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An STM and atomic force microscopy study
of the effects of 1.8 MeV electron bombardment
on the surface of graphite
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Highly oriented pyrolitic graphite was irradiated with 1.8 MeV electrons at 45° and
near-grazing (86°) angles of incidence. For doses up to 10" cm ~ 2 electrons the surface of the
samples subjected to 45° incidence, observed by both STM and atomic force microscopy
(AFM) remained the same as the original sample showing only the usual periodic atomic
corrugation, with an atomic spacing of 0.246 nm. For near-grazing incidence, at a dose of
5 x 10'2cm ~? electrons, features of nanometre size are observed, some elongated along the
direction of the beam incidence. These are attributed to the effects of single electron-carbon
interactions in the top surface layers. At a dose of 5 x 10"*cm ~ 2 electrons (near grazing
incidence) both STM and AFM observations show an anomalously large (period 2.5-17 nm)
superperiodicity superimposed on the normal 0.246 nm atomic spacing of graphite. This
Moiré-like pattern suggests that the corrugations are electronic as well as topographic in
origin. We propose that near-grazing incidence electron irradiation causes break-up of the
surface layers into fragments, largely retaining six-fold atomic rings, that rotate by a small
angle resulting in the observed pattern due to interaction with deeper bulk-structure layers.

© 1998 Kluwer Academic Publishers

1. Introduction

The understanding of particle—solid interactions has
arrived at the atomic-scale level with the advent of
scanning probe microscopy (SPM). Highly oriented
pyrolytic graphite (HOPG) is most often chosen be-
cause of its inertness in air and the ease with which it
can be cleaved to obtain atomic resolution. The effects
of ion bombardment on a HOPG surface, especially
single ion impacts, have been extensively studied
[1-18]. No matter what ion species are used at ener-
gies from 50eV to 3GeV and different angles of
incidence, nanometre-sized bumps (or hillocks, pro-
trusions, blisters, etc.) are generally observed and are
attributed to defects created by atomic displacements.
The appearance of these nanometre-sized bumps was
considered as the initial stage of volume expansion by
high dose ion implantation [19]. However, there is
still some controversy regarding the origin of the
nanometre-sized structures. The effects of electron
bombardment on a solid surface following SEPM
analysis have never been reported to our knowledge,
since electrons have much lighter mass and much
deeper penetration into target materials than ions.
Therefore, structural and microstructural changes ac-
companying electron irradiation usually occur well
away from the surface. In this experiment, high energy
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electrons at near grazing angle of incidence were used
to bombard HOPG, and the effects of electron bom-
bardment at the surface are observed using SPM.

2. Experimental procedure

Each sample (5% 5x 1mm) of HOPG (supplied by
NT-MDT Corp. Moscow; ZYB quality standard) was
checked by STM before irradiation. All showed
atomically flat surfaces with the usual periodic atomic
corrugation, with an atomic spacing of 0.246 nm. The
1.8 MeV electron bombardment was conducted by the
scanning method at room temperature (10°C) on an
electrostatic accelerator (type: JJ-2). A low beam cur-
rent (<0.1pA or 1.6x 102 cm ™ 2?s™ ') was used to
avoid raising of the temperature, which is estimated to
be less than 1°C. The different doses and angles of
incidence (relative to the surface normal) used for each
sample are shown in Table I. STM and atomic force
microscopy (AFM) observations were made in air at
ambient temperature with a Nanoscope III SPM sys-
tem (Digital Instruments, Santa Barbara, CA). The
STM, with scanning head A, was operated in both
constant height mode (current mode) and constant
current mode (height mode). Mechanically cut Pt-Ir
wires were used for the STM tip. The tip bias and
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TABLE I Doses and angles of incidence applied to samples

Samples Angles of incidence Doses (¢~ cm ™ ?)
(deg)

A 86 5x10'2

B 86 5x10'*

C 45 5x 102

D 45 10°

tunnelling setpoint were 50-80mV and 1.2-2.0nA,
respectively. Both piezo heads J and A, with a stan-
dard Si;N, cantilever, were used for AFM observa-
tions. The AFM was operated in constant contact
force mode (height mode) for a large scan size and
both height and deflection modes for the small scan
size, with the force set at 10nN.

3. Results

Typical STM images for samples C (irradiated with
5x10"2e¢ " cm™? at 45°) and D (irradiated with
10'%e” cm ™2 at 45°) are shown in Fig. 1. Large-scan
topography (Fig. 1a) shows some flat steps, which can
range from a single graphite monolayer to several
layers high. At higher magnification (Fig. 1b), atomic
resolution is obtained. The appearance was the same
as for the original surface: only every other surface
carbon atom appears as a protrusion in the STM
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Figure 1 Typical STM image for samples C and D. (a) Height mode
large-scan size (198 x 198 nm?). Z range: 2nm, setpoint: 1.47nA;
bias 65.22 mV; scan rate: 3.82 Hz. The steps are monolayer high. (b)
Height mode small-scan size (4 x4nm?). Z range: 1 nm; setpoint:
1.24nA; bias: 64.53 mV; scan rate: 122 Hz. The periodicity of atomic
lattice is 0.246 nm with corrugation of 0.08 nm.
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image with a periodicity of 0.246 + 0.02nm and a cor-
rugation of 0.08-0.12nm. The AFM observations are
in good agreement with the STM results.

For sample A (irradiated with 5x 10'?¢” cm ™2 at
86°), defects of nanometre scale features are found at
some locations, as shown in Fig. 2. The areas in Fig.
2a—-d represent 87 x 87, 100x 100, 50x50 and
91 x 91 nm, respectively. The height mode STM im-
ages show hillocks of irregular shape on originally flat
surfaces. The height of these hillocks is measured to be
0.2-0.8 nm, with the size ranging from 10 to 600 nm?.
Fig. 2d shows a chain of hillocks, which is about 97 nm
long, along the direction of beam incidence. The cur-
rent mode STM image in Fig. 3 clearly shows that the
hillocks are seperated by flat terraces on which normal
atomic resolution can be obtained. The graphite lat-
tice appears distorted in the immediate region of the
hillocks, with graphite lattice around the hillocks be-
ing unperturbed. While these defects can be found at
some locations, STM observations at other places
show no such features, showing only flat terraces sim-
ilar to Fig. 1. This means the possibility of observing
such defects (every three out of 200 locations showing
nanometre-size bumps) is much lower than the density
of electrons into the surface, which is the dose
(5% 10'*e~ cm~?) divided by a factor of (cos 86°) ~ .

For sample B (irradiated with 5x 10'*e” cm ™~ ? at
86°), large-scale periodic features, like two-dimen-
sional waves or rotational Moiré patterns, were ob-
served by STM as shown in Figs 4 and 5. In Fig. 4a,
a smooth graphite terrace is seen at the top right-hand
corner, while patches of waves can also be seen. Sev-
eral scans with different offsets were used to determine
that the wave field of this wave structure was nearly
600nm in maximum dimension. Fig. 4b—d shows
a higher magnification of a part of the same region as
in Fig. 4a. By using Fast Fourier Transform (FFT)
analysis, the spacings of the wave pattern are 5.2, 3.7
and 5.9 nm along the three main directions (axes) and
the angles between the axes are 103, 123 and 134°,
therefore the pattern is approximately hexagonal ar-
rangement but with some distortion. The corrugation
is measured to be 0.4nm, five times larger than the
amplitude of the normal atomic corrugation. The cur-
rent mode STM images in Fig. 4c, d, show large-scale
periodicity as well as graphite atomic features. Further
inspection of Fig. 4c, d reveals that there is an orienta-
tional difference between the atomic lattice and the
wave lattice. Atomic lattice images and larger scale
wave images were used together to determine this
difference and it was found to be 27 + 3°. The angle
between the unit cell directions of the atomic lattice
and wave lattice (Moiré relative to graphite fringes)
was measured to be 91.6°, therefore the misorientation
angle between the graphite lattices of spacing 0.246 nm
is 3.2°.

Fig. 5 shows height mode STM images of another
large-scale periodic wave feature at different magnifi-
cations. Fig. 5a shows a patch of waves (300nm in
maximum dimension) between two smooth graphite
terraces. The boundary of the two-dimensional region
at the bottom left-hand corner is sharp, while the
boundary at the other side exhibits extra structure on
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Figure 2 Height mode STM images for sample A. Z range: 1 nm; setpoint: 1.81 nA; bias: 56.63mV. (a) 87 x 87 nm? (2.11 Hz) (b) 100 x 100 nm?
(4.07 Hz) (c) 50 x 50nm? (1.81 Hz), (d). 91 x 91 nm? (3.05 Hz). The heights and areas of the hillocks are 0.2-0.8 and 10-600 nm?. The values in

parentheses are scan rates.
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Figure 3 A current mode STM image (8 x 8nm?) for sample A.
Z range: 1 nm; setpoint: 1.81 nA; bias 56.63 mV; scan rate: 61 Hz.

individual wave peaks. FFT analysis gives the main
spacings of 8.5, 7.9 and 9.8 nm, and angles between the
axes of 115, 121 and 124°. It also has an approximately
hexagonal symmetry. Following the methods used
above, the orientational difference between the atomic
lattice and the wave lattice is measured to be 25 + 2°,
while the misorientation angle between the graphite
atomic lattices is measured to be 2°. At the highest
magnification (Fig. 5d), the usual graphite atomic cor-
rugation (0.05nm) is seen, as well as the anomalous
contrast (0.38 nm).

These features are also observed in other regions of
sample B, though not in all regions (some only show

flat terraces as in Fig. 1). By measuring eight such
wave features (150-600nm in maximum dimension,
with the amplitude of the giant corrugation of
0.1-0.5nm), the superperiodicity ranges from 2.5 to
17 nm with rotational misorientation angles of 0.6-5°.
This means that the wave features at different loca-
tions are different and therefore the irradiated graph-
ite surface is not uniform. In an attempt to
corroborate these results, three additional experi-
ments were conducted.

The experimental parameters, such as bias, setpoint,
number of pixels, etc., were changed intentionally dur-
ing STM observation. It was found that wave features
images were observable with a setpoint ranging from
80 pA to 3 nA and with both negative and positive bias
over the range — 500 to + 500mV, and the contrast
was insensitive to the bias polarity. Images with
128 x 128,256 x 256 and 512 x 512 pixels showed the
same features, which meant that the large super-
periodicity was not due to periodic sampling of the
graphite atomic lattice. Scans at 27 random locations
were completed on the surface of sample B, three
locations showed wave features. We cannot estimate
the percentage of the coverage of the wave features
among the whole area of the surface due to the limita-
tion of the scan dimension.

Both AFM and scanning electron microscopy
(SEM) are also used to observe these features. Gener-
ally it is more difficult for AFM to measure the
superiodicity. Fig. 6a shows a large scan (1 x 1 pum)
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Figure 4 STM images of one region on sample B. Setpoint: 1.04nA; bias: 51.43mV. (a) 289 x 289 nm? (height mode) Z range: 2 nm; scan rate:
2.98 HZ. Note the smooth surface on the top right-hand corner. (b) 50 x 50nm? (height mode). Z range: 2nm; scan rate: 7.18 Hz. (c)
15 x 15nm? (current mode). Z range: 1 nA; scan rate: 40.69 Hz. (d) 8 x 8 nm? (current mode). Z range: 1 nA; scan rate: 61 Hz.
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Figure 5 Height mode STM images of another region on sample B. Z range: 2 nm; scan rate: 1.81 nA; bias: 56.63mV. (a) 200 x 200 nm?
(1.65Hz). (b) 60 x 60 nm? (1.88 Hz). (c) 20 x 20 nm? (4.69 Hz). (d) 10 x 10nm? (5.81 Hz). The values in parentheses are scan rates.
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Figure 6 AFM images for sample B. Setpoint: —5V. (a)

1000 x 1000 nm? (height mode) with scan head J Z range: 4 nm; scan
rate; 1.06 Hz. (b) 90 x 90 nm? (height mode) with scan head A scan
rate: 6.14Hz. (c) 3 x3nm? (deflection mode) with scan head A:
Z 0.5nm; scan rate: 40.69 Hz. Note the brightness contrast of the
wave peaks and valleys.

AFM image. There seems to be a two-dimensional
wave feature in the right-hand part of this figure,
though it is not very clear. Fig. 6b shows rows of lines
with a periodicity of 2.6 nm. The deflection mode was
used to obtain an AFM image with the highest magni-
fication (of part of the same region as in Fig. 6b) as
shown in Fig. 6¢. The corrugation of the waves is very
small, so that the wave peaks are seen as brighter areas
with wave valleys as darker areas. The graphite atomic
lattice can also be seen, with the amplitude of the
corrugation larger than that of the anomalous wave
contrast. This is similar to the charge density wave
(CDW) pattern on tantalum disulfide (1T-T,S,),
which shows larger contrast than the atomic corruga-
tion for STM observations and vice versa for AFM
observations [20,21]. No such features were found by

SEM possibly because of the limitation of the SEM’s
vertical resolution.

4. Discussion

In comparison with ion bombardment, the electron
penetrates the target much more deeply due to the
very low mass. For simplicity, the average range, R, of
1.8 MeV electrons (at a normal incident angle) is cal-
culated by the following empirical formula [22]

R =0.542E, — 0.133 =0.542 x 1.8 — 0.133
=0.8426gcm ™2 = 0.32cm

while the density for graphite is 2.62 gecm™ . The
effects of electrons are in the bulk. That is the reason
why the graphite surface remained the same as the
original atomic lattice for electron irradiation with
doses up to 10'°e"cm™? at incident angle of 45°
(samples C and D).

At grazing incidence, interaction of the electrons
with the target is in the near-surface region. The max-
imum energy, T ..., transferred by an electron to a car-
bon atom is given by simple calculation [23]

T ax = 2EJ(E, + 2m.c?)/M .c*
=2x1.8MeV(1.8 MeV + 2 x0.511 MeV)/
(12x 1836 x0.511 MeV) =0.9KeV,

which is high enough to displace the lattice atoms. At
a low dose of 5x10'?e” cm™? the area density of
electrons arriving at the tilted surface should be re-
duced by 1/cos(86°) = 14.3, a single electron—carbon
interaction is proposed to be the mechanism that
produces some vacancies and interstitials in the layers
just below the surface, in a way similar to single ion
impacts [ 1-18]. At room temperature (approximately
300 K), vacancy migration and agglomeration does
not occur, while interstitial carbon atoms in the undis-
turbed HOPG are mobile and tend to migrate in the
region between the close packed planes to form clus-
ters between the planes, therefore forming nanometre-
scale hillocks in the surface planes as observed for
sample A. The difference from single ion impacts is
that the density of the nanometre-size features is much
less than that of electrons arriving at the surface,
unlike the case for ion bombardment. This difference
can be attributed to the fact that there is a lower
probability of collision resulting in atomic displace-
ments close to the surface in the case of electron
bombardment. The “pearl-necklace” effect (the chain
of hillocks in Fig. 2d) appears to be due to a cascade
generated by a primary knock-on carbon atom cre-
ating a row of interstitials immediately below the
surface layer.

For the high dose of 5x 10'*¢ "cm ™2 (near grazing
incidence), it was amazing for us at first to observe the
anomalously large superperiodicity (or two-dimen-
sional wave) superimposed on the normal atomic
spacing of graphite, which is surprisingly similar to the
features reported for cleaved HOPG surfaces [24, 25].
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It has been suggested [24,25] that the observed super-
periodicity is a rotational Moiré pattern due to the
presence of a misoriented layer. These features were
found by chance and no explanation of their origin
was put forward. In our experiment, these features are
observed for a HOPG surface modified by 1.8 MeV
electron irradiation with a dose of 5x 10'*e ™ cm ™2 at
86 ° incidence. Before irradiation, this sample (B) to-
gether with the others (A, C and D) was checked and
showed no such features. These features only appeared
after irradiation for sample B (and not for any of the
others). As in [24], the expression

D = d/(2sin6/2)

where (D is the period of a rotational Moiré¢ pattern,
and d the spacing of the misoriented lattices) was used
here to calculate the misorientation angle, 6. It was
found that the theoretical estimates are consistent
with the results in our experiment reasonably well. We
believe that these features are also Moiré patterns as
suggested by [24], and are due to the effects of elec-
tron bombardment at grazing incident angle. As dis-
cussed above, for 5x 1012 ¢~ cm ™2 at 86°, defects of
nanometre-size hillocks are formed by interstitial car-
bon atoms due to single electron—carbon interaction.
At the higher dose of 5x10'* ¢~ cm™2 (100 times
higher than the former) at 86°, the structures and
microstructures of the graphite surface are expected to
evolve under irradiation. Transmission electron
microscope (TEM) studies [26, 27] for electron irra-
diated HOPG [300KeV, up to five displacements per
atom (d.p.a.) or 5.5x10%* ¢~ cm ™ 2] have shown the
absence of long-range order in the basal plane, with
lattice fringes broken to small segments of 0.5-5nm in
length. It has been proposed [26, 27] that the inter-
stitial atoms and clusters produced by electron ir-
radiation fracture the lattice into fragments that
readily rotate by a small angle from their original
plane orientation due to weak van de Waals’ interac-
tion between graphite layers. In our experiment with
much lower dose, the fragmentation should be minor,
which means the dimension of the fragments from the
break-up of the surface layers is larger (up to hundreds
of nanometres) and the fragments largely retain six-
fold atomic rings. We suggest that the overlay between
misoriented fragments of surface layers and the
underlying single crystal results in the Moiré-like
superperiodicity observed in our experiment. In the
meantime, this experiment seems to verify the hypoth-
esis of the presence of misoriented layers in [24, 25].
Structural changes at the boundary are attributed to
valence electrons from the broken carbon-carbon
bonds at the edges of fragments.

It is still plausible to explain the non-uniformity of
the wave features compared with irradiation using the
scanning method. This is possibly due to the rough
topography of the graphite surface, with high steps on
a large-scale size, and the non-uniformity of the ir-
radiation at gazing incident angle.

AFM observations also show these features with
a lower amplitude of corrugation. It seems that the
superperiodicity is both electronic and topographic in
origin, with the former of more importance.
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5. Conclusions

HOPG surfaces irradiated by 1.8 MeV electrons have
been observed using SPM. For doses up to
10'%e~ cm™2 at 45° incident angle, the surfaces re-
mained the same as the original samples, showing flat
terraces on a large scale and normal atomic lattices
with periodicity of 0.246 nm at highest magnification.
It is supposed that the evolution of structures and
microstructures under irradiation are in the bulk
sample and therefore hardly observed on the surface.
For near-grazing incidence with a dose of 5x 1012
e~ cm ™ 2, nanometre-size hillocks are observed, some
elongated along the direction of the incidence beam.
These are attributed to the effects of single elec-
tron—carbon interactions in the top surface layers. At
a dose of 5x 10 e cm™? (at the grazing incident
angle,) both STM and AFM observations show an
anomalously large (period 2.5-17 nm) superperiodic-
ity (an approximately hexagonal two-dimensional
wave) superimposed on the usual 0.246nm atomic
spacing of graphite. The Morié-like pattern with
a rotational misorientation angle of 0.6-5° suggests
the corrugations are electronic as well as topographic
in origin. We propose that near grazing incident elec-
tron bombardment with a dose of 5x 10'*e” cm™?
causes break-up of the surface layers into fragments
(hundreds of nanometres in dimension), largely retain-
ing six-fold atomic rings, that rotate by a small angle
resulting in the observed features, by overlaying with
the underlying single crystal layers. Other properties,
such as the valance electrons from the broken car-
bon—carbon bonds at edges, account for the observa-
tion of considerable distortions. Further systematic
studies on electron—neutron—proton irradiated HOPG
surfaces are underway.
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