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A TiO2�110� surface was bombarded with slow iodine highly charged ions �HCIs�, Iq+, having a wide range
of charge states from Ni-like I25+ to He-like I51+. A scanning tunneling microscopic observation revealed that
nanometer-sized hillock or crater structures were created by individual HCI impacts and the size of the
structures increased with q. In time-of-flight secondary-ion mass spectrometry, a strong q dependence of the
secondary-ion yield of O+, Y�O+� was observed; Y�O+� exceeded Y�Ti+� for q�35. We discuss that these
secondary effects are the results of the strong coupling of HCIs with electrons in the valence band of the target.
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A slow highly charged ion �HCI� is one of the most active
particles reacting violently with matter, e.g., an electron,
atom, molecule, cluster and solid surface.1–3 Here, the term
“slow” means that the velocity of the ion is lower than the
Bohr velocity. An interaction of a slow HCI with a surface
starts with the multiple electron transfer from the surface to
the approaching HCI. The slow incident ion may have suffi-
cient time for capturing many electrons before the ion arrives
at the surface. The electronic system of the surface is, in turn,
excited through this process. Consequently, it is believed that
effects such as secondary ion and neutral emission, the exci-
tation of plasmons and excitons, and the dislocation of sur-
face atoms are induced. Since the charge transfer cross sec-
tion increases rapidly with incident ion charge q, these
effects would be enhanced in a higher-q HCI impact. The
mechanism of these phenomena is considered to be essen-
tially different from that induced by energetic neutrals and
singly charged ions where only the kinetic energy of the
primary particle plays a major role.

It is considered that the secondary effects are induced in
close relation with the electronic property of a target mate-
rial. The active electron density is thought to be one of the
most important parameters for governing the degree of the
effects. In a recent report of a careful observation of dislo-
cations on a gold surface �metal target� bombarded with Xeq+

�q�44�,4 it was shown that nanometer sized structures were
created by the nuclear stopping power of the primary ions
rather than by the multiple electron transfer; that is, no q
dependence was observed. Meanwhile, in our previous
work,5 it was revealed that the secondary effects were en-
hanced with q on a Si�111�-�7�7� surface �semiconductor
target� by individual HCI impacts �Iq+, q�30�.

Oxide material is important as the target in the HCI-
surface interaction study. Because it is a compound insulator,
we may clarify the effect of the electronic property on the
HCI impact in contrast to elemental metals or semiconduc-
tors, e.g., by directly observing the HCI-irradiated surface.
Further interest lies upon HCI-based nanoprocessing, e.g.,
the fabrication to thin film oxides of tunnel junctions for
superconducting devices.6 In this paper, we show remarkable
features of the interaction of high-q HCIs with an oxide tar-
get. A TiO2�110� surface was employed because a clean
well-defined surface is easy to obtain and is observable with

atomic resolution using a scanning tunneling microscope
�STM�.7 A typical nanostructure induced by a single I51+ im-
pact has a “calderalike” shape, as shown in a STM image in
Fig. 1. We present the morphological change in such impact
sites with various q-HCI impacts, together with the q depen-
dence of the secondary-ion yield, measured with time-of-
flight secondary-ion mass spectrometry �TOF-SIMS�. We
discuss the mechanism in the HCI-oxide-surface interaction,
based on the so-called Coulomb explosion model in which
the explosion is thought to be caused by the “desorption
induced by electronic transition �DIET�” process. The char-
acteristics of the HCI-DIET are revealed by comparison with
the Knotek–Feibelman �KF� mechanism8 as another DIET
process.

In the course of the investigation, we have developed an
in situ observation system installed in the Tokyo-EBIT �elec-
tron beam ion trap� facility.9–11 Iq+-HCIs were used with a
wide range of q from Ni-like I25+ to He-like I51+. Details of
the methods for the observations under the ultrahigh vacuum
condition �base pressure: 2�10−8 Pa� were described
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FIG. 1. �Color online� STM image of impact sites on a
TiO2�110� surface created by individual I51-HCI bombardments.
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elsewhere.5,12 A well-defined TiO2�110� surface was pre-
pared by an ordinary method of repetition of annealing and
ion-sputtering procedures, as reported in Ref. 7. The data
acquisition time for obtaining a TOF spectrum was approxi-
mately the same for all charge states and less than 15 min in
all cases. The sample was irradiated by HCIs for several
hours, transferred to the observation chamber without break-
ing the vacuum, and then observed with STM. This proce-
dure was carried out as a consecutive motion.

Figure 2�a� shows a typical STM image of the TiO2 �110�
surface before HCI bombardments. The scan size is 100
�50 nm2. The image was obtained with the sample bias of
+2 V. Line defects of Ti2O3 are seen as brighter rows on a
large, atomically flat terrace.7 The images �b�, �c�, and �d�
were observed after the bombardments of Iq+-HCIs with q
=30, 40, and 51, respectively. The scan size and the obser-
vation condition are the same as those for image �a�. The
kinetic energies, EK �=150 keV� of incident Iq+ �q=30, 40,
and 51� were identical in order to discriminate q dependence
in the effect of the HCI-surface interaction. Nanometer sized
structures can be found in addition to the line defects. The
density of these sites was nearly equal to the HCI dose.13 In
�b�, with I30+ impacts, hillocklike impact sites are observed,
as indicated by a white arrow. For the I40+ impact �c�, it can
be seen that a larger hillock structure was created. In addi-
tion, a crater structure was observed, as indicated by an ar-
row. The size of these structures increases with q as shown in
�d� for I51+ impacts.

Figure 3 shows �a� hillocklike and �b� craterlike impact
sites, induced by single I51+ bombardments. The heights of
these structures are much higher than that of an atomic step
��0.3 nm� �see also Fig. 1�. The inset of �b� shows a
close-up image of an unbombarded portion in which the
atomic structure of TiO2�110� can be seen; dark and bright
stripes are parallel to the �001� direction corresponding to
oxygen and titanium rows, respectively, and the spacing of
the stripes is about 0.6 nm.7 It is found by the present obser-
vation with atomic resolution that the surface of the hillock
is not smooth but rough with irregularities. Such a fine struc-
ture could not be observed in the images for insulator sur-
faces, e.g., CaF2, as previously reported,14,15 using an atomic
force microscope having lower resolution than the STM. The
height and diameter of the hillock are measured to be
�1 nm and �10 nm, respectively. On the other hand, the
crater structure has an outer rim whose height is also
�1 nm. The depth of the crater is measured to be at least 1.5
nm, although it depends on the shape of the tip used. The
size of the crater �both height and depth� is much larger than
that created on a Si�111�-�7�7� surface.5

A dramatic HCI-impact effect on the oxide target is also
observed in the secondary-ion emission. Figure 4�a� shows a
typical TOF-SIMS spectrum obtained from a TiO2 �110� sur-
face bombarded with I50+-HCIs having EK=175 keV. O+ is
seen as the most intense peak together with small contribu-
tions from other fragment ions, as represented in the figure.
The peaks associated with calcium originate in an impurity
commonly present in commercially available TiO2 crystal; it
is known that Ca segregates to the surface during the anneal-
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FIG. 2. STM images of a TiO2�110� surface; �a� unbombarded
area, �b� I30+, �c� I40+, and �d� I51+ impacts. The kinetic energies of
the incident ions were identically 150 keV.
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FIG. 3. Close-up images of I51+-impact sites on a TiO2�110�
surface. Two kinds of structures, �a� hillocklike and �b� calderalike
were observed. The inset of �b� shows the atomic image of the
TiO2�110� surface. The spacing of the stripes is �0.6 nm.

TONA et al. PHYSICAL REVIEW B 77, 155427 �2008�

155427-2



ing procedure.16 Figure 4�b� shows the secondary-ion yields
for O+, Y�O+� �open circles� and for Ti+, Y�Ti+� �solid
circles� as a function of q. The error was estimated to be
10%, coming mainly from the collection efficiency for the
sputtered ions in the TOF-SIMS measurements. For the
low-q HCI impacts �q=25�, Y�O+� is much smaller than
Y�Ti+�. With increasing q, Y�O+� increases much more rap-
idly than Y�Ti+� and the peak of O+ grows to be the most
intense in the TOF spectrum, as shown in Fig. 4�a�. Although
EK of the incident projectile in Fig. 4�b� was q�3.5 keV,
varying from 87.5 �q=25� to 175 keV �q=50�, it seems that
the increase in EK does not significantly affect the q depen-
dence of the yields in this range. Figure 4�c� shows the EK
dependences of Y�O+� �open circles� and Y�Ti+� �solid
circles�, obtained with Iq+ impacts �q=35, 45, and 50�. Note
that since Y�O+� is nearly equal to Y�Ti+� for q=35, the
plotted circles overlap each other. It can be seen from the
result that the secondary-ion yields are not dependent on EK
but on q in this energy region.

It is a striking feature of the secondary-ion emission from
the oxide target bombarded with high-q HCIs that O+ is de-
tected most frequently, and furthermore, O2+ ions are clearly
observed �see Fig. 4�a��. A similar result has also been ob-
tained in the measurement with a SiO2 thin film on a Si
substrate �SiO2 /Si�, as previously reported.17 This behavior
is difficult to observe with irradiation of a singly charged ion,
except under a special condition for the coupling of a target
with a primary projectile such as the interatomic transition of
a core level electron of TiO2 to He+.18 It is well known in the
secondary-ion emission induced by the kinetic effect that
oxygen ions are detected as negative ions rather than positive
ions. This is due to the nature of the oxygen atom that has
both high electron affinity and high ionization potential. In
our measurement, Y�O+� is so small that very weak signals
are measured in the TOF spectrum for low-q HCI impacts.

The high emission yield of the positively charged oxygen
ions with a high-q HCI impact might be explained by the
multiple electron transfer in the interaction of the HCI with
the surface. As is clear from the measurement for the yield of
secondary electron emission,19 such a high-q HCI, e.g., q
=50, captures more than a hundred electrons from the target
during the interaction. According to the “classical over-the-
barrier model”,20 in the collision of a HCI with an insulator
surface, many electrons in the valence band are transferred to
high Rydberg states of the HCI. The valence band of TiO2 is
mainly composed of oxygen 2p states although it is some-
what covalent �the fraction of ionic character is �60%�. This
means that electrons captured by the HCI should be fed
mainly from oxygen atoms near the surface. When nega-
tively charged oxygen in TiO2 before the interaction is neu-
tralized by the electron transfer, the portion of the binding
energy due to ionic character will be released. Furthermore,
varying of the oxygen from neutral to a positive ion by the
second electron transfer induces instability of the surface
structure due to Coulomb repulsion. As a result, secondary
particles, i.e., fragment ions shown in the TOF spectrum
and/or possibly neutrals, will be emitted by the Coulomb
explosion.21

The process may be considered as a special kind of DIET;
the Coulomb explosionlike sputtering is induced by the mul-
tiple electron transfer, resulting in the large Y�O+� by the
high-q HCI impact. The KF mechanism is well known for
explaining the O+ emission induced by DIET.8 The KF
mechanism is that O+ in an oxide material is generated by
the interatomic and intra-atomic Auger processes which are
triggered by the creation of a core hole with the energetic
electron or photon impact. Unlike an indirect ionization as in
the KF mechanism, O+ is directly created by multiple elec-
tron transfer through the strong coupling of the high-q HCI
with electrons in the valence band. While Y�O+� increases
with the electron or photon energy in the KF mechanism, it
depends strongly on q but not on EK in the case of the HCI
impact. This is due to the electron-capture cross section’s
being largest among those of other relevant processes, almost
independent of EK and definitely increasing with q.

The singular property of the HCI-DIET processes is that
more than one secondary ion are emitted by a single high-q
HCI impact, or in other words, the secondary-ion yield be-
comes greater than one. This high emission yield is never
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FIG. 4. �Color online� �a� TOF-SIMS spectrum from a TiO2

�110� surface bombarded with I50+-HCIs. �b� Secondary-ion yields
for O+ �open circles� and Ti+ �solid circles� as a function of incident
ion charge q. Kinetic energy of the incident projectile was q
�3.5 keV. �c� Secondary-ion yields for O+ �open circles� and Ti+

�solid circles� as a function of the kinetic energy of the primary
projectiles.
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achieved by a single electron or photon impact. A small en-
hancement of positive ion yield by “moderate” interaction
with low-q HCIs was also observed.22 It was considered that
the emission was induced by defect mediated sputtering.
This mechanism is well known as a kind of normal DIET
and is also observed when the target such as an alkali halide
crystal, which has strong electron-lattice coupling, is irradi-
ated by electrons and photons. This is quite different from
that induced by the violent interaction shown in the present
work. The total secondary-ion yield, Y tot, from TiO2, evalu-
ated by numerically integrating the areas shown in Fig. 4�a�,
reaches 4.4 ions per I50+-HCI. A similar result has also been
obtained in the measurement for SiO2 /Si �3.5 ions / I50+�.
These total yields are much larger than that for Si
�0.6 ions / I50+�. The high emission yield from the oxide tar-
get is consistent with the fact that individual HCI impacts are
able to strongly modify the surface structures of the oxides.

Surprisingly, from the size of the crater or hillock in Fig.
3, we estimated that a few hundred up to a thousand atoms
are moved or sputtered by the impact of a single I51+; while
only a few secondary ions are emitted. According to the pre-
vious observation of the Coulomb sputtering from UO2 bom-
barded high-q HCI,23 about 100 neutral atoms are sputtered
while the secondary-ion yield is very low, which is the same
as that in our case. Further, it is made clear that the same or
larger number of atoms as the sputtered neutral atoms is
moved from the initial lattice sites and from the large impact

site. We consider that the resultant shape of the impact site
depends on the strength of the Coulomb explosion in which
most of the positive ions are neutralized. In a low-q HCI
impact, electrostatic energy stored in the charged domain
would be relatively small because the number of electrons
transferred is small. For example, Y tot. at q=30 barely ex-
ceeds unity, where the contribution of O+ to Y tot. is only
�20%, while it reaches �40% of Y tot. ��4� for I50+ impact.
In such a weak interaction of a lower-q HCI, although tita-
nium and oxygen are removed from the initial lattice sites,
not all could be completely sputtered into the vacuum. As a
result, some are heaped on the surface and the hillocklike
structure is created. Since the surface area from which the
electrons are removed becomes larger for higher q, a larger
hillock impact site is seen, as shown in Fig. 2. In addition,
the higher energy stored in the electron-depletion area in-
duces the emission of a larger number of secondary particles
and creates a calderalike structure by a violent explosion.
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