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Abstract

The interaction between slow highly-charged ions (SHCI) of
different charge states from an electron-beam ion trap and highly-
oriented pyrolytic graphite (HOPG) surfaces is studied in terms of
modification of electronic states at single-ion impact nanosize
areas. Results are presented from AFM/STM analysis of the
Induced-surface topological features combined with Raman
spectroscopy. |-V characteristics for a number of different impact
regions were measured with STM and the results argue for possible
formation of diamond-like nanoscale structures at the impact sites.

|. Introduction

The fabrication of surface nanostructures is of paramount
Importance in the constantly developing areas of nanotechnology. It
Is only recently that the unique qualities of slow highly-charged

ions are being appreciated and make these ions an exceptiona



means for studying nanostructuring surfaces™?. One of the unique
features that characterises slow highly-charged ions is their
Immense potential energy (the sum of the ionization potentials) and
slow kinetic energy (velocities are lower than the Bohr velocity,
Veor = 2.19x10° ms?) in contrast to singly-charged fast ions
commonly used in implantation and ion/solid=interactions in
general. Such attributes are mainly due to the deposition of large
amounts of potential energy on the surface of the solid within a 10
fs time scale, the intense electronic excitation with equivalent
power densities of the order of ~10*W/cm? * *, the highly spatial
localisation of the excitation and the formation of nano-defects on

the surface of the target material.

The manner in which the solid surface responds to the transfer of the
large potential energy of the highly-charged ions defines in a sense
the different possibilities in terms of applications. The later include
highly-charged ion-based lithography and surface patterning, surface

cleaning or “soft sputtering” and structural and electronic surface



modifications. The initial recipient of the large potential energy of
the incoming SHCI is the electronic system of the surface. Electron
emission and sputtering yields are exceptionally high and increase
strongly as a function of the potential energy of projectiles’. The
neutralisation process of the SHCI is extremely fast, of the order of a
few femtoseconds, during which a surface domain with high
lonisation density is formed. As electrons from the surrounding solid
cannot replace promptly the removed electrons, the impact area
cannot be neutralised within time scales of less than several
picoseconds, and the localised charged region can suffer a Coulomb
explosion, forming in this manner surface defects at the nanoscale
level® " 8 Such nanometer-size defects ranging between 3nm to
50nm have been observed in the form of craters or blisters in
materials such as slicon’, mica'®, highly-oriented pyrolytic
graphite™, SiO, and Al,O3™ using atomic-force microscopy (AFM)
and scanning tunnelling microscopy (STM). The detalled

elucidation of the response to the intense, ultra-fast electronic



excitation induced by slow, highly-charged ions is a subject of
ongoing research®.

Recently, Hamza et al.**

reported on observations of excitonic
features in the Iluminescence from HCI-induced surface
nanostructures in S after intense, ultrafast electronic excitation of
the surface. In a similar note, modification of electronic states by
Ar® impact on HOPG has been observed by Meguro et al.*> ¢, A
subsequent surface treatment, after the Ar®* bombardment, with
electrons injected from an STM tip provided a localised transition
from sp® to sp® hybridisation in HOPG, resulting in the formation
of nanoscale diamond-like structures (nanodiamond) observed
using Raman spectroscopy. This transformation was also induced

by He—Cd laser irradiation and the transition barrier seems to be

very low.

Similar studies investigating the effects of HClI on HOPG have

17
.

been performed by Aumayer et al.”" using low charge states and by
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and Tona et al.™ using much higher charge states.

Gilaspy et a
However, in these studies the evolution of the nano-defects during
annealing and the possible modification of the electronic states and

in particular a hydrogen-catalysed sp? to sp* hybridisation was not

of concern.

In the present work, we report on results from ex situ AFM/STM
Imaging analysis and Raman spectroscopy on nanostructures
induced on a HOPG surface after irradiation with Sb*, Sb™* and
Sb*** and Bi** ion beams, and after annealing treatment in a
hydrogen atmosphere. This study is motivated by the interest in
assessing the optimum parameters for the formation of diamond-
like carbon structures on HOPG in terms of size and quality (sp*/sp®
ratio) with respect to ion charge used and annealing conditions.
Such information might also be helpful to our interest in the
possibility of forming optically active nanodiamonds in ordered

arrays via a single-ion implantation scheme® to be used in basic



quantum-information processing with N-V defect centres™ in a

nanodiamond matriX.

|I. Experimental setup

Highly-charged ions were extracted from the Electron Beam lon
Trap (EBIT) at Lawrence Berkeley National Laboratory®, and
reached the target chamber after momentum analysis in a 90°
bending magnet. The pressure in the target chamber was in the low
10® torr range. We emphasise that this study focuses on the
applied aspects of defect formation under modest vacuum
conditions as they are present in typical ion implanters, and not on
atomically clean surfaces prepared under ultra-high vacuum
conditions. lon kinetic energies, Eqin= q x Ug Were set by the
EBIT extraction potential Ue=5 kV and were 40 KeV, 90 KeV,

110 KeV and 175 KeV for the Sb®, Sb®, Sb?®* and Bi*™



accordingly. lons impinged on target under normal incidence.
Typical ion currents were of the order of 4, 3, 11 and 5 one particle
pA for the 8%, 20", 22" and 35" charge states accordingly (~10°

ions/s) and total fluences were of the order of 100 ions per pm™.

The HOPG samples were cleaved by adhesive conducting tape in
order to expose atomically flat terraces necessary for the

subsequent AFM/STM analysis.

After SHCI irradiation the samples were transferred in air to an
AFM for imaging of the impact sites. They were then transported
to an annealing furnace and annealed in a hydrogen atmosphere at
650 °C for 40 min. Subsequent imaging analysis and conductivity
measurements were performed usng AFM and STM after
annealing. The analysis of the defects was complemented by
micro-Raman spectroscopy in order to assess the implantation
damage before and after annealing and to characterise the nature of

the induced nanostructures.



Morphological studies of the surface nanostructures at the ion
Impact sites were carried out using a di-Dimension 3100 and a di-
CPIl Veeco AFM/STM instrument. AFM imaging was performed
In non-contact mode while STM imaging was performed using a

S um scanney.

1. Results and discussion

Non-contact AFM analysis shows the formation of nanometre-
sized surface structures embedded in HOPG upon single, highly-
charged ion impacts. These nanostructures are formed for all types
and charge states of ions used. A typical image of such nano-dots

iIsshowninFig. 1.



Figurel. Non-contact mode AFM image of nano-scale surface

defects on HOPG bombarded with Sh 18+- ions.

The density of these nano-dots correlates well with the estimated
ion fluence used during exposure of the order of 100 ions/um?. The
area surrounding the nano-dot has remained unaffected by the
impinging ions. A significant number of these nano-structures
were inspected in terms of their physical size as a function of
charge state used. As these nano-structures result from the large

surface deposition of the potential energy that the ions carry rather



than their kinetic energy’’ the observed variation in size correlates

well with the charge states used as shown in Fig. 2.
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Figure 2. Size of surface nano-defect with respect to ion and

charge state used.

First-order Raman analysis of the HOPG surface before annealing
shows the 1580 cm™ typical G-line. Normally one would expect to
see also the 1354 cm™ D-line due to lattice deformation and point
defects due to the exposure. In previous studies by Tona et al.>*
the relation of the intensity ratio between the two Raman peaks and
the potential energy of the projectile was established and used to

assess the effect of charge states on the induced surface damage. In



the present investigation the ion fluence is few orders of magnitude
less than the one used by Tona et al. The radiation damage
therefore is small and non-observable by Raman spectroscopy.
The Raman shift for diamond is 1331 cm™. This is very close to
the Raman D-line. Given that the average fluence used during
irradiations is of the order of 100 ions/um® and taking into
consideration the small size of the nanostructures observed, any
electronic surface modification due to transitions from sp” to sp®
hybridisation would generate a Raman signal that is very weak and
will fall within the shoulder of the D-line, making it amost
impossible to detect. This was the case even here where there was
no contribution by the D-line due to the extremely low damage
induced. The observation and characterisation of possible
diamond-like nanostructures is therefore only achievable by
careful AFM/STM analysis of the electronic properties of these

nanostructures.



Fig. 3 shows a topological map of surface nano-defects taken with
non-contact AFM of an exposed area to Sb™®" after annedling at

650 °C in hydrogen atmosphere.

Figure 3. Typical non-contact AFM image of surface nano-defects
induced by Sb'™®* impact after annealing at 650 °C in hydrogen

atmosphere.

|-V characteristics for a number of different impact regions
exposed to all different types and charge states of ions used were
measured by using scanning tunnelling microscopy (STM). Fig.4

shows an STM image of such nano-defects induced by Sb #*.
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After zooming into an impact region, |-V curves were obtained for
several points around and across a few identified nanostructures.
Fig. 5 shows a family of such I-V curves over a particular
nanostructure induced by Sb®*. In this manner, the evolution of

the electronic properties across one particular nanostructure is

mapped.

Figure 4. STM image of surface nanostructures induced in single-

ion impacts using Sb*".



It is apparent that dramatic modification of the electronic states has
taken place within the nanostructure area catalysed by hydrogen
upon annealing. The |-V curves taken across the nano-dot seen in
fig. 5 argue for a localised transition from sp? to sp® hybridisation

in HOPG as seen also by Meguro et al. > 1% %

working on a low
charge state regime with Ar®". It has been argued by these authors
that the large potential energy of slow Ar®"induces strong localised

electronic transitions resulting in modification of the electronic

states of the impact area.

Subsequent surface treatment either by electron injection from an
STM tip or by He-Cd laser irradiation provide a localised
transition from sp® to sp* hybridisation in HOPG, resulting in the
formation of nanoscale diamond-like structures (nanodiamond).
Here the surface treatment was achieved by annealing the sample

at 650 °C in a hydrogen atmosphere.
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Figure 5. |-V characteristics measured with STM for various points

across nano-defects and in the surrounding regions

It is well known that hydrogen plays a key role during any
diamond synthetising process by catalysing the sp® to sp°

hybridisation. Hydrogen radicals etch away any graphite forming



on a substrate, facilitating only diamond growth. Hydrogen
terminates also the surface dangling carbon bonds, stabilising in
this manner the surface and preventing it from reconstructing into

other non-diamond allotropes.

V. Conclusions

The interaction of highly-charged ions with charged states between
8" and 35" and HOPG surface results in the formation of nano-
scae surface defects. The intense highly-localised electronic
excitations result in modifications of the electronic states within
nanometre areas. Further appropriate surface treatment seems to
trigger a change from sp” to sp° hybridisation due to possible
lowering of the potential barrier for such transformation by

depleting electrons upon the highly-charged ion impacts™.

With the recently developed single-ion implantation techniques®® %

it becomes possible to form ordered arrays of nanodiamond



(nanodiamond-like) structures which could be used in many
Interesting applications. We are particularly interested in forming
such optically active nanodiamond centres to be used in quantum
Information systems for quantum cryptography or computing in

connection with the Ni-N and N-V defect centres'®.
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