Ege=V pac/V pcc)?’ Using this expression,
the density of the implanted sample is calculated to be
~20% higher than the density of the evaporated a-C
film. It is clear from this comparison that, although both
have a similar fraction of sp? bonding, the implanted lay-
er in GC irradiated to a dose of 5X 10'° ions/cm? has a
significantly higher density and thus has a more compact-
ed structure than the evaporated a-C film.

D. Ion beam induced compaction

The step heights between implanted and unimplanted
regions of the GC samples irradiated at room tempera-
ture with 320-keV Xe ions measured using a profilometer
are listed in Table II. The trend in the step-height mea-
surements provides evidence against the proposition that
ion sputtering has created the measured step. If sputter-
ing were indeed responsible for the observed step then its
height would be expected to increase with ion dose. This
is not the case, with the step height saturating for doses
above 7X 10" ions/cm?. Also listed in Table II are the
thicknesses of the implanted layers for the 9X 103,
5% 10", and 5X10% samples, which were measured
directly from the cross-sectional TEM images. For the
2X10™, 7X10", and 2X10" Xe/cm®? samples the
thicknesses were estimated by averaging the measured
thicknesses from the next lower and higher dose. As can
be seen from the table, no step could be detected to
within the extent of surface roughness (5 nm) for Xe
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TABLE II. The thickness of the amorphous surface layer,
step height between implanted and unimplanted glassy carbon
regions, and the calculated density for each of the 320-keV Xe-
implanted samples.

Thickness of Step

Xe dose damaged height Density
(ions/cm?) layer (nm) (nm) (g/cm?)
9% 10" 120+5° 05 1.6+0.1
2x10" 125+5° 0+5 1.6+0.1
5x 10" 13052 30+5 1.910.1
7 X 10" 140+5° 505 2.1+0.1
2X10% 140+5° 60+5 2.2+0.1
5X10% 150t5° 60+5 2.21+0.1

6X10' 220+52 c c
Unimplanted 1.55

*Thickness measured from cross-section TEM images.
®Thickness was estimated by averaging the measured
thicknesses from the next lower and higher dose.

°No reliable step could be measured on this sample due to sur-
face blisters (Ref. 7).

doses below 5X10'* Xe/cm? For Xe doses of 5X 10
Xe/cm? and above, where a step was measured, the densi-
ty of the implanted layer was calculated using a simple
compaction model'®?° and plotted in Fig. 11. The densi-
ty of the implanted layer was found to rise from the as-
grown value of 1.5 to 2.2+0.1 g/cm? for ion doses above
7X 10" Xe/cm?. This value for the density of the ion-
beam-compacted material measured using step heights
compares favorably to the estimates for the density based
on Rutherford backscattering measurements. '

However, the saturation density for the implanted lay-
er of 2.240.2 g/cm® for Xe doses above 7X 10'* Xe/cm?
is somewhat lower than the density of 2.4+0.2 g/cm?
found previously for the 50-keV C implant for a dose of
5X10'® C/cm%'® This discrepancy may be due to the
difference in implantation temperature between the C and
Xe implants. The C implantation was performed whilst
holding the target at =150 K while the Xe implantation

Displacements per Atom (dpa)

107° 107 107! 10° 10!
T T
22 - A-A
2r 424
H A O—
L b ol
3] A / - 2.2 8B
S 1g[ Unirradiated /| @ ]
5 r — 1,.3
W16 20 ©
=] L A % A ©® < &
)] [ Q
a / {1
1.4 ® .
[0d 0_g-@ 1is
r :
1.2 FEET FYTY! RIS NTTT) BTN TE SYTY| BRNRErY FYTY REPR S 1T

10¥% 10® 10 10' 10'® 10"
Dose (Xe/cm?)

FIG. 11. Density (A) and refractive index (@) of 320-keV
Xe-implanted glassy carbon samples plotted against ion dose
(bottom axis) and dpa (top axis).
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was performed at room temperature. Raman analysis has
revealed differences between samples implanted at room
temperature and those implanted at lower temperatures,
indicating that dynamic annealing has an important effect
on the structure of the implanted layer.’® The effect of
implantation temperature on the structure of implanted
GC will be the subject of a forthcoming publication.’!

Interestingly, it has been shown that the amorphous
surface layer produced following the ion implantation of
graphite causes the implanted layer to swell, indicating
that the density of the implanted layer is considerably
less than the density of crystalline graphite (2.26
g/cm’).32 Therefore the saturation density of the im-
planted layer in GC (2.2 g/cm®) is likely to be consider-
ably higher than that that of the implanted layer in
graphite. One possible explanation for this difference in
density between an implanted layer in GC and that in
graphite is the presence of cross linking between the gra-
phitic ribbons in the GC structure. These interribbon
bonds provide stability which keeps the structure from
swelling as the damage level increases and the structure
amorphizes. The result is an implanted layer in GC
which has a higher density than that found in implanted
graphite.

Also shown in Fig. 11 is the dose dependence of the re-
fractive index (as determined from ellipsometric measure-
ments) of the GC samples following irradiation with 320-
keV Xe ions. It can be seen from this figure that the Xe
implantation leads to an increase in the refractive index
which saturates at a value of =2.3 for ion doses above
5X10'® Xe/cm? Due to the anisotropic nature of the
bonding in graphite, the refractive index varies substan-
tially with the orientation of the graphite crystal. At
546.1 nm, the refractive index of graphite has been mea-
sured in the basal plane to be 2.15, compared to 1.81
along the c axis.3 Since GC is an isotropic graphitic ma-
terial, one would expect it to have a refractive index
somewhere between 1.81 and 2.15. The measured value
of 1.840.05 for as-grown GC is close to the expected
lower limit. The lower value can be explained by the
lower density of GC compared to that of graphite. Thus
the refractive index of implanted GC is significantly
higher than that expected from graphite. The dose
dependence of the density mirrors the dose dependence of
the refractive index, strongly suggesting that the increase
in refractive index is a result of an increase in electron
density.

The onset for compaction occurs at a Xe dose of
5X 10" jons/cm? (0.2 dpa) which is the dose at which the
(002) graphitic fringes could no longer be observed in the
TEM image of the implanted layer (Fig. 7). A dpa of 0.2
also corresponds to the damage level where the transition
between a micropolycrystalline graphite and an a-C was
observed in the Raman analysis. Thus the onset of com-
paction is concomitant with the breakdown of the graphi-
tic ribbons of the GC structure at damage levels above
0.2 dpa.

To some degree, the compaction of the implanted layer
in GC can be explained in view of the porous nature of
the GC structure. A denser implanted layer could be
produced by the filling up of pores as the ion beam breaks
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up some of the ribbons in the GC structure into smaller
crystallites. The EEL measurements show a shift up in
the plasmon energy for irradiated GC consistent with a
compacted implanted layer. In addition, since the
plasmon peak energy is related to the electron density of
the material, these EEL measurements indicate that at
least some of the compaction is on an atomic scale and
not simply the removal of voids. The EEL measurements
also show that ion irradiation leads to the conversion of
some of the sp? bonds to sp>. Thus the EEL measure-
ments suggest that, in addition to compaction generated
by the filling up of pores by smaller crystallites, the con-
version of =~15% of sp? to sp> bonds in the implanted
layer also contributes to the compaction of the implanted
layer in GC. The formation of a-C materials with densi-
ties comparable with graphite and containing local sp?
bonding has been widely reported.>*3*

E. Model for improved wear resistance

The threshold and saturation dpa for improved wear
resistance in GC implanted with He, C, N, O, F, and Ne
ions are approximately 0.1 and 0.5, respectively.® The
compaction of the implanted layer in GC from 1.55 to 2.2
g/cm® occurs at ~0.2 dpa, which is similar to the dpa for
the onset in wear resistance. Thus the densification of the
implanted layer is likely to be an important factor in con-
tributing to the observed increase in wear resistance. As
it is well known that the GC structure contains voids or
pores and porosity has been identified as a source of
mechanical weakness in GC, it is reasonable to suppose
that a reduction in porosity would greatly strengthen the
material by suppressing crack propagation. In addition
to a reduction in pore size, the presence of ~15% sp?
bonding in the implanted material probably also contrib-
utes to the overall toughness of the ion-beam-modified
layer. a-C films of exceptional strength have been pro-
duced by various techniques such as ion-beam and plas-
ma deposition.>*35 We propose that ion implantation of
GC to damage levels about 0.2 dpa produces a material
with a structure similar to some of these hard carbon
films. The structural properties of the implanted material
are as follows: relatively high volume density of ~2.2
g/cm®, a high degree of bonding disorder, and the pres-
ence of ~15% sp® bonding. Thus the increase in wear
resistance observed in implanted GC can be explained by
the formation of a hard, compacted a-C surface layer fol-
lowing ion irradiation to damage levels above 0.2 dpa.

Finally, we note recent models for the structure of hard
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or diamondlike carbon films prepared by filtered, vacuum
arc deposition. These sp>-bonded films are thought to be
stabilized by the compressive stress generated by the shal-
low implantation of carbon ions.**3¢ Since it has been
shown by us that the implanted layer in GC is
significantly compacted, it is reasonable to assume that
this layer may also be under considerable compressive
stress. This stress may also be a source of toughening, as
a compressive stress would tend to suppress crack propa-
gation and lead to a more wear-resistant layer. Stress
measurements on implanted GC have not been carried
out to date to our knowledge, but we intend to conduct
such measurements on the implanted layer in GC to test
this possibility.

IV. CONCLUSION

A detailed investigation of the transformation which
occurs in GC following ion implantation has been
presented. It was found that the ion-beam-induced trans-
formation occurs in two stages. At low damage levels
( <0.2 dpa) the GC structure maintains its graphitic mi-
crostructure but displays a reduction in the average gra-
phitic crystallite size as defects are introduced by the ion
beam. Above 0.2 dpa, the implanted material begins to
transform from one with a graphitic microstructure to
one in which even the local bonding is not strictly three-
fold coordinated. During amorphization =~15% of the
graphitelike bonds are converted into diamondlike bonds
and the density of the implanted layer increases from 1.55
to ~2.2 g/cm®. The structure of the amorphous im-
planted layer differs from that of evaporated a-C and is
more like the “hard” carbon films produced by ion-beam
or plasma deposition techniques. The increase in wear
resistance observed in implanted GC can be attributed to
the formation of this hard, compact, amorphous carbon
surface layer at damage levels above 0.2 dpa.
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FIG. 6. High-resolution transmission electron microscope
images of glassy carbon implanted with 320-keV Xe ions to
doses of (i) 9X 103, (i) 5X 10", (iii) 5X 10'* Xe/cm® prepared in
cross section by ultramicrotomy. Region a is as-grown glassy
carbon, region b is the ion-beam-modified layer, and region c is
a gold surface layer in (i) and (ii) and epoxy resin in (iii).



FIG. 7. Comparison between the a unimplanted and b im-
planted regions of the glassy carbon samples implanted with (i)
9 10" and (ii) 5X 10" Xe-/cm? shown at higher magnifications
than in Fig. 6.



