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Surface Structure on Ar+-Ion Irradiated Graphite by Scanning Probe Microscopy
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The surface structure of a highly oriented pyrolytic graphite (HOPG), irradiated by Ar+ ions with an ion energy of 0.5–
1.0 keV at doses below 5× 1011 ions/cm2 during annealing, was characterized by scanning probe microscopy. The ion-induced
hillocks were observed by both scanning tunneling microscopy (STM) and atomic force microscopy (AFM) after the ion
irradiation, the heights of which, measured by STM, were larger than that measured by AFM in the tapping mode. The hillocks
were recovered distinguishably by annealing above 470 K. Almost 85% of the hillocks disappeared after annealing at 1270 K
and they disappeared completely after annealing above 1770 K. The behavior of defects produced by ion-irradiation in HOPG
during annealing is discussed.
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1. Introduction

Ion implantation techniques have been widely applied in
micro- and nano-technologies, and ion-irradiation induced
defects on an atomic scale on solid surface have been investi-
gated by scanning probe microscopy (SPM).1–8) The surface
structures produced by various levels of energy and various
kinds of ions on highly oriented pyrolytic graphite (HOPG)
were studied by scanning tunneling microscopy (STM), and
it was observed that irradiation using energetic ions such
as argon, neon and krypton above 100 eV, generally pro-
duced small protrusions, called hillocks, with diameters of a
few nm and heights of several angstroms.1–8) Atomic force
microscopy (AFM) has been used to characterize the sur-
face structure of ion-irradiated HOPG together with STM.7,8)

Mochiji et al.7) carried out ion-irradiation on HOPG with
highly charged Ar ions of Ar+, Ar4+ and Ar8+ at 2–15 keV
and doses below 1013 ions/cm2, and they did not observe any
surface irregularities by AFM in the contact mode. Ogiso
et al.8) also carried out ion-irradiation on HOPG with Au ions
at 3.1 MeV and doses of 1.9 × 1011 ions/cm2, and they ob-
served a reverse contrast image by changing the friction force
between the tip and the specimen by UHV-AFM in the con-
tact mode, and they did not observe surface irregularities by
AFM in the non-contact mode. These results indicated that
the hillocks with lattice damage observed by STM do not al-
ways correspond to those by AFM.

Despite the above mentioned previous studies,1–8) the to-
pographical structure of the surface damage on graphite, pro-
duced by energetic ion impact above 100 eV, has not been
determined yet. Even though the recovery processes of the
damage at atomic scale induced by ion-irradiation in graphite
are important to control defects, few SPM studies have been
conducted on this aspect. In this study, we investigated the
surface structure of HOPG irradiated by Ar+ ions with an ion
energy of 0.5–1.0 keV at doses below 5×1011 ions/cm2 during
annealing, by STM and AFM in the contact and the tapping
modes. The topographical structure of the ion-induced dam-
age on HOPG and the recovery processes of the damage were
discussed.

2. Experimental

The HOPG specimen was cleaved in air and irradi-

3. Results

Typical STM and AFM images obtained on the HOPG sur-
face as-irradiated by Ar+ ions at 1.0 keV are shown in Fig. 1.
Small discrete hillocks with diameters of 1–3 nm and heights
of 0.2–0.8 nm are observed on the surface by STM as shown
in Fig. 1(a). The hillocks are seen as bright images with a
disordered structure in the triangular structure of graphite on
the surface, and a spot-like superstructure of (

√
3×√3)R30◦

of graphite is observed close to them, as shown in the inset of
Fig. 1(a). This STM image is similar to those obtained in pre-
vious studies.1–8) The hillocks with heights of 0.08–0.15 nm
can be observed at the Ar+-irradiated regions by AFM in the
tapping mode independent of scanning direction as shown in
Fig. 1(b), while reverse contrast image by the change in the
friction force between the tip and specimen is observed on
the Ar+-irradiated regions by AFM in the contact mode (not
shown here), as reported by Ogisoet al.8) The number of
hillocks identified by AFM in the tapping mode in (b) is as
many as those identified by STM in (a). The heights of the
ion-induced hillocks measured by STM are larger than those
by AFM in the tapping mode. Similar results were also ob-
tained on the surface irradiated by Ar+ ions at 500 eV.

These ion-induced hillocks are recovered rapidly by an-
nealing above 470 K. The STM images obtained on the sur-
faces annealed at 830 and 1270 K are shown in Fig. 2. Many
of the ion-induced hillocks distinctly disappear at 830 K as
shown in Fig. 2(a) in comparison with those prior to anneal-
ing as shown in Fig. 1, and a few hillocks still appear after

ated by Ar+ ions with ion energies of 0.5–1.0 keV in an
ultra-high vacuum (UHV)-STM chamber. Doses below
5× 1011 ions/cm2 were used to avoid overlapping of cas-
cades.1) The ion-irradiated specimen was resistively annealed
in vacuum below 10−6 Pa at elevated temperatures up to
1873 K for 10 min. The temperature of the specimen was
measured using an optical pyrometer outside the chamber.
The temperature below 873 K was estimated from the plot
of the temperature versus the square of the electronic cur-
rent. STM observations were performed in both UHV and
ambient atmosphere using commercially available Pt/Ir tips,
in the constant current mode with a tip bias of 100–500 mV
and a tunneling current of 0.5–1.5 nA. AFM observations in
the contact and tapping modes were performed in ambient at-
mosphere using a commercially available silicon nitride can-
tilever and a silicon cantilever, respectively.



annealing at 1270 K in Fig. 2(b). The effects of annealing
temperature on the density of hillocks induced by Ar+ ions
with 1.0 keV is shown in Fig. 3. The density of the hillocks is
analyzed from more than twenty STM images in a unit scan
area of 100× 100 nm2 obtained from different areas of each
specimen. The density of hillocks rapidly decreases above
470 K. Almost 85% of the hillocks disappear at 1270 K and
they completely disappear above 1770 K.

Two types of defects at atomic resolution, one is the pro-
trusion having undisturbed lateral atomic arrangement of
graphite and another is the multiple vacancy, were observed
on the Ar+ ion-irradiated surface after annealing above 830 K.
Figure 4 shows a typical STM image of these two types of de-
fects after annealing at 1270 K. The STM image of the protru-
sion type defect with undisturbed lateral atomic arrangement
of graphite is shown in Fig. 4(a). The cross section of the
defect along the line ab in the image is shown in Fig. 4(b).
It is observed that a few tens of atoms at the center of the
image gradually protrude from the undisturbed atoms sur-
rounding the center. The height of the protrusion measured
at the cross section is around 0.1 nm. The STM image of the
multiple-vacancy-type defects is shown in Fig. 4(c). A dark

spot is observed at the center of the image, close to which
the spot-like superstructure of (

√
3×√3)R30◦ of graphite is

observed within a diameter of 4 nm, but no symmetric im-
age is observed around the dark spot. The cross section of

Fig. 1. STM image (a) and AFM image in the tapping mode (b) on HOPG
as-irradiated by Ar+ ions at 1.0 keV. (A rhombus shows a unit cell of the
spot-like superstructure of (

√
3×√3)R30◦ of graphite in the inset of (a).)

Fig. 2. STM images on HOPG irradiated by Ar+ ions at 1.0 keV after an-
nealing at 830 K (a) and 1270 K (b).

Fig. 3. Effects of annealing temperature on the density of hillocks induced
by Ar+ ions at 1.0 keV on HOPG.
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served topographical hillocks with heights of 0.2–0.8 nm by
STM (Fig. 1(a)) and with heights of 0.08–0.15 nm by AFM
in the tapping mode (Fig. 1(b)), although Mochijiet al.7)

and Ogisoet al.8) did not find surface irregularities by AFM.
Mochiji et al.7) used highly charged Ar ions (Ar+, Ar4+,
Ar8+) at 2–15 keV and Ogisoet al.8) used Au ions at 3.1 MeV.
It is possible that results by AFM depend on the conditions of
ion-irradiation. The height of the hillocks measured by AFM
in the tapping mode is the same as that obtained by molecu-
lar dynamics simulations15) but is lower than that obtained by
STM. Hence, it is considered that the anomalous height of
the hillocks obtained by STM as shown in Fig. 1(a) is due to
the increase in the partial charge density of states caused by
the lattice damage as reported by Mochijiet al.7) and Ogiso
et al.8)

The interstitial atoms and the small interstitial clusters
could migrate to recombine with the vacancies or aggregate
to form larger clusters of interstitials during annealing above
373 K, while the vacancies could not migrate below 1273 K,
hence they could not form larger clusters of vacancy or va-
cancy loops below 1273 K.12–14) It is considered that the de-
crease in the number of ion-induced hillocks shown in Figs. 2
and 3 is due to the recombination of mobile interstitials and
immobile vacancies. The behavior of defects produced by
ion-irradiation during annealing is illustrated in the cross sec-
tion of HOPG in Fig. 5. The interstitials and vacancies are
produced by ion-irradiation as shown in Fig. 5(a). The mo-
bile interstitials move and recombine with immobile vacan-
cies during annealing as shown in Fig. 5(b).

As a result of the recombination of mobile interstials and

Kondo et al.10) and Kelly et al.11) experimentally observed
the electronic perturbation with three-fold symmetry caused
by a single point defect. It is identified that the defect shown
in Fig. 4(c) is a multiple-vacancy type. These two types of
defects disappeared from the surface of the specimen after
annealing above 1770 K.

4. Discussion

It is well known that incident Ar+ ions initiate collision
cascades in HOPG, resulting in interstitials and vacancy-type
defects along the ion track. Studies on ion-irradiation of
graphite have been conducted by transmission electron mi-
croscopy generally before SPM.12–14) It was suggested that a
single interstitial could migrate to form clusters of 2–4 car-
bon atoms between the layers near the surface at room tem-
perature.12–14)It has also been demonstrated by molecular dy-
namics simulations that interlayer dimers and trimers produce
hillocks on graphite with atomic heights of 0.07 and 0.1 nm,
respectively.15) As is well-known, an STM image illustrates
the partial electron density near the Fermi energy,16) while
an AFM image in the tapping mode illustrates the total elec-
tron density or surface topography without frictional effect17)

which affects the AFM image in the contact mode. We ob-

the defect along the line cd in the image indicates that the
dark spot is a hollow defect as shown in Fig. 4(d). Mizes
and Foster9) performed simulations on the electronic pertur-
bation caused by single point and multiple point defects. They
showed that a single point defect results in a superlattice and
forms a three-fold symmetry around the defect, while a mul-
tiple point defect leads to the loss of the three-fold symmetry.

Fig. 4. STM images of the protrusion type and the multiple-vacancy-type defects on HOPG irradiated by Ar+ ions at 1.0 keV at
atomic resolution after annealing at 1270 K. ((a): a protrusion-type defect, (b): cross section along the line ab in (a), (c): a mul-
tiple-vacancy-type defect, (d): cross section of the line cd in (c)) (A rhombus shows a unit cell of the spot-like superstructure of
(
√

3×√3)R30◦ of graphite in (c).)
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during annealing was characterized by STM and AFM in the
contact and tapping modes. The ion-induced hillocks were
observed by both STM and AFM after ion irradiation, the
heights of which, measured by STM, was larger than that
measured by AFM in the tapping mode. It is considered that
the interstitials and interstitial clusters created by collision
cascade produces the ion-induced topographical hillocks, and
the distinct height of protrusions in the STM image is due
to the electronic states of the damaged graphite lattice. The
hillocks were recovered distinguishably by annealing above
470 K. Almost 85% of hillocks disappeared after annealing
at 1270 K and they disappeared completely after annealing
above 1770 K due to the recombination of interstitials and va-
cancies.
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Fig. 5. Illustration of the behavior of the defects produced by
ion-irradiation during annealing in the cross section of HOPG. ((a): as
ion-irradiated, (b): during annealing)

5. Conclusions

The surface structure of HOPG irradiated by Ar+ ions with
ion energies of 0.5–1.0 keV at doses below 5× 1011 ions/cm2

the immobile vacancies during annealing, the remaining inter-
stitials and vacancies are still observed on the surface after an-
nealing at 1270 K (Fig. 4) as protrusions having undisturbed
lateral atomic arrangement of graphite in (a) and multiple va-
cancy in (c), respectively. It is considered that these remain-
ing defects disappear during further annealing up to 1770 K
by rapid diffusion of carbon atoms on the surface, including
the recombination of mobile interstitials and mobile vacan-
cies.


