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Ion-implanted graphite is studied by Raman scattering. Highly oriented pyrolytic

graphite is implanted with 'Li, Be, "B, "C, "P, and 'As ions at 100 keV normally

incident upon the c face. Ion fluences in the range 1)& 10' to 2.5 &( 10' ions/cm are
used. The lattice damage upon implantation is monitored by observation of the disorder-

induced Raman line at —1355 cm ' in the first-order spectra and at -2970 cm ' in the

second-order spectra. The Raman results indicate that an abrupt transformation to an

amorphous surface layer occurs at a critical fluence which varies with the mass of the

implanted ion. Results for first- and second-order Raman spectra are also presented for
the same ion-implanted samples upon isochronal vacuum annealing at various annealing

temperatures, showing a partial restoration of the graphite ordering. The second-order

Raman spectra are even more sensitive than the first-order spectra to the creation of lattice

damage by ion implantation and to the subsequent partial restoration of lattice order by
annealing.

INTRODUCTION

Intercalation has been widely used as a mechan-
ism for chemical introduction of foreign species into
layered host materials such as graphite. Graphite
intercalation compounds are interesting because of
the large varieties of behavior that can be produced
by intercalation, such as the occurrence of super-
conductivity in C8K, where neither C nor K are su-

perconducting, the increases by nearly two orders of
magnitude in the in-plane conductivity o, and the
increase by more than two orders of magnitude in

the electrical anisotropy ratio 0, /o., where o., is the
c-axis conductivity.

Ion implantation provides a physical mechanism
for the introduction of foreign species into these host
materials, making possible the introduction of
species that do not intercalate by chemical means.
Because of the high kinetic energy of insertion, it
may be possible to create more stable materials with
lower affinities for desorption of the guest species.
This kinetic energy, however, introduces lattice dis-

order which affects various physical properties of
these materials. Therefore the lattice damage must
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be monitored.
As an implanted ion (typically of —100 keV en-

ergy) slows down and comes to rest, it makes many
violent collisions with lattice atoms, displacing them
from their lattice sites. Some of these displaced
atoms have enough kinetic energy to displace others,
giving rise to a cascade process. The net result is
the production of a highly disordered region around
the path of the ion with the dominant disorder oc-
curring near the end of the ion trajectory, as shown
schematically in Fig. 1(a). At sufficiently high
dosage, these individual disordered regions begin to
overlap [Fig, 1(b)] until finally a noncrystalline or
amorphous layer is formed [Fig. 1(c)]. Such a
mechanism for the introduction of disorder is well
known from studies of Si and Ge. '

The method of ion implantation in fact provides a
technique for artificially producing disordered re-
gions of varying sizes [Fig. 1(b)] by appropriate
selection of the dose of implanted ions. Ion implan-
tation allows study of the evolution of the micro-
scopic structural properties of a very important se-
quence of regimes: crystalline-rnicrocrystalline-
amorphous.

This paper focuses on the use of Raman scatter-
ing as a tool to monitor the ion-implantation process
in graphite. Since ion implantation takes place
within an optical skin depth, Raman scattering
which probes the sample within an optical skin
depth provides a sensitive tool for monitoring the
implantation process. Raman scattering has in fact
been widely exploited to characterize ion-implanted
silicon and to some extent also graphite. '

Since graphite is a crystalline material, the profile
and range of the ion-induced disorder is sensitive to
the angle of ion incidence to the layer planes, so
that control of the disorder generation is more diffi-
cult than for amorphous or glassy substrates. The
first- and second-order Raman spectra reported here
for boron-implanted graphite provide evidence for
the three regimes of behavior delineated above.

The Raman spectra of several forms of graphite
have been reported by Tuinstra and Koenig. It has
been noted that while single-crystal graphite and
highly oriented pyrolytic graphite (HOPG) exhibit a
sharp Raman line [Fig. 2(a)] at —1580 cm
more poorly ordered graphite materials, such as ac-
tivated charcoal or glassy carbon, exhibit two Ra-
man lines [Fig. 2(b)], one near —1580 cm ' and
an additional line near —1355 crn ' where the
phonon density of states has a strong maximum.
Tuinstra and Keonig have shown that the relative
intensity of the disorder-induced 1355-cm ' line rel-
ative to the Raman-active 1580-cm ' line, I(1355)/
I(1580), varies inversely with the crystallite size 1.,
of the graphite sample. For thin ( « 2500 A)

amorphous carbon films deposited on glass sub-
strates, the two lines are no longer resolved and a
very broad asymmetric Raman line is observed [see
Fig. 2(c)]. However, thick carbon films ( ) 2500 A)

deposited on glass exhibit a two-peak Raman spec-
trum.

Previous studies on ion-implanted graphite ' have
yielded the broad line characteristic of the amor-
phous regime [see Fig. 2(c)]. The first measure-
rnents by Crowder et al. were made on graphite

implanted with Ar ions at a Auence of 1 )& 10'
ions/cm, and the overall study was directed toward-
an elucidation of the effect of ion implantation on
the tetrahedral bonding arrangement in common
semiconductors. Crowder et al. showed that a
similar broad asymmetric Raman line, characteristic
of the amorphous regime, was obtained upon ion
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FIG. 1. Schematic view of the disordered region in
graphite caused by implantation at (a) low, (b) interrnedi-
ate, and (c) high fluence.
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FIG. 2. Experimental Raman spectra from various
kinds of graphite. (a) Single-crystal graphite and HOPG
with a single line near 1580 cm '. (b) Activated charcoal
showing the Raman-active E2 line near 1580 cm ' and8'2

a disorder-induced line near 1355 cm '. (c) A broad
asymmetric line from an aInorphous film peaked near
1500 cm ' (from Ref. 9).
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implantation of either graphite or diamond, showing
that ion implantation destroyed the local tetrahedral
bonding arrangement of diamond. Later work by
Wright et al. was carried out on ultra superior
purity graphite (USP) samples, showing Raman
spectra similar to Fig. 2(b) prior to implantation
with 10—15 keV 'H, D, and He ions and fluences

up to 4 g 10' ions/cm . Their first-order Raman
spectra also exhibited the broad asymmetric line
after implantation [see Fig. 2(c)]. Annealing at
1040 'C for 3 h restored the double-peaked spectra
[see Fig. 2(b)] for USP samples that had been im-

planted with D ions at 15 keV to a fluence of
2.7 g 10' ions/cm . A broadening effect of ion
implantation on the second-order spectra was also
reported by Wright et al. Raman spectroscopy
has also been used to monitor the effect of fast neu-

tron irradiation at low temperature (5 K) followed

by room-temperature annealing, in which the focus
was on monitoring the radiation damage of reactor
materials.

In the present study, attention is focused on im-

planted ions with masses comparable to that for the

graphite host. A relatively low fluence (10'
( 10' ions/cm ) has been used, which permits us

to investigate for the first time the disorder pro-

duced by ion implantation prior to the formation of
the amorphous layer (see Fig. 1). Results for the ef-

fect of annealing on the implanted samples are re-

ported for the range of fluences near the threshold

for formation of the amorphous layer. Our mea-

surements of the second-order Raman scattering

show the second-order spectra to be even more sens-

itive than the first-order spectra to monitoring the

threshold for formation of the amorphous layer.

Raman spectra of HOPG implanted with Be,
"B, ' C, and 'P at a fixed fluence of 1 && 10'
ions/cm are presented in Fig. 3. These spectra are
from unannealed samples and for the case of the
Be, "B,and ' C ions correspond to the low-fluence

regime (as discussed below). All spectra show the
appearance of Raman intensity in the

Be
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formed at room temperature using a Brewster angle
backscattering geometry. Incident radiation of
4880 A and -200 mW was provided by a cw
argon-ion laser. The scattered radiation was collect-
ed 90' to the sample surface, analyzed by a double-

grating monochromator and detected by a cooled
photomultiplier tube.

Repeated Raman spectra showed the ion-
implanted samples to be stable with respect to time
and ambient laboratory atmosphere. At the low
laser powers used in the Raman scattering measure-
ments, no laser annealing effect was expected or ob-
served. The ion-implanted samples were isochronal-

ly vacuum annealed in quartz tubes in the tempera-
ture range 700 & T & 1000'C.

RESULTS AND DISCUSSION

EXPERIMENTAL (

700 2300

Samples of highly oriented pyrolytic graphite
(HOPG) have been implanted with carbon ions and

ions of atomic mass less ( Li, Be, "B)and greater

( 'P, As} than that of carbon. Carbon ions are of
special interest because only carbon impurities are
introduced during the implantation process, thereby

making it possible to distinguish the effects caused

by the ion implantation itself from the effects caused

by the implantation of ions differing from the host
material. An Accelerators Inc. 300R ion implanter
was used for the implantation and the ion beam was

directed normal to the graphite c face. The samples
were implanted at ambient temperatures, with flu-

ences in the range 1 & 10' ions/cm to 2.5 g 10'
ions/cm, and at an accelerating voltage of 100 keV.

The Raman scattering experiments were per-
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FIG. 3. Room-temperature Raman spectra showing
lines at 1355 and 1580 cm ' for unannealed HOPG sam-
ples ion implanted with Be, "B, ' C, and 'P at the same
fluence, 1 &( 10' ions/cm at 100 keV. The abscissa is
linear in wave number and the points are experimental.
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vicinity of —1355 cm, indicative of disorder-
induced scattering. '

As seen from Fig. 3, the intensity of the 1355-
cm ' line relative to that at 1580 cm ' and denot-
ed by I(1355)/I(1580), depends on the atomic mass
of the implanted species, the heavier implanted ions

giving larger magnitudes for I(1355)/I(1580). The
results for atomic masses less than or equal to car-
bon show well-resolved peaks, in contrast to the
behavior for the phosphorus ions (M = 31) where
the Raman spectrum appears to be qualitatively
similar to that for amorphous carbon [Fig. 2(c)].
Expect for the barely resolved doublet structure, the
spectrum for the 'P implanted sample at a fluence
of 1 &( 10' ions/cm (Fig. 3) is qualitatively similar
to that reported by Wright et al. for an Ar im

planted sample at a fluence of 1 )& 10' ions/cm .
Our results for the Raman spectra of As- implant-
ed graphite are qualitatively similar to those for P,
indicating a saturation as a function of ion mass and
fluence of the intensity ratio I(1355)/I(1580) once
the Raman line shape characteristic of amorphous
carbon is obtained. For equal incident kinetic ener-

gy, the heavier ions are slowed down over a shorter
penetration depth, thereby giving rise to a greater
density of collision events and a larger cross-
sectional damage area per ion. Thus it is reasonable
that the transition from the disordered regime [Fig.
1(a)] to the amorphous regime [Fig. 1(c)] occurs at a
lower implantation dose as M increases.

As can be seen from Fig. 3, the linewidth of both
the 1355-1 and 1580-cm ' lines increases with in-

creasing atomic mass M of the ions. The increase
in linewidth is gradual as M is increased from 9 in

Be to 12 in C, in contrast to the dramatic increase
in linewidth for the case of phosphorus where
M =31.

Insight into the linewidth behavior shown in Fig.
3 is also provided by study of the dependence of the
Raman spectra on ion fluence for a single ion
species, as shown in Fig. 4(a) for boron "Bions.
This figure shows a gradual increase in relative in-

tensity I(1355)/I(1580) and linewidth of both lines
as the fluence in increased from 1 )& 10' ions/cm
to 5 ~ 10'" ions/cm to 1 g 10)5 ions/cm . As
the fluence of boron is further increased to 5 X 10"
ions/cm, a dramatic change in linewidth and inten-

sity occurs and above that fluence the results at
1 )& 10' and 2.5 )& 10' ions/cm show little fur-
ther change. Results at 1 &( 10' ions/cm and 100
keV for phosphorus (Fig. 3) and arsenic (not shown)
appear to be in the same regime of behavior as that
which is observed with boron for fluences of
5 )& 10' ions/cm and above. The spectra for sam-
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FIG. 4. Raman spectra for various fluences {1&& 10'
to 2.5 )& 10' ions/cm ) of "B ions implanted into six
HOPG samples. The spectra on the left (a) are for the
unannealed samples, and on-the right (b) are for the same
samples annealed at 950'C for 0.5 h. The abscissa is
linear in wave number and the points are experimental.

ples with high ion concentrations are asymmetric,
though two broad lines can be resolved by deconvo-:
lution, fitting each component to a Lorentzian line
shape. The deconvolution procedure for high ion
concentrations, however, results in considerable er-
ror in the determination of peak frequencies and
linewidths.

Raman spectra are shown in Fig. 4(b) for the
same samples that are shown in Fig. 4(a), but after
annealing at 950 'C for 0.5 hours. We find that an-
nealing at a temperature as low as 700 'C is suffi-
cient to yield two clearly resolved Raman peaks
from samples which have been implanted with "B
ions to fluences in the range 5 )& 10' ( P ( 2.5
)& 10' ions/cm, and had exhibited the broad
asymmetric line shape characteristic of the amor-
phous layer [see Fig. 4(a)]. Thus annealing provides
a partial restoration of the structural order of the
pristine graphite, consistent with the annealing
results obtained by others. ' From studies on Si
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FIG. 5. Graph of the 1355-cm ' linewidth (FTHM)
versus log|0(( for "Bion implanted HOPG, where P is

the boron fluence. Results are presented for unannealed

samples and for the same samples annealed at 700 'C and

950 'C.

and Ge it has been shown that the effect of anneal-

ing is more sensitive to the annealing temperature
than to the time of annealing, provided that the time
is sufficient for the samples to reach thermal equili-

briurn. Annealing studies of graphite implanted
with high fluences of the light ions 'H, D, and

He, however, showed a weak dependence on the
annealing time. It is clear from Fig. 4 that for all

ion concentrations shown, annealing at 950 'C
causes a partial restoration of crystalline order.
With regard to the disorder-induced 1355-crn
line, annealing causes both the intensity and
linewidth to decrease . For the Raman-active 1580-
cm ' line, annealing causes an increase in intensity
and a decrease in linewidth. For both unannealed
and annealed samples the line shapes for fluences

P ) 5 X 10' ions/cm are qualitatively diFerent
from the behavior below this fluence. In these spec-
tra no evidence for carbide formation in terms of
carbide-specific Raman lines was found for our ex-

perimental conditions. The absence of such lines

may be due to the low annealing temperatures or
the relatively low implanted-ion concentrations used
in these experiments.

A summary of results for the first-order Raman
spectra is given in Figs. 5 and 6, where the
linewidths (FWHM) of the 1355- and 1580-cm
lines are, respectively, plotted as a function of
log~pg where P is the boron fluence. Also plotted
on this figure are the results obtained after annealing
at two different temperatures. The linewidths are
determined by fitting the experimental data to a

Lorentzian line shape. Figure 5 dramatically shows

IIO
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FIG. 6. Graph of the 1580-cm ' linewidth (FWHM)
versus log|+ for "B ion implanted HOPG where P is the
boron fluence. Results are presented for unannealed

samples and for the same samples annealed at 700 'C and

950 'C.

the rapid change in linewidth of the 1355-cm ' line
in the vicinity of a fluence of P ) 1 && 10' ions/
cm . The linewidth changes with annealing are very
small for P ( 1 )& 10' boron ions/cm and are very
significant above this fluence, though the fluence
range over which the change in linewidth in Fig. 5
occurs is not sensitive to annealing for annealing
temperatures & 950 'C. Noting that the Raman-
active 1580-cm ' line is much narrower than the
disorder-induced 1355-cm ' line at low fluences,
the order-of-magnitude increase in linewidth from
low to high boron-ion fluence is of comparable size
for both the 1355-cm ' and'1580-cm ' lines.
However, the fluence range over which this increase
in linewidth occurs is larger for the 1580-cm ' line
than for the 1355 line. The percent reduction in

linewidth due to annealing is larger for the 1355-
cm ' line than for the 1580-cm ' line.

In connection with the linewidths of the first-
order spectra, it is of interest to note that the intro-
duction of guest species by chemical intercalation
does not significantly increase the linewidths of the
first-order Rarnan spectra, ' even for the lowest-
stage compounds (i.e., highest intercalate concentra-
tion), indicating that intercalation does not radically
reduce the in-plane graphite crystallite size. The
anomalous broadening of the first-order Raman
spectra for the stage 1 alkali metal compounds is at-
tributed to a strong coupling between the discrete

E2, mode and a continuum of phonon states, and

not to a reduction in the in-plane graphite crystallite
size. " On the other hand, the E2g mode frequen-

cy is known to vary with intercalation, being up-
shifted linearly as a function of reciprocal stage
(1/n) for acceptor intercalants and downshifted for
donor intercalants. ' It is also well known' that
the disordering of the graphite lattice upshifts the
first-order Raman E2g mode frequency, with a
sensitivity to crystallite size that depends on the ra-
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quency (up to 12 cm ') with decreasing crystallite
size is suggested to be a consequence of both a
breakdown in the wave-vector selection rule and a
phonon dispersion branch that rises away from the
zone center, thereby admixing phonons with both
larger wave vectors and higher frequencies.

These considerations inspired investigation of the
behavior of the frequency shift of the 1580-cm
line relative to that for HOPG and the results are
shown in Fig. 7 for samples implanted with boron.
A dramatic change in the mode frequency shift
(v —v "

) is found for fluences P in the range
where the linewidth changes rapidly. This behavior
suggests that at low fluence there is an upshift of the

F2g mode, consistent with the increasing disorder

[Fig. 1(a)] and formation of microcrystallites [Fig.
1(b)]. At high fluence, where the structure becomes
amorphous, the downshift of the E2g mode might

be-associated with an expansion of the C —C in-

plane distance, similar to the effect observed in

donor graphite intercalation compounds. ' ' ' The
behavior of the annealing data in Fig. 7 is particu-
larly intersting and may upon detailed examination
yield information on activation energies for the tran-
sition of an ion from an interstitial to a substitutional
site.

Second-order (two phonon) Raman spectra have
been reported for various types of graphite samples,
exhibiting a variety of crystallite sizes. ' The dom-
inant feature in the second-order spectrum is an in-
tense line at 2735 cm '. A very sharp but weak

feature at 3248 cm ' and a feature at 2970 cm
which is caused by lattice disorder, have also been
reported. ' Nemanich et al. show that the feature
at -2735 cm ' becomes broader, the one at—
2970 cm ' becomes more intense, and the one at
3248 cm ' is suppressed with decreasing crystallite
size. ' In contrast, the second-order Raman spectra
for single-crystal graphite and HOPG show no
structure at 2970 cm ' and a partially-resolved
doublet structure at 2735 cm '.' ' ' Our mea-
surements on HOPG show additional sharp features
in the second-order spectra at 2327 cm ', 2435
cm ', and a broader feature at 2468 cm ' (see Fig.
8). Wright et al. have also reported a broad
feature at 2445 cm ' in USP graphite, correspond-
ing to the doublet structure in Fig. 8 at 2435 cm
and 2468 cm '. This feature is also evident in the
second-order spectra for HOPG shown in Ref. 17.
The sharp feature at 2327 cm ', reported here for
the first time, was observed using laser excitation
wavelengths of 4880 and 5145 A.

Previous workers have identified the 2970-cm
feature in the second-order spectra with disorder-
induced scattering, analogous to the 1355-cm ' line

in the first-order Raman spectra. ' ' ' The identi-
fication of this feature in the second-order spectra
can. be made using the density of phonon states'
calculated on the basis of the graphite phonon
dispersion relations of Maeda et at. ' The main

peaks in the phonon density of states occur at 1620,
1360, 850, 830, and 570 cm '. Thus 2(1620)
cm ' = 3240 cm ' and 2(1360) cm ' = 2720
cm ' correspond, respectively, to the peaks at 3248
and 2730 cm ' in the second-order Raman spectra.
The disorder-induced peak at 2970 cm ' corre-
sponds to (1620+ 1360) cm ' = 2980 cm ' and
therefore involves two phonons at somewhat dif-

ferent points in the Brillouin zone, consistent with a
disorder-induced mechanism. We also note that the
doublet structure in the density of states at 830 and
850 cm ' combines with the 1620-cm ' peak to

-20—
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FIG. 7. Graph of the frequency shift of the 1580-
cm ' line with respect to that of unimplanted HOPG
versus log~o of the boron fluence P. Results are given for
both the unannealed samples and for the same samples
annealed at 700 and 950 'C.

II
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FIG. 8. Second-order Raman spectra of HOPG. An
intense line occurs at 2735 cm ' and a very sharp feature
at 3248 cm
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FIG. 9. Room-temperature second-order Raman spec-
tra for various fluences ( l g 10' to 5 )& 10" ions/cm )
of "B ions implanted into four HOPG samples. Results
are given for the unannealed samples (a) and for the same
samples annealed at 700 'C for 0.5 h (b).

yield 2450 and 2470 cm ', which are close to the
observed peaks in the second-order Raman spectra
at 2435 and 2468 cm '. No identification has been
made of the sharp feature in the second-order spec-
trum at 2327 cm

Results for the second-order Raman spectra from
HOPG samples implanted with various fluences of
100-keV boron ions are given in Fig. 9(a). These
spectra also show a strong dependence on boron flu-
ence, with results analogous to the first-order spec-
tra for the ion-implanted samples. However, in the
case of the second-order spectra, additional interest-
ing phenomena are observed with increasing concen-
tration of implanted ions, As boron i'ons are intro-
duced, a feature at 2970 cm ' appears, and its in-

tensity is increased with increasing boron-ion dosage
up through a fluence of 5 X 10' ions/cm . For a
fluence of 1 g 10' ions/cm, the 2970-cm . '

feature becomes broadened and shows a decrease in
peak intensity. At fluences of 5 Q 10' ions/cm
and above, the feature at 2970 cm ' cannot be
resolved form the broad background. In compar-
ison to second-order spectra previously reported for

samples with various crystallite sizes, ' the results in
Fig. 9(a) indicates that the effect of implantation of
100-keV boron ions is the introduction of disorder
and reduction of the ordered crystallite size. We
may identify the onset of amorphous behavior with
the disappearance of the second-order spectral
features. Second-order Raman spectra have previ-
ously been reported by Wright et al. for 4.1 &( 10'
'H ions/cm at 15 keV showing a very broad band,
peaking at 2890 cm ', and a weaker broad feature
at 2150 cm ', not found in graphite and identified
with the occurrence of conjugated acetylenic
bonds. . We note that a combination of two peaks
in the phonon density of states (1620+ S70)
cm ' = 2190 cm ', which suggests a disorder-
induced second-order feature analogous to the
feature at 2970 cm

As shown in Fig. 9(b) the effect of annealing in
this case is even more dramatic than for the first-
order spectra. For fluences of 5 X 10' ions/cm
and below, annealing at a temperature as low as
700 'C sharpens the 2730 cm ' line and reduces
the intensity of the 2970 cm ' feature, indicating
some restoration of order by the annealing process.
For the sample that had been implanted at 10'
ions/cm, this low-temperature (700 C) anneal re-
stored the second-order Raman spectra to an extent
corresponding approximately to that for the
S X 10' ions/cm unannealed sample. However,
for fluences of 5 g 10' ions/cm and above, an-
nealing at 700 'C (or at temperatures up to 1000 'C)
did not restore any of the features in the second-
order spectra. From comparison of Figs. 4 and 9
we suggest that the second-order lines are much
more sensitive to the restoration of order by anneal-
;ng than the first-order lines.

Resulis for the first- and second-order Raman
spectra for graphite implanted with boron ions indi-
cate three regimes of behavior. At low fluence

(P & S X 10' ions/cm ), the first- and second-order
Raman spectra show relatively sharp features which
we identify with an ordered sample containing
pockets of disorder caused by ion implantation. At
a fluence of -1 g 10' ions/cm, the first-order
spectrum starts to broaden while the second-order
spectrum becomes greatly attenuated, although it is
partly restored by annealing. We suggest that at a
fluence of 1 )& 10' ions/cm, the regions of disor-
der (see Fig. 1) begin to coalesce (percolate), form-
ing islands of ordered regions surrounded by disor-
der. This may be called the microcrystalline re-
gime. At this fluence level, annealing has the most
significant eAect on the first- and second-order spec-
tra, consistent with the restoration of suAicient order
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to inhibit the coalescence of the disordered regions.
At higher fluences where the coalescence of the
disordered regions is well established, the microcrys-
talline regions shrink in size, and annealing is inef-

fective in inhibiting the coalescence of the disordered
regions. This may be called the amorphous regime.

Work is in progress to explore the behavior of the
electrical conductivity in these three regimes of ion
fluence and to correlate the behavior of the electri-
cal conductivity with the Raman spectra reported
here.
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