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Abstract: The erosion of highly-ordered pyrolytic graphite (HOPG) caused by exposure to hyperthermal
atomic O3 P) atoms was explored. Profilometry has revealed that the overall erosion yield is linear with
respect to increasing atomic oxygen exposure at a constant sample temperature of 373 K. Atomic force
microscopy (AFM) was employed to image the eroded material that contains numerous nanoscale to mi-
croscale cylindrical etch pits. As there is also alinear relationship between the etch pit diameter and atomic
oxygen fluence, it is proposed that the largest cylinders are nucleated at or near the topmost sheet of the
original graphite material. There is a large distribution of depths for cylinders of a chosen diameter. This
suggests that the chemical and physical nature of the nucleation event plays a key role in the final depth
of the etch pit.
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1. INTRODUCTION

Carbon-based materials, such as organic thin films, polymers, and carbon-fibre-reinforced
composites, are commonly utilized on spacecraft because of their low weight and desirable
chemical and mechanical properties. In the low-Earth orbital environment, hyperthermal
collisions between O(*P) atoms and spacecraft, either alone or in combination with
vacuum ultraviolet (VUV) light and charged particles, frequently produce chemical and
physical changes in these materials that result in erosion and degradation [1]. Atomic
oxygen dominates the rarefied atmosphere at ~200 to ~700 km where, a combination
of impact velocity and O-atom density yields a fluence of approximately 10> O atoms
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cm~2 s~'on the ram surfaces of spacecraft. The relative velocity between the spacecraft

and ambient O atoms leads to collisions that are equivalent to O atoms with mean collision
energy of ~4.5 eV striking the ram surfaces [2].

A predictive understanding of the fundamental chemical reactivity and dynamics
behind hyperthermal (0.1-20 eV) collisions of gaseous species with organic surfaces is
needed in order to assess the long-term behaviour of current materials in LEO and to design
more durable materials for use on future spacecraft. Highly-ordered pyrolytic graphite
(HOPG) is a useful model surface to begin this kind of investigation. HOPG has a well-
defined structure and may be simply described as a collection of compressed sheets of
basal-plane carbon [3].

The reactivity of HOPG with O, and/or air has been investigated by several research
groups [4]. Pristine and defected HOPG are nearly unreactive to O, at room temperature.
Upon heating the sample to temperatures greater than 775 K, O, reacts only at the defect
sites to create single and multilayer erosion pits with diameters on the order of 1-200 nm
[5]. Using an Ar* or Cs* ion beam, defect arrays may be intentionally created [6] that can
be used as templates for micro- and nanostructure design [7].

The chemical reactivity of HOPG in LEO is apparently much higher than in an O,
environment. Ngo and coworkers have reported images of a highly eroded graphite surface
after exposure to a low-Earth orbit chemical environment for an estimated fluence of 2.3
x 10%° atoms cm~2 [8]. Several ‘hillocks’ of varying size and shape have been observed
with an average RMS roughness for a7 um x 7 um area of ~85 nm. Approximately one
C atom was etched for every eight impinging O atoms (or 1.1 x 1072* cm® O atom™!).
This is roughly equivalent to one atomic layer for every 10 s in LEO at an altitude of
~300 km. The temperature of the samples was assumed to be near 300 K, although the
actual temperature of the samples was never directly measured.

Graphite erosion at these high kinetic rates appears to be directly related to both the
hyperthermal translational energy (5 eV) and the high flux of atomic oxygen impinging
upon the surface. We have undertaken a series of experiments to further explore
the complex chemical reactivity of hyperthermal atomic O(*P) with HOPG at rates
commensurate with those believed to exist in LEO. In a previous communication, the
temperature dependence of this dynamic chemistry has been reported [9]. In summary, the
erosion rate triples upon increasing sample temperature from 300 to 493 K during atomic
oxygen exposure. Furthermore, the surface morphology changes dramatically. Cylindrical
pits, spanning the nanometer to micrometer length scales, have been observed in the eroded
areas when the sample is exposed at 300 K. A very rough, matted surface has been imaged
for exposures at 493 K, similar to what was reported for the erosion of graphite in LEO.

There appear to be several key factors that play a role in the chemistry of energetic
O(3P) with HOPG. First, the reactivity of a pristine graphite layer must be considered.
Specifically, it is the rate at which a carbon atom (kpasal) is removed from an atomically
perfect graphite sheet that leads to the formation of a point defect. The carbon atoms
surrounding the defect site (kpism) may be more reactive to hyperthermal atomic oxygen
and therefore have a higher reaction rate constant. These reaction rates, both of which may
be temperature dependent, lead to the erosion of perfect HOPG. However, no material is
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perfect and many kinds of defects exist in the unreacted graphite with specific physical
and chemical characteristics. These original defects may include point sites that extend for
only one atomic layer. Line defects, dislocation boundaries, and grain boundaries could
penetrate more deeply, spanning many atomic layers into the material. All of these classes
of defects may also be buried deep within the HOPG as well, not even involved in the
surface chemistry until exposed during the erosion process. The role of these imperfections
is paramount to understanding the overall erosion chemistry of HOPG at a fundamental
level.

This article describes the nucleation and growth of large cylindrical etch-pits observed
in the eroded area of HOPG after exposure to hyperthermal atomic oxygen. Many of these
cylinders are proposed to originate at defect sites. Images collected from both atomic force
microscopy (AFM) and scanning tunnelling microscopy (STM) illustrate that the diameters
of these cylinders increase linearly as a function of exposure. The overall distribution of pit
diameters broadens with increasing exposure. In other words, several small cylinders are
observed in every image, regardless of O(*P) fluence. With the larger exposure fluences
(> 10% atoms cm™2), however, giant, micron scale pit diameters are imaged. Therefore,
it is suggested that the cylinders with the largest diameters are nucleated at or near the
top sheet of the original HOPG surface. A large distribution of pit depths for cylinders of
a specific diameter is also observed. This fact, in addition to the linearity of the overall
erosion yield, suggests that the physical and chemical nature of the nucleation event has a
marked impact on the overall morphology of the cylinders. The sites for these nucleation
events may be point defects, long-range imperfections, or pristine areas of the HOPG
surface. All of these avenues must be considered in order to fully describe the overall
reactivity of the interface.

2. EXPERIMENTAL DETAILS

These experiments were performed at two locations in order to take advantage of
complementary facilities and capabilities at these research institutions. Highly-ordered
pyrolytic graphite (HOPG) surfaces (SPI-Materials—ZYA Grade) were cleaned and then
exposed to hyperthermal O(*P) atoms at Montana State University. AFM and STM
imaging and the associated analyses were completed at The University of Chicago.

A pulsed beam containing ~5 eV O(* P) atoms and O, was directed at an HOPG surface
(1 cm x 1 cm). Before exposure, the HOPG sample was cleaved several times using Scotch
tape to yield several large terraces that did not contain any defects. This was confirmed
by atomically-resolved STM. The molecular beam source is based on the laser detonation
apparatus originally developed by Physical Sciences, Inc. A piezoelectric pulsed valve
was employed to inject a packet of O, gas (18 bars of pressure) into a water-cooled, gold-
plated copper nozzle. The dimensions, detailed design of this experimental apparatus,
and beam characterization methods have been described elsewhere [10-12]. The sample
mount, whose temperature can be controlled from 298 to 573 K, was located 40 cm from
the nozzle orifice. The sample temperature for all of the exposures reported herein is 373
K. The incident angle of the O; + O beam on the samples was a few degrees (< 5°)
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Figure 1. Overall erosion depth of HOPG plotted as a function of atomic oxygen exposure. The
sample was exposed at 373 K. The depths were measured using profilometry.

from the surface normal. Samples were generally exposed for several hours at a rate of
two pulses of OCP) atoms per second. On average, each pulse contained 1.75 x 10%°
O atoms (mean translational energy of ~5 eV) and lasted for < 100 ms. Therefore, the
estimated atomic oxygen exposure rate at this distance was ~3.5 x 10!° atoms cm™2 57!
The fluence measurements were determined by using the erosion depth of a Kapton H
standard and assuming an erosion yield for Kapton H of 3.00 x 10%* cm?® O atom™~!. The
beam diameter was large enough to encompass the entire sample mount.

An etched mesh of stainless steel was placed over the samples during the exposures in
order to facilitate measurements of step height with a profilometer and thereby determine
erosion yield. The surface morphology of the reacted HOPG was imaged using a
Topometrix Discoverer AFM/STM system. Due to the roughness of the exposed samples,
AFM rather than STM was employed most frequently in the analyses. All of the
images contained in this paper were taken at 500 dpi resolution and have been levelled
using a three-point scheme. Line scans, surface roughness, and other image analyses
were accomplished using Topometrix software. All imaging of the HOPG surfaces was
conducted at room temperature.

3. RESUITS AND DISCUSSION

The erosion rate of HOPG upon exposure to hyperthermal atomic O(*P), as measured
by profilometry, has been determined to increase as a function of sample temperature at
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a constant fluence [9]. At a sample temperature of 300 K, ~1 C atom is removed for
every 22 incident oxygen atoms (fluence = 1.8 x 102 atoms cm™2) [9]. When the sample
temperature is elevated to 493 K, ~1 C atom is etched for every eight incident O atoms
(fluence = 2.0 x 10%° atoms cm~2) [9]. This observation has been directly correlated with
an elevated surface roughness at the higher sample exposure temperature and therefore an
increased number of available prism plane sites on the graphite surface for reactivity [9].
Due to their inherent electronic structure, the prism sites have been shown to be far more
reactive to O, and atomic oxygen than the basal plane [13].

Figure 1 illustrates the erosion yield of HOPG upon exposure to the hyperthermal O-
atom beam as a function of Kapton-equivalent fluence at a constant temperature of 373 K.
The rate of reaction appears to be linear (R 2 = 0.993) for the exposure range of 9.4 x 10
to 3.6 x 10%° atoms cm~2. An exposure of 5.0 x 10'8 atoms cm~2 was also performed,
but the etching depth was not sufficient to measure with profilometry and is therefore not
included on this plot. For 373 K, the measured erosion yields correlate to ~1 C atom being
etched for every 16 incident oxygen atoms.

Numerous cylindrical pits are observed in the eroded areas, regardless of hyperthermal
atomic oxygen fluence. Images of the progression from a pristine, atomically perfect,
HOPG surface to an eroded surface containing several cylindrical pits are portrayed in
figure 2. Figure 2(a) represents an STM image of a freshly cleaved HOPG surface (10
nm x 10 nm) where the original basal plane of graphite is clearly resolved. Figures 2(b)
(2 #m x 2 ym) and 2(c) (4 #m x 4 um) are AFM images of an eroded HOPG surface after
exposure (Tyumple = 373 K) to 1.5 x 10 and 9.4 x 10*° O atoms cm™?, respectively.

Most of the pit features are cylindrical in nature. The shape is similar to that observed
for the O, chemistry of HOPG where point defects (missing C atoms) are believed to be
the nucleation sites [3]. Theoretically, oxygen is proposed to remove one C atom adjacent
to the defect, only to open more reactive sites (C atoms in the prism plane) [14]. This O,
reactivity leads to cylinders whose diameter depends upon exposure. The depths of the
cylinders span from monolayer to multilayer, are thought to depend upon the depth of the
defect, and the rest of the graphite basal plane remains pristine.

Despite the striking similarities between the shapes of the etch pits, it must be
mentioned that it has been demonstrated that HOPG, both the basal plane and defect sites,
are virtually unreactive to O, at sample temperatures below 775 K [5]. The reactivity of
HOPG with hyperthermal atomic oxygen has been previously demonstrated even at room
temperature [9]. After exposure to 2.5 x 10%° atoms cm™2, > 2 um of the original material
is completely eroded at T,mp1e = 373 K; therefore, it appears that the basal plane C atoms
are also reactive, not just defect sites. The eroded HOPG surface that contains embedded
cylindrical pits is not atomically flat, unlike the O,/HOPG combustion chemistry just
described. The mean RMS surface roughness for a 7 um x 7 um cross-section is 8-16
nm. It is also interesting to note that the bases of the deep etch pits are not atomically flat
either. This will be the topic of a future publication [15].

The relationship between the diameter of the largest cylindrical pits (top 10%) and the
fluence of hyperthermal oxygen atoms is illustrated in figure 3. The pit diameter increases
linearly (R % =0.985) with higher exposures. (The average overall diameter of the cylinders
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Figure 2. (a) STM image (10 nm x 10nm) of ZYA-Grade HOPG. The atomic lattice of graphite is
clearly shown. (b) AFM image (2 umx2 um) of HOPG after exposure to 1.5 x 10'° O atoms ecm~2,
(c) AFM image (4 umx4 um) of HOPG after exposure to 9.4 x 10%° O atoms cm~2. The experiments
were conducted at a sample temperature of 373 K.
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Figure 3. Mean diameter of the largest cylindrical pits as a function of atomic oxygen exposure. The
samples were reacted at a temperature of 373 K. The diameters were measured by AFM. The plot
represents the largest 10% of etch pits for each experiment.

rises linearly with fluence as well, but this observation is not as pertinent to this discussion.)
Numerous small pits [~12 for every 1 um? for the experiments represented by figures 2(b)
and 2(c)], a few nanometers in diameter, are observed in all of the erosion experiments. For
the largest cylinders, the difference in pit diameter with respect to fluence is quite profound,
~125 nm in figure 2(b) and ~1 um in figure 2(c), respectively. Cylinders with diameters
spanning the range from several hundred nanometers to microns often have one or more
smaller pits embedded inside them. Pit-merging events, where two cylinders (of various
sizes) have been eroded sufficiently enough in the prism plane direction to come together
and make one feature, have also been imaged. Merging events have been observed most
commonly for the smaller cylinders.

The diameter of the cylinders with respect to hyperthermal O-atom exposure provides
insight into the nature of the erosion of graphite at a fundamental level (7campiec = 300375
K). As the diameters of the widest 10% of the etch pits increases linearly with increased
O atom fluence, the nucleation events of those cylinders must have occurred at or near
the topmost graphite layer, otherwise the same distribution of pit diameters would be
observed regardless of exposure. Therefore, the chemical impact of the nucleation site,
a cylindrical etch pit, may still persist after several microns of the material have been
eroded by hyperthermal atomic oxygen.
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Figure 4. Histogram of cylinder depths at a diameter of 2.0 um £+100 nm. The atomic oxygen fluence
was 9.4 x x10'® O atoms cm~2 and the sample temperature was 373 K during exposure. The mean
depth for the 55 cylinders is 56 nm. The cylinder diameters and depths were measured by AFM.

This impact further manifests itself in the depth profile of these large cylindrical pits.
Figure 4 illustrates a histogram that describes the measured depths of 55 cylinders with
diameters intentionally selected to be 2.0 gm (+100 nm). The mean and median depths
are 56 nm and 36 nm respectively. The largest number of pits (17) have been found in the
16-30 nm category. A constant diameter has been chosen in order to measure the variance
of cylinder depth for etch pits that originate at a similar point in time.

The depth histogram may be quite surprising given the linear pit diameter growth
(fig. 3) and erosion yield (fig. 1) as a function of atomic oxygen exposure. If these
trends are indeed linear, one would expect the diameter and depth to grow according
to the respective rate constants, ks and Zpasa. Therefore, it is proposed that these
large, very deep, cylinders often nucleate at long-range defects, such as line defects or
domain boundaries. The defects have more edge atoms (kpism) €Xposed and are reacted
by hyperthermal atomic oxygen at a higher rate at the beginning of the erosion process
than the basal plane atoms. In other words, the C atoms that comprise the defect site are
etched in both dimensions, downward into the material and outward in the prism plane
direction, at the faster ks, rate. This process provides the head start necessary to yield
deep etch pits, a depth that clearly must be influenced by the chemical and physical nature
of the original defect site. Therefore, defects that extend deep into the material, hundreds
and possibly thousands of atomic layers, are expected to lead to the deepest cylinders
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in the eroded areas. However, this analysis does not eliminate the possibility that rare
catalytic events can occur at perfect and imperfect regions of the HOPG surface that result
in cylindrical pits.

This information can also be used to provide insight into the origin of the numerous
small pits that are imaged at every exposure snapshot. The observed deep pits (> 15
nm) with small diameters nucleate at regions of the surface uncovered during the erosion
process. Shallow cylinders (< 15 nm) are imaged with small diameters, often on the
order of a few nanometers. These pits arise from either nucleation occurring at defects
or reactions occurring at pristine regions of a fresh graphite sheet uncovered during
the erosion process. It appears that these pits eventually merge with other cylinders or
additional features in the eroded areas before their diameters approach the micron scale. It
must be noted that no pits have been observed with diameters of 2 xm and a depth of less
than 15 nm (fig. 4). This is not surprising given that the RMS roughness of the eroded
areas is similar to the depths of these shallow cylinders.

4. CONCLUSIONS

This paper discusses the erosion of HOPG upon exposure to hyperthermal atomic oxygen,
highlighting the role of long-range defects in materials chemistry and degradation. HOPG
has been observed to erode at a rate of ~1 C atom for every 16 incident O(CP) atoms
when the sample temperature is 373 K during exposure. This rate appears to be linear as
a function of fluence. This erosion rate encompasses reactivity arising concurrently from
both atomically perfect regions of the interface as well as those that contain defect sites.

Nanoscale to microscale cylinders have been imaged using both AFM and STM. The
mean diameter of the etch pits increases linearly with 5 eV O(*P) fluence. Specifically, the
largest cylinders (diameter > 500 nm) are only observed after the longest exposures while
numerous small pits are imaged after every experiment, regardless of exposure duration.
Therefore, cylinders with the largest diameters nucleate at or near the top of the material.

Etch pits of the same diameter have a wide variety of depths. For example, cylinders
with a diameter of 2 um are observed to have depths ranging 16-238 nm. Given the
linearity of the overall erosion yield and pit diameter as a function of atomic oxygen
exposure, the variety of depths may be explained by the nature of the nucleation event.
That is, the long-range defects that exist at or near the surface as well as those which are
buried deep within the HOPG material play a critical role in the erosion and morphological
evolution of the surface. In addition, rare catalytic events that can occur at perfect and
imperfect regions of the surface may also contribute to the creation of cylindrical pits. The
atomic-level mechanisms responsible for cylindrical pit formation and the overall erosion
of HOPG are currently being investigated by theory and experiment.
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