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A Raman investigation has been carried out on samples of ion irradiated highly-oriented pyrolytic graph-
ite (HOPG). Irradiation is carried out under ultra-high vacuum (UHV), at room temperature, with 5 keV
He", Ne*, Ar" and Xe" ions so as to create a damaged layer, with the doses administered being higher than

those previously reported. Modern Monte Carlo simulations (SRIM 2008) are utilised to provide an
insight into the ion-graphite interactions, and the effects of varying ion penetration depths are consid-
ered when analysing the observed damage.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that the irradiation of graphite can lead to a
variety of changes to its mechanical and physical properties [1].
Such changes are of interest particularly to those in the nuclear
industry where graphite has been widely used as a neutron mod-
erator and is also a candidate for neutron moderation in some of
the new Gen IV reactor designs [2]. High energy neutrons colliding
with the carbon atoms as they undergo thermalisation generate a
large number of atomic displacements such as interstitial/vacancy
(Frenkel) pairs [3], affecting the microstructure of the graphite.
Such processes are responsible for the breakdown of long-range
order throughout the graphite lattice which, under prolonged irra-
diation, can tend to a more amorphous-like structure and conse-
quently to a general weakening of the graphite brick [4].

Other concerns involve a build-up of potential energy known as
Wigner energy [5] which can occur as a result of lattice strain
caused through the generation of interstitial carbon atoms [6]. De-
spite many modern reactors operating at temperatures high en-
ough to self-anneal any Wigner energy, the problem still remains
for older, lower-temperature reactor cores, used particularly
throughout the UK, which now require decommissioning.

Therefore, to improve the safety of the nuclear industry, it is
important to understand the affects of neutron irradiation on the
graphite moderator. A simple, effective and convenient method
of doing this is to irradiate with ions, a technique employed regu-
larly by those in the semi-conductor industry [7]. lon bombard-
ment leads to the same collision mechanisms and will also
produce many Frenkel pairs within the graphite lattice; this allows
research in this area to be pursued without the need for expensive
hot-cell facilities [8].
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To study the effects of ion irradiation on graphite, Raman spec-
troscopy has been used as it is known to be very effective at detect-
ing the presence of defects, and can provide a quantitative
measurement of the damage induced. Tuinstra and Koenig were
the first to utilise Raman to study a graphite single crystal, where
they observed a single large peak at 1575 cm™' which they as-
signed to the E,; mode of the infinite crystal, known as the G
(graphite) band [9]. They also looked at other graphitic material,
such as activated charcoal and carbon black and found that a
new peak is present near 1355 cm™!, known as the D (disorder)
band, the intensity of which, when compared to that of the
1575 cm™~! band seemed to depend on the type of graphitic mate-
rial studied. The increase in intensity was found to correspond to
an increase in disordered carbon and a decrease in crystallite size;
hence the band was attributed to a particle size effect and the
authors related the relative intensity of the D band to the G band,
the Ip/I; ratio, to the inverse of the crystallite size through the fol-
lowing equation [10]:

I(D) 44x10°m

i

Subsequently, many authors have used Raman spectroscopy to
measure the effects of ion irradiation on graphite, with particular
interest being shown by Japanese groups in the early 1990s. These
researchers observed that as the ion-irradiation dose increased
then so did the Ip/I; ratio, up to a particular dose, after which the
signal became less affected and eventually saturated; this observa-
tion was attributed to the production of vacancy clusters. In this
paper we examine the effect of employing a higher ion energy of
5 keV; this is a small but significant increase, which along with a
relatively high ion dose compared with previous studies, results
in an increased Ip/I; ratio. Computer simulation is also employed
to study the ion-graphite interactions, with more accurate results
being available than previously.
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2. Material and methods

Highly-orientated pyrolytic graphite (HOPG) was supplied by
SPI Supplies (http://www.2spi.com/). Samples (5 x 5 x 1 mm?)
were irradiated in a custom-built stainless steel UHV chamber
(base pressure < 1078 Pa) equipped with a Vacuum Generators
AG2 cold-cathode ion gun, positioned with its axis normal to the
sample. Samples were irradiated with increasing doses of inert
gas ions He*, Ne*, Ar" and Xe* at room temperature, with doses
not exceeding 5.0 x 10'® ions m~2. Sample currents were mea-
sured with a multimeter connected to the target through an elec-
tronically isolated probe. The ion flux was approximately
5.0 x 10'®ijons m2s~! and Raman measurements were taken
after irradiation for periods of 10, 20, 40, 80, 160 and 320 s.

Raman measurements were carried out using a LabRam HR con-
focal microscope from HORIBA Jobin Yvon Ltd. Incident illumina-
tion of wavelength 514.5 nm was provided by a cw argon-ion
laser and any annealing effects were considered negligible. The
spectrometer was equipped with a 50x long working distance
objective lens with a numerical aperture of 0.55 and a working dis-
tance of 8.1 mm, producing a spot size of 1.4 pm. A 10x condenser
lens with a focal length of 300 mm was used to focus the laser onto
the objective lens. A 1024 pixel CCD peltier cooled detector was
used to detect the scattered radiation. The resultant Raman spectra
were analysed using the Labspec 5.0 software and accurate peak
intensities were obtained through numerical decomposition by
assuming a Lorentzian line shape for all peaks.

3. Theory/calculation

The interaction of ions with matter is a complex field and has
been studied intensely by many authors [11-14]. An ion, travelling
with sufficient energy, may transfer a proportion of this energy to a
host atom causing the atom to be displaced from its lattice site.
This atom may then go onto do the same and remove other host
atoms, leading to a collision cascade. Such mechanisms are respon-
sible for atomic displacement and hence the production of damage
within ion-irradiated materials. The extent of these collision cas-
cades and thus the amount of damage generated is dependant pri-
marily on ion energy and the mass of the incident ion relative to
the target atom.

It is known that as ion energy increases, then the depth at which
the damage occurs also increases, since the ions can penetrate
more deeply into the target material before coming to rest. The
ion mass also is important, and for a particular kinetic energy,
lighter ions will travel further into the target as they have rela-
tively small collision cross-sections and will collide with the host
infrequently, compared to a larger ion.

The Stopping and Range of lons in Matter (SRIM 2008)' is a soft-
ware code which uses Monte Carlo techniques to effectively predict
the behaviour of ions in matter [15]. This code is an updated version
of the TRIM85 and TRIMS89 codes, used extensively in this field
throughout the 1990s. The damage profile within a target caused
by ion bombardment is known to be approximated by a Gaussian
function [16]. The SRIM 2008 code can calculate this for many ion/
solid interactions and results for the irradiation of graphite by
5keV He*, Ne*, Ar" and Xe" ions are presented in Table 1.

Fig. 1 is a simulation of the distribution of the ions, initially
travelling with 5 keV energy, as they enter the graphite matrix.
The effect of ion mass is clearly observed, with He* ions spreading
themselves across a relatively large range throughout the target
whereas the much larger Xe* ions implant over a very short range,
with the vast majority being located at approximately 7 nm.

1 www.srim.org

Table 1

Parameters of the damage profile approximated by a Gaussian function for the
irradiation of graphite by 5 keV ions. yo is the mean implantation depth, o is the
standard deviation and P is the whole range of energy distribution, i.e., the range over
which the ions deposit all their kinetic energy.

lon Ion mass (amu) Xo (nm) o (nm) P (nm) Vacancies/ion
He* 4.00 23 29 88 29
Ne* 19.99 3 6.25 22 60
Ar* 39.96 1.5 4 12 63
Xe* 131.9 0.7 3 9 74

Quantity of implanted particles (Arbitrary unit)

200 400 600 800 1000
Target depth (Angstrom)

Fig. 1. The implantation profiles of 5 keV He*, Ne*, Ar* and Xe" ions in graphite
modelled by the SRIM 2008 Monte Carlo program.

The difference in ion mass and the consequent difference in
their implantation profiles results directly in a difference in the
amount and rate of damage caused. Table 1 indicates that larger
ions will create more atomic displacements leading to more vacant
sites, which is as expected due to the larger collision cross-sec-
tions. Lighter ions will travel much further distances between ion
interactions since electronic stopping predominates, resulting in
a much lower amount of energy loss per collision and thus signif-
icantly lower vacancy production.

4. Results

Fig. 2a-d shows the time-resolved series of Raman spectra ob-
tained for the room temperature irradiation of HOPG with 5 keV
He", Ne*, Ar* and Xe" ions. The virgin spectra are shown at the bot-
tom of each graph and clearly consist of only one band, the well
known graphite band (G-band) at 1580 cm™!. Each spectrum in a
sequence is measured after twice the total irradiation time (dose)
of the previous one.

Consistent features were observed for each of the ions studied,
with trends agreeing with previously reported results [17-19]. The
observed bands arise from the activation of Raman active vibra-
tional modes, the details of which can be found elsewhere [20-
22]. The emergence of the disorder induced D band at ca.
1350 cm™! is the prominent feature, which steadily increases in
intensity with increasing fluence; simultaneously, the intensity of
the G band slowly decreases resulting in an increased Ip/I; ratio.

Other notable features include an increase in the line-width of
the D band and a pronounced increase in intensity in the region be-
tween the D and G bands, in the range 1400-1580 cm~! which is
particularly prominent at higher doses. The extent of the broaden-
ing seems to be more significant for the He" irradiated samples,
and is likely to be due to the smaller ion mass [23].
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Fig. 2. Time-resolved Raman spectra obtained after 5 keV ion irradiation of HOPG with (a) He" (top-left), (b) Ne* (top-right), (c) Ar* (bottom-left) and (d) Xe* (bottom-right) at
a flux of 5.0 x 10" jons m~2 s~ . Features of interest include the D band (ca. 1355 cm™!), the G band (ca. 1580 cm™') and the D’ band (ca. 1620 cm™') as shown in the bottom

left panel.

The so-called D' peak centred at 1620 cm™' becomes apparent
after 10 s irradiation, and increases in intensity before becoming
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Fig. 3. Dependence of R,ps, the observed ratio of the intensities of the Raman

disorder and graphite bands, on the ion irradiation time, for He*, Ne*, Ar* and Xe*
ions.

a shoulder to the G band and eventually becoming almost indistin-
guishable from it at higher fluences. In the case of He" bombard-
ment the D’ peak seems to be more prominent up to an
irradiation time of 80 s, where again it merges with the G band.

Fig. 3 shows the observed Ip/I; ratios, Ryps, for each of the ions
studied, plotted against the irradiation time. R, initially increases
proportionally with respect to time before deviating and reaching a
plateau. Since the Ip/I; ratio is known to be inversely proportional
to the crystallite size, L, [9] it can be a useful method of measuring
and monitoring the build-up of damage within a graphite sample.
The differences observed in Fig. 3 agree with the Monte Carlo esti-
mations of the implantation depth (cf. Fig 1).

5. Discussion

Since the depth which the Raman laser samples within graphite
(known as the optical skin depth) is ca. 40 nm [18,19], a value lar-
ger than the penetration depth of the ions in this study (cf. Table 1),
we can deduce that the observed peak intensity ratio, Rops, CONsists
of a superposition of information taken from both damaged and
underlying undamaged volumes of the sample, and hence can be
a misleading representation of the true ion effects. The intensity
ratio taken from the damaged layers only, Ry, provides a more
accurate assessment of ion effects and can be readily calculated
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from Eq. (2), which is a corrected version of that reported in the lit-
erature [19,24]:

Rops = 8}2"# /O F(x) exp(—8mmx/A)dx (2)

where P is the whole range of energy deposition (cf. Table 1), m is
the optical parameter (0.9 for carbon material [19]), 4 is the wave-
length of the exciting light, x is the depth and F(x) is the depth pro-
file of the damaged layer, normalised to unity.

Essentially Eq. (2) provides a method of estimating the actual
extent of damage occurring upon ion irradiation, for situations
where the ions do not enter the target material further than the
optical skin depth. Fig. 3 displays the data obtained directly from
the Raman experiment; however it must be adjusted in order to
show the actual ion affects. From Eq. (2) the intensity ratios in
the damaged region only are calculated to be 1, 1.5, 2, and 3 times
the magnitude of R,,s for He*, Ne®, Ar* and Xe" ions respectively.
From Fig. 1 we can see that the 1:1 Ry:Ryps ratio observed for He*
is expected, since 5 keV He" ions lose their energy around the opti-
cal skin depth anyway and so no adjustments are needed, however
for the other ions studied they do not reach the optical skin depth
and therefore Eq. (2) must be used. In Fig. 4 the plot in Fig. 3 is cor-
rected to the Raman intensity from the damaged region only,
which simply involves multiplying the values by the factor stated
above, calculated through Eq. (2). These values are lower than
those obtained for the same radiation at 3 keV [19,24] and can be
explained by the increase in ion penetration depth, which at
5 keV is much closer to the optical skin depth; therefore a lower
percentage of the Raman signal is from the undamaged region.

For each of the ions studied an increase in Rq = Ip/I is observed,
up to an irradiation time of approximately 80s (flu-
ence = 4.0 x 10'® ions m~2) after which it starts to plateau indicat-
ing the beginning of damage saturation. As expected an increase in
ion mass leads to an increase in Ry since heavier, larger ions can
interact with more of the host atoms, causing significant damage
[18]. Previously Nakamura and Kitijama [16] have explained the
increase in the Ip/I; ratio on the ion-induced reduction in the pho-
non correlation length which, can be explained by the creation of
defects that can interact and interrupt the phonon path. For lower
fluences this is responsible for the initial proportional rise of R
with respect to time.

Although the extent of the damage appears to saturate, from
Fig. 2 we can see that this is not the case - in the case of He" for
example, there are considerable differences in the spectra obtained
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Fig. 4. Dependence of Ry (calculated from Eq. (1)) on the ion irradiation time, for
He*, Ne*, Ar* and Xe" ions.

between 80 s and 320 s irradiation time, despite a very similar Ip/Ig
ratio. Therefore, as observed previously, the Ip/I; ratio is not valid
at higher fluencies to describe the ion-induced damage; as a linear
trend is no longer observed. This has been attributed to the break-
down of the relation between Ry and the phonon correlation length
at higher fluence [25], proposed to be due to a kinetic process of
point defects, indicating a saturation of vacancy concentration at
higher irradiation dose [26].

The saturation of Ry has been explained by the creation of di-
vacancies and vacancy clusters which are expected to have a neg-
ligible effect on the phonon correlation length, since a di-vacancy,
for example, would form by two adjacent carbon atoms being re-
moved and hence the mean distance between defects would not
be changed significantly [27]. The probability of the generation of
vacancy clusters has been enhanced in this case due to the rela-
tively high ion doses administered, leading to a more pronounced
overlap of collision cascades, as modelled through SRIM 2008.

Therefore the difference observed in the spectra, after an irradi-
ation time of 80 s, must be due to some other factor. It is likely that
the broad increase in the spectra around 1500 cm™~! and the gen-
eral broadening of the spectra are a result of significant lattice dis-
ruption and a considerable breakdown of long-range order. Niwase
has explained the observed broadening to be due to the life time
broadening of phonons originating in the lattice distortion around
the dislocation dipole, which grows as a result of prolonged irradi-
ation [28]. It is expected that after a certain higher irradiation dose
the spectra observed becomes completely saturated, with the area
between the two peaks increasing such that a single, very broad
feature is observed throughout the entire first order region, sug-
gesting considerable loss of crystallinity and the development of
amorphous-like structure. Such Raman spectra have been observed
recently in graphite exposed to edge plasma in the TEXTOR toka-
mak [29].

6. Conclusions

The effect of ion energy has been shown to be crucial to the Ra-
man data observed, due to its direct affect on the ion penetration
depth. This effect has proved to be significant even for a relatively
small energy increase from 3 keV (published previously) to 5 keV.
It is also observed that although the Ip/I; ratio is an effective mea-
sure of damage; after a critical fluence, other aspects of the spectra
must also be considered. After a fluence of 4.0 x 10'® m? s a disor-
der-induced broader band emerges at ca. 1500 cm~! which again
starts to increase in intensity with increasing dose. Its origin is
likely due to complex defect formation, and a severe breakdown
of crystallinity; however further investigation is required on the
exact nature of the defects produced and the origin of this Raman
band.
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