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Hillock formation on ion-irradiated graphite surfaces
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Scanning probe microscopy experiments show that ion irradiation of (0001) graphite results in the formation of
isolated defects comprising of a few tens of atoms. We use molecular dynamics simulations and density-functional
theory calculations to study the formation probabilities of these defects. We identify different defect structures which
correspond to experimentally observed hillocks on graphite surfaces. We find that the predominant source of defects
are vacancies and interlayer interstitials, and identify a three-atom carbon ring defect on the graphite surface.
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I. INTRODUCTION

Many aspects of ion irradiation-induced effects on
graphite surfaces have been subject to much interest re-
cently [1-6]. Despite the extensive experimental work it
is still to some extent unclear what atomic structures and
formation mechanisms are the source of observed damage
structures.

The crystal structure of graphite is peculiar in that
the atoms are ordered in planar layers where the separa-
tion between the layers (3.35 A) is almost 2.5 times the
nearest-neighbour distance within the layers (1.42 A) [7].
Within the planar layers, the carbon atoms are ordered in
a hexagonal “honeycomb” structure. The atoms within
the layers have strong covalent sp? bonding, whereas
there is only a very weak residual bonding between the
layers.

Scanning tunneling microscopy (STM) and atomic
force microscopy (AFM) measurements of graphite sur-
faces damaged by low-dose ion irradiation have shown
that the defects formed on the surfaces can be roughly
divided in two categories: large-scale complex defects,
and small-scale defects comprising of a few tens of
atoms [5,6,8—-10]. The defects in the latter category typ-
ically appear as hillocks (bumps) in which the atomic
structure appears unmodified, but has risen 1 — 10 A
from the surroundings.

Very recently Hahn et al. have shown that vacancies
on the graphite surface can appear as surface protrusions
in STM measurements [5]. Some of the hillocks seen in
experiment are caused by impurity atoms between the
surface and second layer of atoms in graphite [5,8]. How-
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ever, hillocks occur also during self-ion-implantation [11]
and one incident atom may cause the formation of sev-
eral hillocks [6]. Thus, in many cases the formation of
hillocks involves only carbon atoms. In this paper, we
restrict ourselves to such processes.

Since STM measurements of graphite surfaces show
one protrusion in the observed electronic density per two
surface atoms, it is difficult to deduce the atomic struc-
ture based on experiment alone. Several authors have
studied graphite surface erosion processes using MD sim-
ulations. R. Smith has simulated several dynamical pro-
cesses occuring on graphite surfaces (see e.g. [12,13]), and
recently Gras-Marti et al. have studied the early stages
of hillock formation on ion-implanted graphite [14]. To
our knowledge, there has been no systematic study on
the formation probability and final structure of surface
defects.

In this paper, we use molecular dynamics (MD) simu-
lations of collision cascades to study the formation of the
small-scale defects, and ab initio calculations to study the
stability and electronic structure of these defects. We use
our recently developed enhancement of the Tersoff po-
tential to include a description of the graphite interlayer
forces in the simulations [15]. We collect representative
statistics from MD simulations of collision cascades to
obtain a quantitative view of the defect formation pro-
cesses.

II. PRINCIPLES OF THE CALCULATIONS

Molecular dynamics simulations offer a powerful tool
for understanding dynamical processes in materials.
Since our objective is to obtain representative statistics
from simulations of systems involving several thousands
of atoms, quantum or tight binding MD methods [1] are
computationally too intensive to suit our purposes.



In classical MD simulations, it is essential to use a re-
alistic interatomic potential. We have recently developed
an interatomic potential for carbon based on the Tersoff
potential formulation [16,17]. Our potential essentially
adds a long-range weak interaction which treats the inter-
plane interactions in graphite, and a repulsive potential
obtained from ab initio calculations to the well-known
Tersoff potential. The long-range potential has its onset
at r values larger than the Tersoff potential high-end cut-
off, and the short range potential is fitted to the Tersoff
potential using a Fermi function in the repulsive poten-
tial region. Therefore, the total potential describes ade-
quately both the long-range interlayer forces in graphite
and the repulsive part of the potential, while it retains
the good description of ordinary short-range bonding in
carbon given by the Tersoff potential. The functional
form of our potential is given in Ref. [15].

In our MD simulations, we use the microcanonical for-
malism and the Smith-Harrison algorithm for the solu-
tion of the equations of the motion [18]. A combined
linked cell-method and Verlet neighbour list is used for
finding neighbouring atoms [19]. To reduce the size of
the neighbour lists and the calculation time, we use dif-
ferent neighbour lists for the short range Tersoff potential
interactions and the long-range graphite interactions of
our potential. Since simulations of collision cascades in-
volve drastic changes in the velocities of the atoms, we
use a variable time step scheme to speed up the simula-
tions [20].

The ZBL electronic stopping power [21] is used to treat
the inelastic energy loss of all atoms with an energy
higher than thermal energies. The simulation cell con-
sists of 2000 - 3000 atoms arranged so that the parts of
the collision cascade affecting the surface are contained
within the cell borders. The temperature of the atoms
near the cell border is scaled down to 300 K during the
simulation to dissipate kinetic energy out of the simu-
lation cell. Periodic boundary conditions are employed
in the x and y directions to model interactions over the
simulation cell borders. In the z direction, the upper
boundary condition is left open to model the graphite
surface. Since the interactions between graphite planes
are weak, and we are interested in phenomena occuring
on the surface or between the first and second graphite
layer, we found that six graphite layers in the z direc-
tion were enough for the simulations. The atoms in the
lowest-level graphite layer are held fixed to model the
interlayer interaction from bulk graphite.

At least two hundred recoil events were simulated for
each type of initial recoil condition to obtain represen-
tative statistics of the defect formation processes. To
obtain the equilibrium atomic configuration, the temper-
ature of the simulation cell was quenched down to 0 K
after the collision cascade had thermalized. We verified
that the defect types produced in the simulations are
stable for at least 3000 fs after the thermalization of the

collision cascade and that the quench does not change
the defect structure.

In the simulations, in the
graphite planes with amplitudes of the order of 0.5 — 1
A were frequently seen to result from the collision pro-
The oscillations continued throughout the pi-
cosecond time scale used in the simulations. Since the
forces in the z direction are very weak, the quench was
not able to remove all the buckling within a reasonable
simulation time.

The defects produced were identified using a separate
computer code to analyze the final atomic structure af-
ter the quench. The analysis criteria were determined so
that the computer analysis yielded the same conclusions
as were obtained by inspection of the atomic structure
obtained from the simulations. Vacancies were identified
by searching for nearby graphite atoms within the top
plane with less than three bonds (the number of bonds
for atoms in undamaged graphite). Interlayer interstitial
atoms were identified as atoms with neighbours not far
below and above the atom (due to residual buckling of
the layers after the quench, a straightforward analysis of
the z coordinate would not be adequate in all cases). In
many cases, interstitial atoms formed a tetrahedral bond
structure with atoms in the layer above or below. How-
ever, it is well known from experiment that the migration
energy for interstitials is very low [22], so we classified the
tetrahedral structure as a (mobile) interstitial atom. D3
defects (see below) were identified by looking for two-
foldly bonded atoms in the top layer of atoms, where the
angle between the bond directions was close to 180° when
projected on the zy plane.

To study the effect of low-energy ion-implantation on
defect production, we simulated 100 eV - 3 keV carbon
recoils incident on the (0001) graphite surface, aligned
65° from the [0001] axis towards the [0010] axis (cases 1
— 3 in Table T). To study defects formed by secondary
recoils in high energy implantations (cf. e.g. Ref. [6]), we
simulated secondary recoils with energies 100 eV - 3 keV.
These were modeled by placing an extra atom between
the third and fourth layer in graphite, and giving it an
initial direction towards the surface chosen isotropically
in the solid angle cone defined by the [0001] and [0031]
crystal directions (cases 4 — 7 in Table T). Although the
secondary recoil simulations can not be directly linked to
experiment, we believe they still give an indication of the
number of defects which may be formed by secondary re-
coils during high-energy implantation at small angles [6].

STM and AFM measurements do not directly measure
the atomic structure, but rather the partial electron den-
sity of the uppermost valence electron levels (STM) and
the total electron density (AFM) [5]. Therefore, it is de-
sirable to know the electronic structure of surface defects
to do a comparison with experiment [23-25].

To study the stability and electronic structures of the
defect types we performed DFT/LDA [26] calculations
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using the plane-wave pseudopotential method. Princi-
pally we employed the Vanderbilt ultra-soft pseudopo-
tentials [27] which provide an efficient way to describe
the sharp 2p wavefunctions of the first-row elements. In
the case of carbon, a 20 Ry kinetic energy cut-off was
found to give well converged results. Supercells contain-
ing up to 51 atoms were applied and full atomic relax-
ations were allowed. As many vacuum layers as occu-
pied atom layers in the c-axis direction were employed
for surface description. For k-point sampling we used

the T-point. Test calculations with special k-points [28],
different supercell sizes and norm-conserving pseudopo-
tentials [29] were performed to ensure the reliability of
our results.

FIG. 1. The total valence electron density associated with a
monovacancy (a) and a divacancy (b) in the top-most graphite
layer viewed from above. The constant-value surface corre-
sponds to a valence electron density of 0.02e/bohr®. The
atoms are superimposed on the electron density surface for
clarity.

III. RESULTS AND DISCUSSION

From our MD simulations we identified three main
types of surface defects occuring in statistically signif-

icant number. These were surface vacancies, interplane
interstitials below the surface layer and D3 defects. These
defect structure types accounted for more than 99 % of
all defects produced.

For mono-vacancies, our ab initio calculations revealed
that no considerable change in the total valence electron
density is connected to the missing atom site (Fig. 1
(a)) when compared with the ideal structure. However,
we found that the partial charge density which originates
from the states close to the Fermi energy is enhanced at
the atoms surrounding the vacancy. These results are in
a good agreement with those of Hahn et al. [5], who state
that vacancies are not observable by AFM but appear as
protrusions in STM. We also investigated the electronic
structure of divacancies. Fig. 1 (b) shows that the total
valence electron density above a divacancy is consider-
ably reduced, which is in clear contrast with the case of a
mono-vacancy in Fig. 1 (a). However, it is apparent from
the measurements by Hahn et al. [5] that AFM cannot
directly detect even larger vacancies despite the notable
changes in the total valence electron density, which sup-
ports the low sensitivity of AFM in imaging atomic-scale
defects on graphite.

The carbon single interstitial between planes is mo-
bile at room temperature [22] and can therefore not be
the source of hillocks. However, single interstitials may
migrate to form dimers and clusters between the layers
[30], which may be the source of some of the hillocks. In-
terstitials do not annihilate with vacancies in significant
numbers at room temperature [22,30]. Using our inter-
atomic potential we found that an interlayer dimer and
trimer produce relatively low and broad hillocks, with
atomic heights of 0.7 A and 1.0 A, and volumes corre-
sponding to roughly 5 and 14 atomic volumes, respec-
tively. Computer capacity limitations prevented us from
studying interstitials using ab initio methods.

Since defect migration occurs on relatively long time
scales, the formation of clusters can not be simulated us-
ing molecular dynamics simulations. However, an upper
bound for their number can be obtained by dividing the
number of single interstitials by two.

In addition to vacancies and interstitials, we also found
a surface defect where an extra atom has entered the top
layer. When seen from above, it appears as two carbon
rings with seven atoms, while from the side its center ap-
pears as a triangle formed by three carbon atoms (Fig.
2). We label this defect type “D3”. The middle atom is
about 2 A higher than the undisturbed lattice, and its
neighbouring atoms have risen significantly from the sur-
rounding. The triangle is nearly equilateral, with lengths
1.49 A for the upward bonds and 1.56 A for the horizontal
bond.

The D3 structure could be considered a form of buck-
led carbon occuring fully within a graphite layer, hav-
ing some similarity with the “bowl” structure discussed
in Ref. [31]. Also, it bears an interesting likeness to the



three-atom rings which have very recently been suggested
to have a significant role in the structure of amorphous
carbon [32], and also seen in studies of the formation of

fullerenes [33].

The ab initio calculations also indicated that the D3
defect structure is stable and gave a binding energy of
-3 eV and a formation energy of 7 ¢V for it (by compar-
ison, the Tersoff potential gave an about 1 eV lower for-
mation energy). Inspection of collision cascades showed
that the structure can be formed by a single low-energy
(E ~ 50 eV) recoil atom incident on the surface layer
from below, displacing an atom in a graphite ring which
then enters an interstitial site [34]. Due to the relatively
high formation energy and the necessity for an extra atom

FIG. 2. Atomic and electronic structure of the D3 defect
identified in our simulations. The constant-value surface cor-
responds to a valence electron density of 0.02e/bohr®. To
provide a clear view of the atomic structure, the electron den-
sity has been raised in the figure. The inset shows the defect
viewed from above the graphite (1000) surface.

to break into the very stable graphite layers, we think
the formation of the D3 defect requires the presence of
strongly non-equilibrium conditions like those in collision
cascades.

Both the valence electron density and the partial
charge density of the uppermost occupied orbital have
strong maxima above the top atom in the defect (Fig. 2),
which indicates that the structure appears as a hillock
in AFM and STM measurements, with a height of at
least 2 A.

We tested the stability of the D3 defect by simulating
a cell containing 1441 atoms including one D3 defect at
different temperatures. We found that up to a tempera-
ture of 5000 K the defect remained stable at least for 10
ps (the potential underestimates the melting temperature
of graphite). Considering that the probability of defect
migration or breakup usually reduces as the exponential
of the inverse of the temperature, it seems quite possible
the defect is stable for long time periods at room tem-
perature. However, since the top atom carbon atom in
the D3 defect has only two bonds, we think it is possible
it will react chemically if placed in an atmosphere con-

taining reactive atoms (however, we have not attempted
any analysis of the probability of such processes).

In Table T we present formation probabilities obtained
for the defect types presented above. Note that the fig-
ures given in the table are the average number of a certain
type of defect produced by one ion, not the formation
probability relative to the total number of defects. From
the Table, we see that in case of incident recoils vacancies
and single interstitials occur in roughly equal numbers.
Taking into account that single interstitials must form
clusters to produce visible hillocks at room temperature,
we see that vacancies are the dominant source of hillocks
in low-energy ion implantation. The D3 defects account

for 0 — 3 % of the observable defects.

TABLE I. Average number of different types of defects pro-
duced on the graphite surface by one recoil atom. Cases 1 —
3 denote implantation of a recoil incident on graphite, cases
4 — 7 secondary recoils. N denotes the number of events sim-
ulated. SV denotes single vacancies in the graphite surface
layer, CV di-, tri-, etc. vacancies and groups of nearby single
vacancies and Sl single interstitial atoms between the surface
and second layer.

Implantation case N Defects/recoil atom

SV (6% S1 D3
1. 300 eV inc. 264 0.62 0.15 0.55 0.0
2. 1 keV inc. 255 0.43 0.54 1.14 0.02
3. 3 keV inc. 220 0.63 0.30 0.96 0.04
4. 100 eV sec. 204 0.0 0.0 0.61 0.005
5. 300 eV sec. 309 0.31 0.06 0.74 0.06
6. 1 keV sec. 240 0.46 0.17 0.56 0.02
7. 3 keV sec. 201 0.29 0.11 0.31 0.005

Secondary recoils (cases 4 — 7 in the Table) form sig-
nificantly more single than complex vacancies at all en-
ergies. The lower energy secondary recoils (cases 4 and
5) are likely to be stopped within the graphite lattice,
and therefore form more interstitial atoms, whereas the
higher energy secondary recoils form more vacancies.
Again, taking interstitial clustering into account, we see
that vacancies are the dominant source of defects. Sec-
ondary recoils with energies of a few hundred eV (oc-
curing frequently in cascades formed during high-energy
ion implantation) also have a significant contribution of
D3 defects. We emphasize that due to the relatively
low statistics and the fact that our interatomic poten-
tial slightly underestimates the formation energy of the
D3 defect, the figures for the formation probabilities of
the D3 defect have some degree of uncertainty.

IV. CONCLUSIONS

We have studied the formation mechanisms and struc-
tures of different types of defects and discussed their cor-
respondence to experimental STM and AFM results. We



found that the predominant source of small-scale hillocks
seen in STM measurements are single and complex vacan-
cies and that at most half of the defects may be formed by
interstitial atom clusters. We further identified a surface
defect in which an extra atom has entered the surface
layer which we suggest may be the source of some of the
hillocks seen in experiment.
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