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Ion-irradiation effects on the phonon correlation length of graphite studied by Raman spectroscopy
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Real-time Raman measurements have been performed on graphite under 3-keV Ar+-ion irradiation
with a time resolution of 6 sec. Ion flux of 3 X 10" and 4X 10' ions/cm' sec are used. The graphite lat-
tice darriage is estimated by the relative intensity ratio of the disorder-induced peak (-1360 cm ) with

respect to the Raman-active E2g-mode peak (-1580 cm ). The relative intensity change in the Raman
spectrum caused by the irradiation is explained in terms of a reduction in the phonon correlation length
due to defects.

I. INTRODUCTION

In spite of a large number of Raman studies on carbon
materials irradiated with energetic ions for characterizing
microscopic structural properties, the Raman scattering
of graphite lattice disorder in the early stage of irradia-
tion has yet to be well established. In this paper we
present a measurement on the time dependence of Raman
scattering of graphite under ion irradiation with low en-
ergy and flux in an ultrahigh vacuum chamber to study
the initial change of Raman scattering by the lattice dis-
order.

Ion-implanted materials, such as III-V semiconductors
and carbon materials, have been extensively studied by
Raman spectroscopy since Raman scattering is sensitive
to a state of material and ion implantation usually takes
place within an optical skin depth. Tiong et al. studied
Raman scattering of As+-ion-implanted GaAs and found
that defects, and not only crystallite size, cause systemat-
ic changes in the LO-phonon line shape. They explained
the LO phonon line shape and positions in terms of the
spatial correlation model and suggested that the phonon
correlation length, an average size of the undamaged re-
gions, could be obtained from Raman spectra.

Since the measurement by Smith et al. on graphite ir-
radiated with Ar ions, graphite irradiated with various
ions has been studied by Raman spectroscopy in connec-
tion with studies on graphite intercalation compounds
and on plasma wall interaction in a fusion device. ' Ra-
man scattering of graphite is sensitive to its structural
disorder. While single-crystal graphite exhibits a sharp
line of Raman-active E2g-mode lattice vibration at
around 1580 cm ', poorly ordered graphite materials,
such as glassy carbon or charcoal, exhibit an additional
disorder-induced line at around 1360 cm ' where the
phonon density of states has a strong maximum. It is
well known that the relative intensity of the disorder-
induced line with respect to the Raman-active E2g mode
line is inversely proportional to an in-plane microcrystal-
lite size (L, ). ' Previous studies' " of the Raman
scattering on the electron beam irradiated graphite
showed that line positions of Raman-active E2g mode

were explained in terms of the phonon dispersion and the
wave vector uncertainty derived from the L, and suggest-
ed that the L, corresponds to the phonon correlation
length.

Cascade process caused by the ion irradiation produces
a disorder region around an ion trajectory, and the Ra-
man spectrum exhibits a double-peaked spectrum. The
relative intensity between two peaks varies as a degree of
disorder. At a sufficiently high dosage, an amorphous
layer is formed and the Raman spectrum exhibits a broad
asymmetric line at around 1500 cm '. Elman et al. '

studied Rarnan scattering of crystallite graphite implant-
ed with "B ions at a fluence in the 1X10' to 2.5X10'
ious/cm range and energy of 100 keV and found that
abrupt transformation to an amorphous structure oc-
curred at 5 X 10' ~ The spectrum for the sample implant-
ed at a fluence of 1X10' ions/cm already exhibited a
long-range disordered feature before the amorphous
transformation.

In the present study, real-time Raman measurements
have been performed and attention is focused on the ini-
tial change in the Raman spectrum caused by the low en-

ergy ion irradiation. Real-time measurements can pro-
vide direct information on kinetics of lattice damage un-

der irradiation. We discussed on the relation between
spatial correlation of phonon and a mean distance be-
tween defects caused by ion irradiation. The relation be-
tween the observed Rarnan spectrum and the depth
profile of lattice damage is also discussed.

II. EXPERIMENT

The sample used was a highly oriented pyrolytic graph-
ite (HOPG, grade ZYA from Union Carbide), with its
size being 12X12X2 mrn . The sample was cleaved us-

ing the adhesive tape technique for each measurement.
The ion irradiation was performed in a ultrahigh vacuum
chamber (base pressure (10 Pa) with an energy of 3
keV. The incident angle of the ion beam was 45 degrees
normal to the c face. Ion flux of 3 X 10" and 4X 10'
ions/cm sec were examined. Incident radiation of 514.5
nm and 500 mW was provided using a cw argon-ion laser
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(Coherent Radiation Model INNOVA 70). The scattered
radiation was collected through the sapphire window of
the chamber in back-scattering configuration, analyzed
by a double-grating monochrometer (Japan Spectroscopic
Company Ltd. , TRS-660), and detected by a spec-
trometric multichannel analyzer (Princeton Instruments
Inc. , IRY-700). The spectrometric multichannel analyzer
has 700 channels and detects to a width of about 400
cm '. The minimum exposure time of the detector is 33
msec, and the exposure time used for the experiment was
180 times the minimum exposure time (about 6 sec) to get
intense signals. Ion irradiation was performed over 250
sec and Raman spectrum was measured at about 6 sec in-
tervals. The sample temperature was monitored by a
chromel-almel thermocouple held in contact with the
sample and mount. The temperature increased to -60'C
by the laser annealing effect, but the Raman spectrum did
not change due to the temperature increase. Details of
the experimental setup are described elsewhere. ' Ra-
man spectra were analyzed with numerical decomposi-
tion by assuming the Lorentzian line shape for the peaks.

III. RESULTS AND DISCUSSION

Figure 1(a) shows a typical example of a first-order Ra-
man spectrum of HOPG before Ar+ ion irradiation. The
peak observed at -1580 cm ' (G) is a Raman active Ez„
mode vibration peak. Ion irradiation induced a peak at
—1360 cm ' (D) as shown in Figs. 1(b)—1(e) which were
measured during ion irradiation at 18, 48, 78, and 108 sec
after the beginning of the irradiation at a flux of 3 X 10"
ions/cm sec. The disorder induced peak D was attribut-
ed to a maximum of the density of state of phonon. The
solid curves are the results of computer simulation ob-
tained by assuming the Lorentzian line shape. The peak
height of D peak increases and that of 6 peak decreases
with an increase in the irradiation time as shown in Fig.
2. The line width of both D and G peaks, on the other
hand, increase by irradiation as shown in Fig. 3. A dras-
tic change in line width and intensity and a broad asym-
metric Raman line centered at about 1500 cm ', charac-
teristic of the amorphous regime, were not observed. The
line width of D peak is more sensitive to the lattice disor-
der than that of 6 peak. The in-plane phonon correlation
length can be deduced from peak intensity ratio (R) of
the D peak with respect to the 6 peak ' by use of the for-
mula L, =4.4lR (nm). R is then a measure of the disor-
der caused by the lattice damage, and plotted as a func-
tion of irradiation time in Fig. 4. The ion irradiation at
lower flux of 4X10' ions/cm sec was also performed
and the increase in the D peak was slower than that for
the irradiation at a fiux of 3 X 10" ions 1'cm sec (Fig. 6).

Since the optical skin depth is larger than the penetra-
tion depth of implanted particles, the observed Raman
spectrum is made up by the superposition of scattering
from both damaged and nondamaged layers. For exam-
ple, Ishida et al. ' studied 2-keV Ar+ etched HOPG by
surface enhanced Raman scattering (SERS), which pro-
vides information of the outer most surface, and showed
that the damage estimated from a SERS spectrum is
much stronger than that from a usual Raman spectrum.
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FIG. 2. Time dependence of the peak height of HOPG for
the irradiation of 3-keV Ar+ at a flux of 3X10" ions/cm' sec,
the disorder-induced line (O ) and the Raman active line (0).

FIG. 1. Raman spectra of HOPG (a) before ion irradiation,
and obtained during the irradiation after (b) 18, (c) 48, (d) 78,
and (e) 108 sec from the beginning of the irradiation of 3-keV
Ar+ at a flux of 3 X 10" ions/cm sec. Solid curves are the com-
puter simulation results. The peak at -1580 cm ' (6) is a Ra-
man active E~g mode peak and the peak at —1360 cm ' (D) is a
disorder-induced peak.



80 KAZUTAKA NAKAMURA AND MASAHIRO KITAJIMA 45

100—

80—

60— 0
o 0 0

0
~~ OO 0 0 0
c 40 — o0

oooq 'b o
00 O 0 0

%o +est ~~ ISO
20 ~o ~ ~ 0 ~0

0+
0

I I I I I

50 100 150 200 250

Irradiation Time (sec)

FIG. 3. Time dependence of the linewidth for the irradiation
of 3-keV Ar+ at a flux of 3X10" ions/cm sec, the disorder-
induced line ( o ) and the Raman active line (~).

average penetration depth of 3 nm, the nuclear energy
deposition occurred near the surface. The distribution of
the nuclear energy deposition [F(x) for the depth of x]
can be approximated by the Gaussian function with the
standard deviation of 1.5 nm. The average number of va-

cancies was estimated to be 16 per implanted ion from
the energy deposition and larger than the number of irn-

planted particles. A distribution profile of the lattice
damage induced by the ion irradiation may correspond to
that of the nuclear energy deposition. The effects from
displaced carbon atoms to the relative peak intensity for
in-plane lattice vibration may be weak, since they are
trapped between graphite layers. Recently, Holtz et al. '

studied the Raman scattering depth profile of the struc-
ture of 45-keV Be+ ion-implanted GaAs with chemical-
etch removal of surface layers and found that the
structural depth profile of the damage layer derived from
Raman spectra agreed with that estimated from TRIM
calculation. Since the lattice damage is characterized by
the peak intensity ratio, the intensity ratio [R (x ) ] of the
Raman spectrum from the layer at depth of x can be ex-
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It is then important to estimate contribution from dam-

aged layers to study the actual ion irradiation effects.
We calculated profiles of implanted particles and ener-

gy deposition using the Monte Carlo method (TRIM85
code'"). Figure 5 shows results of the calculation on the
3-keV ion irradiation with an angle of 45 degrees to c
face. While the implanted particles are distributed at an
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FIG. 4. Time dependence of the relative intensity ratio of the
disorder-induced line with respect to the Raman active line for
the irradiation of 3-keV Ar+ at a flux of 3 X 10" ions/cm sec.

FIG. 5. Distribution profiles of implanted particles and nu-

clear energy deposition calculated by the Monte Carlo method

for the 3-keV Ar+ irradiation with the angle of 45 degrees to
the graphite c face; (a) implanted particles, (b) nuclear energy

deposition, the solid curve is the best fit with the Gaussian func-

tion of centered at 0.8 nm and the standard deviation of 1.5 nm.



45 ION-IRRADIATION EFFECTS ON THE PHONON CORRELATION. . .

pressed by

R (x ) =ROPF(x),

where the Ro is the mean value of the relative intensity
ratio within the whole range of energy deposition (P =5
nm) and the area of F(x ) is normalized to unity.

Since the incident and scattered light are absorbed by
graphite, detectable Raman scattering intensity I(x) for
both 6 and D from the layer at the depth of x is ex-
pressed by

I(x ) =Ioexp( —8m kx /A, ),
where A, is the wavelength of the exciting light, Io is the
proportionality constant, and k is the optical parameter
(k =0.9 for carbon material). ' 's Observed peak intensi-
ty ratio R,b, is then calculated by

f R (x )I(x )dx
R Obs (3)

I(x )dx
0

For the case of the 3-keV Ar+ irradiation R,b, is calcu-
lated to be -0.2 Ro. The corrected intensity ratio for
the ion irradiation at the flux of 3 X 10" ions/cm sec and
4 X 10' ions/cm sec are shown in Fig. 6.

Previous Raman studies ' on high-temperature an-
nealing of "Bion implanted graphite showed that anneal-
ing at a temperature as low as 700'C caused a decrease in
the relative intensity of D peak to 6 peak and in the
linewidth by a restoration of the structural order. This
annealing temperature, however, is lower than the tem-
perature of graphitization. "fhe in-plane ordering takes
place between 1300'C and 1500'C and three-dimensional

3.5—

ordering takes place above 2000'C. Therefore, the res-
toration of the structural order may be due to diffusion of
the defects and the defects may dominate the structural
disorder induced.

In general, the number of defects (N~ ) per unit volume
induced by ion irradiation is given by

N& =No.yvt, (4)

where N is the density of target (1.25X10 atoms/cm ),
o. is the displacement cross section, y is the incident ion
flux, v is the mean number of displaced atoms in the cas-
cade per primary knock-on, and t is the irradiation
time. ' Since graphite has a layer structure, the mean
number of defects per layer (NL ) is

Nt =fNq, (5)

R =4.4X10 V fNoyv't/t (7)

and proportional to the square root of the irradiation
time.

In the present case of 3-keV Ar+ irradiated graphite,
the reduced energy c is 0.072. For c &0.2, the displace-
ment cross section is calculated by the Sigmund
theory' ' by

cr= 1.9635 (m&/mz)' (2z&zze / )

where f is the distance between the graphite layers (0.335
nm). The mean distance (L) between in-plane defects can
be given by

1L=
+Nr

We assumed that L corresponds to in-plane phonon
correlation length L, because the defect may cut or
change the interaction between lattice atoms. The mean
relative intensity ratio of the Raman peaks within the ion
penetration depth is then expressed by

3.0 XE—1/3(E —I/3 7
—1/3

)0 d max (8)

O
2.5

K

c 2.0

1.5
CL

CO

u 1.0

where u is the screening radius, Eo the incident ion ener-

gy, T,„ the maximum of the transferred energy, e the
electronic charge, E& the threshold energy for displace-
ment, m„z&, mz, and z&, the mass and atomic numbers
of the projectile and target, respectively. The total dis-
placed atoms (v) can be calculated by a simplified model
of the Kinchin-Pease theory,

v =0.5 I 1+1n( T,„/2E& ) I .

0.5

o.o d

0 50 100 150 200 250

Irradiation Time (sec)

FIG. 6. Time dependence of the actual intensity ratio for the
irradiation of 3-keV Ar+ at flux of 4X10' ions/cm sec (0)
and 3 X 10" ions/cm sec (). Solid curves are results of calcu-
lation with Eq. (7).

Using the displacement threshold energy of 29.7 eV ob-
tained by the etch-decoration technique, we obtained
the values of 2.3 and 9.5X10 ' cm for v and 0., respec-
tively. Calculated relative intensity by Eq. (7) is shown in
Fig. 6 and agrees well with experimental data for both
flux 3X10"ions/cm sec and 4X10' ions/cm sec. Our
simpli6ed calculation suggests that the in-plane phonon
correlation length is in agreement with the mean distance
between defects in graphite plane in the lower fluence
range. This is reasonable because defects or vacancies in-
duced by the ion-irradiation change interaction around
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them and cut the long-range phonon interaction.
A considerable reason for the deviation between calcu-

lation and experiments after 150 sec for the Aux of
3 X 10" ions/cm sec is the creation of the defect clusters.
If defects aggregate and create clusters, the effective dis-
tance between defects or clusters increases. For the neu-
tron irradiation experiments, the creation of defect clus-
ters at a high Aux range was suggested from the change in
the thermal and electrical conductivities. Another pos-

sible reason is the breakdown in the relation between Ra-
man intensity ratio (IDiIG) and the phonon correlation
length for L & 2.5 nm.

In conclusion, real-time in situ Raman measurements
were performed on a graphite lattice to assess the damage
caused by Ar+ irradiation. Change in the Raman spec-
trum of graphite in early stages of the irradiation is ex-
plained in terms of a reduction in the phonon correlation
length due to defects.
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