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Abstract

In order to investigate the interaction of
atomic oxygen (AO) with carbon-based materials in a
low Earth orbit (LEO) environment, the basal planes
of highly oriented pyrolytic graphite (HOPG(0001))
surfaces were exposed to AO beam with a
translational energy of 5 eV. The characterization of
the surfaces was carried out using X-ray photo-
electron spectroscopy (XPS) and scanning tunneling
microscopy (STM). The initial reaction site of the
AO on the defect-free HOPG (0001) surface was
observed as a protrusion in the STM images. The
density of protrusion, observed in the initial
AO/HOPG reaction, increased in proportion to the
AO fluence. From the liner relationship, the reaction
yield of hyperthermal AO with the defect-free HOPG
(0001) surface was estimated to be 1.0 x 103, This
value is two orders lower than that reported by the
flight experiment aboard space shuttle where same
chemical reaction was expected. The discrepancy
was explained by the high reaction yield of the prism
planes of HOPG appeared at the hillock surfaces.

Introduction

Degradation of materials due to exposure
to atomic oxygen (AO) in a low Earth orbit (LEO)
environment is one of the major concerns in the field
of space environmental effect. In LEO, AO is the
dominant atmosphere specie and a spacecraft
travelling at an orbital velocity of about 8 km/s
collides with AO. The spacecraft velocity of 8 km/s
corresponds to a mean translational energy of AO at
about 5 eV.

Carbon-based materials, such as carbon
fiber reinforced plastics (CFRP) or carbon fiber
reinforced carbon (CFRC), have been widely used in
many space structures because of their light weight,
low thermal expansion, high strength and/or high
modulus. However, severe AO-induced surface
degradations were observed for many carbon-based
materials."  Mechanical properties of the carbon

fibers depend strongly on the graphite layers at the
peripheral of the fiber. Thus, the surface erosion of
carbon fiber due to AO attack influences its
mechanical properties. Actually, a drastic change of
the mechanical properties of carbon fiber due to AO
exposures were reported by Stark et al.>  Therefore,
the AO reaction with graphite is essential to
understand the erosion mechanisms of the many
carbon-based materials used in the LEO environment.

In this study, the HOPG (0001) surfaces
after the hyperthermal AO beam exposure were
characterized by X-ray photoelectron spectroscopy
(XPS) and scanning tunneling microscopy (STM).
The experimental results were correlated with those
obtained in space where the same reaction was
expected to occur at the surface.

Experiment

A schematic drawing of the fast AO facility
with the beam diagnostic system and XPS used in the
study is shown in Figure 1. The fast AO source
used in this study is based on the laser detonation
phenomenon, originally developed by the Physical
Sciences Inc. (PSI).> This PSI-type fast AO source
uses a TEA CO, laser (7 J/pulse) and a pulsed
supersonic valve (PSV). The PSV introduces pure
oxygen gas into the nozzle as a 100 ps-pulse.
Synchronizing with the PSV operation, the laser light
is focused on the oxygen gas into the nozzle throat
with a concave Au mirror placed 50 cm away from
the nozzle. The oxygen gas is decomposed and
ionized by the multiphoton excitation process and the
oxygen plasma, thus generated, absorb the laser
energy. The high temperature oxygen plasma
expands and forms the supersonic broad atom beam.

The atom beam generated at the fast AO
source was characterized by a time-of-flight (TOF)
system, which used a quadruple mass spectrometer
(QMS) as a detector. Every mass charge ratio (m/e)
from 1 to 200 was scan-surveyed and only 16 and 32,
which correspond to AO and O,, respectively, were
detected.  The TOF distribution of AO had only
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A schematic drawing of the fast AO facility used in this study. The AO facility consists

of 5 vacuum chambers differentially or individually pumped. The AO beam generated at the
nozzle in the source chamber (upper right) was measured its translational energy and flux by the

TOF system with QMS (lower right) and QCM in the source chamber.

The exposed samples can

be transferred to XPS with two vacuum transfer rods without breaking the vacuum.

hyperthermal component, however, that of O, had
hyperthermal and thermal components. Translatio-
nal energies of these components were calculated
from their TOF distributions using the relationship of
the transitional energy distribution P(E) < # N(#).*
In this study, mean energies of the hyperthermal AO
and O, components in the beam were 4.7 eV and 5.8
eV, respectively, whereas that of thermal O,
component was as low as 0.04 eV. The composition
of the beam was calculated from the peak area of
each component in the spectra using the relative
ionization cross section of AO and O, are 0.6 : 1 °.
The composition of the beam was calculated as
follows; hyperthermal AO: 45%, hyperthermal O,
31%, and thermal O,: 24%.

The AO flux in the beam was calculated
from the resonance frequency shift of the quartz
crystal microbalance (QCM) with silver electrodes 7.
This frequency shift of QCM is attributed to the mass
gain of silver electrode due to the formation of silver
oxide. Since silver is not oxidized by O, but by AO

at room temperature, the formation of silver oxide at
the electrode surface correlates the amount of AO in
the beam. The AO flux was calculated to be 3.3 x
10" atoms/cm*s at the QCM position 47 cm away
from the nozzle throat. The reaction and accommo-
dation probabilities were assumed to be 1.0 in this
calculation, so that the flux, thus calculated, was the
lower bound of the AO flux. The sample position
“A” in Fig. 1 is the same distance as the QCM (47 cm
away from the nozzle). The estimated AO flux at
sample position “B”, where 135 cm away from the
nozzle throat, was 4.1 x 10" atoms/cm%s by
considering that the AO flux is inversely proportional
to the square of the distance from the nozzle throat.
HOPG crystals (Union Carbide Corpora-
tion, grade ZYA) were cleaved in air and immediately
installed into the vacuum chamber. The HOPG
(0001) surfaces were exposed to the energetic AO
beam at room temperature. The incident angle of
the beam was 0 ° (direction of the surface normal).
The experimental condition of the AO beam
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Table 1 Experimental condition in this study.

Hyperthermal AO: 45%, 4.7 eV
Hyperthermal O,: 31%, 5.8¢V
Thermal O,: 24%, 0.04eV

Beam composition
and
their translational energies

AO fluxes Position A (in Fig 1): 3.3 x 10
(atoms/cm?/s) Position B (in Fig 1): 4.1 x 10%*

AO fluence 18

(atoms/cm?) ~6.0x 10

Incident angle 0° (Surface normal)

Sample temperature Room temperature

irradiation in this study is summarized in table 1.

XPS analysis was made with a 200 W Al
Ka X-ray source (non-monochromatic) and a double-
path cylindrical mirror analyzer (DP-CMA). The
HOPG samples located the exposure position labeled
“B” in Fig. 1 can be transferred to the XPS analysis
position with the vacuum transfer rods (without air
exposures), whereas those at position “A” were
analyzed by XPS after ambient air exposures. The
HOPG samples for STM observations were exposed
to energetic AO beam at the exposure positions both
“A” and “B”. The homemade STM was used in this
study. Detail of the STM was described elsewhere®.
The mechanically finished Pt wire was used as a tip.
The STM images were taken in air at room
temperature by the constant-current mode at the
sample bias voltage of 10 mV, and at the tunneling
current of 1 to 8 nA.
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Results and discussion

Surface oxidation

Figs. 2 (a) and 2 (b) represent the XPS
spectra taken from the HOPG (0001) surfaces before
and after exposure to the energetic AO beam with the
AO fluence of 8.3 x 10 atoms/cm?®, respectively.
Only Cls peak at 284.1 eV was observed in the XPS
spectrum before the AO exposure, however, Ols
peak at 532.0 eV appeared after the AO exposure.
The total amount of oxygen adsorbed on the AO-
exposed HOPG (0001) was calculated from the
relative peak areas of the Cls and Ols peaks in the
XPS spectra. In order to compensate the effect of
Cls photoelectrons from the subsurface region,
escape depth of Cls photoelectrons were estimated.
The escape depth of photoelectrons is equivalent to

the attenuation length and the inelastic mean free path.

The attenuated length and the inelastic mean free path
of the C1s photoelectrons activated by the Al Ka line
(1486.6 eV) are calculated to be approximately 24-26
A. Taking into account the average take-off angle
of photoelectrons to the DP-CMA (45°), the escape
depth of the Cls photoelectrons is expected to be 18
A, ie., 5.3 layers (d/2 = 3.35 A, d: lattice constant
along with c-axis oh graphite). In addition oxygen
atoms are considered to exist only at the topmost
layers, because collision energies of molecules in the
beam are lower than the penetration threshold with
HOPG.” Taking into account these considerations
and assuming that the number of adsorption site is the
same as that of carbon atoms in HOPG (0001),
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Figure 2 The XPS spectra of the HOPG (0001) surfaces before (a) and after AO

exposure with the fluence of 8.3 x 10'7 atoms/cm?s.

The adsorbed oxygen on the

basal plane of the HOPG after AO exposure was clearly detected.
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Figure 3 The relationship between the oxygen
coverage and the AO fluence measured by the XPS
spectra.

the oxygen coverage 6 was described by the
following equation;

) -
]0 ](: . ﬂ'c

where S, and S, are the relative peak areas of Ols
and Cls XPS peak, respectively, /,and /. are relative
photoionization cross sections of Cls and Ols (/,,: /-
=1 :2.93), and A. is the number of graphite layers
within the escape depth of Cls photoelectrons (5.3
layers). Fig. 3 displays the relationship between the
AO fluence and the oxygen coverage, thus calculated.
It is observed that the oxygen coverage increases with
the AO fluence and it reaches saturated value of 6 =
0.94 at the AO fluence of approximately 4 x 10"
atoms/cm?,

It is considered that there are both
physically and chemically adsorbed oxygen on the
HOPG (0001) surface. The Cls peak at the binding
energy of 284.1 eV reveals C-C bond of the graphite
structure. The Cls peak only after the AO exposure
has a high-energy tail (now shown). Such a high-
energy tail (chemical shift) clearly indicates the
oxidation of carbon atoms. The chemical shifts of
Cls peak in the XPS spectra can be predicted by the
group theory.” Peak deconvolution of Cls XPS
spectra in this study was carried out with three types-
oxidation states at the HOPG surface.” The result of
peak deconvolution is represented in Table 2. The
quantitative analysis of the chemically adsorbed
oxygen was made by analyzing the signal intensities
showing the chemical shifts observed in the Cls XPS
spectrum. The fraction of any chemical shift is 22 %
of the total intensity of the Cls signal shown in Table
2. Considering that fact that the escape depth of the
Cls photoelectron is 18 A (5.3 layers), the high
fraction of oxidized carbon atoms (22 %) suggested
that the HOPG surface was almost completely
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Table 2 The peak deconvolution result of the Cls
core level peak after AO exposure with the fluence
of 8.3 x 10" atoms/cm?.

Peak position (eV) 284.10 28555  287.00  288.09
Peak shift relative
to graphite (V) 0 1.45 2.90 3.99
Relative peak area (%) 8 u 7 4
c-C co 0-C-0 (o]
Assignments in graphite C= -C=0

covered by the chemically adsorbed oxygen at the
AO fluence of 8.3 x 10" atoms/cm?.

STM images

The high-resolution STM images of the
initial HOPG (0001) surface before the AO exposure
showed a triangular pattern that is the characteristics
of a graphite structure. The initial surface was
atomically flat, and no defect was observed over
several thousands of angstroms. Fig. 4 (a) shows
the STM image of HOPG (0001) surface after
exposure to the hyperthermal AO with fluences of 2.1
x 10" atoms/cm?. It is obvious from the STM
image that small protrusions were formed on the
surfaces. The triangle pattern was observed except
for the protrusion regions on the surface (Although
the magnification of the STM image shown in Fig. 4
(a) is too low to observe the triangle pattern). This
implies that All over the HOPG surface isn't changed
at the low fluence. The typical height and diameter
of the protrusions are approximately 5 and 10-15 A,
respectively.

Fig. 4 also shows the STM images of the
HOPG (0001) surface exposed to the AO beam with
the AO fluences from 4.1 x 10" to 6.0 x 10"
atom/cm®.  The round-shape hillock-like structure is
obvious in the STM images at high AO fluences.
Moreover, it was also observed that the diameter and
the height of the hillock-like structure became large
with increasing the AO fluence. Typical grain size
of HOPG is reported to be a few micrometers, and
the point defect density inside a grain is as low as 3-4
/um®’®  Since the diameter of the hillock-like
structure is several tens of nanometer, it is not likely
that the hillock-like structure is originated by the
surface defects already existed before the AO
exposure. The XPS results indicate that the oxygen
concentration at the HOPG surface with the AO
fluences shown in Fig. 4 is already saturated even
though the hillock-like structure is still growing.
This fact may suggest that the hillock-like structure
was formed not by the deposition of oxide, but by the
AO-induced etching reaction at the surface.
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Figure 4 The STM images of the
HOPG (0001) surfaces exposed to
energetic AO beam. AO fluence: (a)
2.1 x 10" atoms/cm?, (b) 4.1 x 10"
atoms/cm?, (c) 6.0 x 10'® atoms/cm?, (d)
3.0 x 10" atoms/cm?, and (e) 6.0 x 10"
atoms/cm?>.
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Figure 5
the STM images.

Fig. 5 shows the density of the protrusion
as a function of the AO fluence. It was obvious that
the density of the protrusion was proportional to the
AO fluence. The XPS measurement shows that the
surface after AO exposure was oxidized and the
oxygen coverage increased as the low AO fluence.
These results suggest that hyperthermal AO randomly
reacts with defect-free basal plane of graphite, and
that the protrusion originates from an oxygen-
adsorbed defect.’

From the linear relationship between the
defect density and the AO fluence, the reaction yield
of the hyperthermal AO with the defect-free HOPG
(0001) surface was calculated by the equation below:

[reaction yield]
= [density of protrusion] / [AO fluence]

The plot was fit by the least square method, and was
indicated by the solid line in fig. 6. From the slope of
the line, the reaction yield was calculated to be 1.0 x
107,

Correlation with flight experiment

Ngo et al. have reported the reaction yield
of HOPG surface exposed to AO environment in
LEO at the altitude of 230 km for 42.25 hours on the
space shuttle Atlantis (STS-46)."° In the flight
experiment, the AO fluence was estimated to be 2.2-

The relationship between the protrusion density and the AO fluence measured from
Solid line was fitted by the least square method.

2.5 x 10% atoms/cm®.  The surface recession due to
AO-induced etching was measured by the atomic
force microscopy (AFM). The recession height was
approximately 2.25 pm, which corresponded to the
reaction yield of 0.13. This reaction yield will be
two orders larger than that calculated in this study.
Moreover, the AFM image shows the formation of a
hillock-like structure at the AO-exposed surface close
to that observed in this study. In the case of high
AO fluence, the HOPG surface was fully covered by
the hillock-like structures as is observed in both this
study and the flight experiment. On the slope of
hillocks, a number of steps of the graphite layers
appeared at the surface.  Therefore, almost all
incoming AO at high AO fluence are directed with
the prism plane of graphite. In contrast, at initial
AO exposure (where we estimated the reaction yield)
all incoming AO are directed with the defect-free
basal plane. It is estimated that the activation
energy of the gasification reaction of the prism plane
is much lower than that of the basal plane.” It is,
therefore, concluded that one of the reasons for the
high reaction yield of hyperthermal AO with HOPG
observed in the fight experiment is due to the prism
planes appeared at the slope of the hillocks at high
AO fluence.

Conclusions

The XPS spectra of the hyperthermal AO
beam-exposed surfaces indicated that the oxygen
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coverage reached the saturated value of 0.94 with the
AO fluence of approximately 4 x 10" atoms/cm?
The initial reaction site of AO on the defect-free
HOPG (0001) surface was observed as a protrusion in
the STM images. In contrast, a hillock-like
structure was formed at the AO-exposed HOPG
(0001) surface at high AO fluences. The reaction
yield of the hyperthermal AO with the defect-free
HOPG (0001) clean surface was estimated to be 1.0 x
107 from the density of protrusions. This value is
two orders lower than the value reported by the flight
experiment aboard space shuttle which same
chemical reaction was expected. The discrepancy of
the flight experiment and present work may be
explained by the appearance of the prism planes of
HOPG at the high AO fluence.
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