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The spatially anisotropic kinetics involved in the chemical reaction between highly ordered pyrolytic graphite
(HOPG) and a beam containing hypertherma8&m s) O(P) atomic oxygen and molecular oxygen yields
unique surface morphologies. Upon exposure at moderate sample temperature4d2@38, numerous
multilayer circular pits embedded in the reacted areas have been observed with the use of atomic force
microscopy and scanning tunneling microscopy. These pits have diameters spanning nanometers to micrometers
and depths from a few to tens of nanometers. The most striking characteristic of these pits is the convex
curvature of the pit bottoms, where the highest point on the pit bottom is at the center and the lowest point
occurs around the peripheral edge. Such structure arises by the interplay between kinetics of pit nucleation,
the spatially anisotropic kinetics involved in the lateral and downward reactivity of HOPG, and the fluence
of atomic oxygen. These kinetics, which are also influenced by the high reactivity of the translationally hot
impinging oxygen atoms, govern the overall morphological evolution of the surface.

Introduction thermal atomic oxygen with HOPG have shown that the overall
chemistry is marked by two distinctive characteristics, high
reaction rate even at modest sample temperatures-(298K)

and directionally specific O-atom reactivity that results in
anisotropic etching in the downward interplanar and the
intraplanar lateral directions. This anisotropy not only produces
unigue surface morphologies but is also surface temperature
dependent. For example, at a sample temperature of 298 K,
HOPG was etched at an overall rate commensurate with the

The oxidation of carbon has been widely investigated because
of its relevance to carbon combustion and water gas produc-
tion,22 removal of carbon deposits from cataly$tand the
durability of structural materials employed on spacedr&fids
a model system, the oxidation of highly ordered pyrolytic
graphite (HOPG) has attracted particular interest. Molecular
oxygen does not react with the basal plane of HOPG unless the

sample temperature 1500 K. G reacts with prismatic carbon o
atoms to yield CO or C@ effectively removing one carbon removal 6 1 C atom for every "?C'de”t 22 O atomgB.O X
1072 cm?® per O atom assuming that the atomic oxygen

atom from the surface, at sample temperatur@gs K810 As T .
additional carbon atoms are removed around a defected site COMPONent of the impinging hyperthermal beam dominated the
reactivity*> The resulting surface morphology was rough on

monolayer and multilayer etch pits are created. However, the g | hile <till d 4 with cul
reaction probability is low, as these observations required the 2" atom|c scale, while still decorated wit numerous circular
etch pits whose diameters span nanometers to microns and

use of a high-temperature furnace angigBessures of several .
Torr. Although HOPG has very low reactivity with molecular WN0S€ depths range from a few to tens of nanometers, depending
on the O-atom fluence. When the sample temperature was

oxygen, both the basal and prism planes of HOPG are quite, ; A
reactive to atomic oxygen even at moderate surface tempera_|ncreased to 493 K, the overall reaction probability increased

turest:-14 Surfaces exposed to oxygen atoms at thermal energiest® ~1 C atom removed for every 8 incident O atoms. The
resulting surface morphology was also considerably different,

at room-temperature often contain hexagonal pits and other'=>%"" ) ; i )
exhibiting no circular pits but instead large towers and hillocks

single and multilayer depressions. The O-atom generation - ; .
method (microwave plasma, RF plasma, etc.) and the reactionSPanning hundreds of nanometers. The increase in overall

conditions (fraction of atomic oxygen and overall pressure of reaction _rate was attriputed to_the greater number of prismatic
reagent gas) have a strong effect on the morphology observed ¢aroon sites exposed in the hillock morpholdgy.

The surface morphology of HOPG exposed to hyperthermal ~ The purpose of this paper is to examine the anisotropic surface
(~5 eV) oxygen atoms is qualitatively different from that seen kinetics behind the growth of multilayer cylindrical pits in
when HOPG is exposed to thermal atomic oxygen. Studies in HOPG upon exposure to hyperthermal atomic oxygen at sample
the hyperthermal energy range are important for reasonstemperatures in the range 29823 K. Beyond the nearly perfect
extending beyond fundamental surface science because they alseylindrical shape, the most striking characteristic of these pits
model gas-surface collision events which occur in the low- is the convex curvature of their bottoms, with the highest point
Earth-orbit, OfP) rich, chemical environment. Preliminary being near the pit center and the deepest point occurring around
studies on the interaction between a beam containing hyper-the peripheral edge of the bottom. In contrast to the rest of the
reacted surface, the curved pit bottom exposes additional

TPart of the special issue “George W. Flynn Festschrift". prismatic carbon sites, one for every single atom or multiatom
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reaction rate of the rest of the surface. These etch pits, which 3
may have depths of tens of nanometers, therefore persist even
after the overall surface has been etched several micrometers.
The circular pits are continually deepened by the removal of
graphite sheets laterally from the periphery to the center of the
pit and widened by the removal of carbon at the prism plane 0 1000
presented at the periphery. These results illustrate the sensitive

interplay between surface morphological change and the aniso-Fi ure 1. Surface profile of HOPG that was etched with a stainless
tropic reactivity of a hyperthermal atomic oxygen beam with stgel mesh coverin% the surface. The step height difference between

HOPG. protected and unprotected areas of the sample provides a measure of
the etch depth.
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Experimental Details
nprovided a known number of carbon atoms removed, given the

HOPG samples were exposed to a pulsed hyperthermal bea Unit cell for HOPG.

containing OfP) atoms and molecular oxygen, with an @:0
ratio of approximately 0.70:0.30. The sample exposures and . .
o . Results and Discussion

beam characterization methods were conducted in a manner
similar to those described in ref 15. Other characteristics of the  Figure 1 highlights the macroscopic erosion of HOPG by
hyperthermal source and the apparatus may be found in refsillustrating the observed height difference between protected
16—18. In short, the molecular beam source is based on theand unprotected areas of the HOPG sample. According to these
laser detonation source originally developed by Physical Sci- profilometric measurements;2.7 um of graphite (nearly 9000
ences, Iné® All samples were exposed at a distance of 40 cm sheets) are completely removed after exposure3d x 1070
from the source, and a Kapton H reference sample accompaniedd atoms cm? at a sample temperature of 373 K. This
each exposure. The etch depth of this reference sample was usedorresponds to an overall reaction probabilPyyera, 0of 0.083
to determine a “Kapton-equivalent O-atom fluence” of the or, in other terms1 C atom removed for every 12 incident
beam!® The pulsed source operated at a repetition rate of 2 hyperthermal G) atoms.
Hz, and the estimated O-atom fluence per pulse at the sample The early stages in the formation of circular pits have been
surfaces was 1.7% 10" O atoms cm?2. The nominal beam  probed by imaging the HOPG surface after exposure to a low
velocity was 8000 m s, and the velocity spread was2400 fluence of atomic oxygen. A representative STM image (100
m st (full width at half-maximum). x 100 nm), taken after the graphite sample at 373 K had been

Before mounting in the vacuum chamber, the HOPG samples exposed to 5< 107 O atoms cm?, is shown in Figure 2A.
were cleaved several times with the use of Scotch tape. The first notable characteristic is the presence of multiatomic
Atomically resolved scanning tunneling microscopy (STM) carbon vacancies on the surface. A few pitlike features are also
images confirmed that the cleaved surfaces yielded several largeobserved which have diameters and depths on the nanometer
terraces that did not contain any defects. The samples, ap-scale; however, a clear hexagonal or circular shape is not
proximately 1x 1 cm, were placed in a sample mount whose discernible. Thus, even after the sample has reacted with only
temperature can be controlled from 298 to 573 K. A square ~100 monolayers of GP), no pristine areas of graphite (on
mesh of stainless steel was placed over the samples during thehe order of several nanometers) remain. It has also been
exposures in order to facilitate measurements of overall etch determined that the root-mean-square (RMS) surface roughness
depth. Open squares within the mask exposed several hundredlso increases with O-atom exposure. These observations may
square micrometers in area to the atomic oxygen beam. Abe viewed as an extension of what has been reported in a study
DEKTAKS surface profiler was used to measure the depth of of graphite erosion by low fluences of hyperthermal atomic
graphite removed in the squares with respect to the coveredoxygen® Unlike this current study which describes the mor-
areas. This, in turn, allowed direct determination of the overall phologies observed after an exposure range ef 5017 to 3.1
etching probability, in terms of the number of C atoms removed x 10?° O atoms cm?, the referenced work discussed exposures
per incident O atom. This overall etching probability is not site ranging from 16°to 10'” O atoms cm? and the formation of
specific but rather represents an integrated metric for reactivity. point defects upon sub-monolayer fluences of O atoms. The
The hyperthermal impact of molecular oxygen may also play a surface was further roughened with increasing atomic oxygen
role in the formation of products. Therefore, the O-atom fluence fluence where small pits surrounded by “hillocks” were imaged.
used to derive the etching probability is an effective fluence Figure 2A is qualitatively consistent with that reported in the
which may include collisional effects due to the molecular referenced work.
oxygen in the beam. The etched areas of HOPG surfaces exposed to greater than

The surface morphology of HOPG was imaged at room 5.0 x 10 atoms cm? of hyperthermal atomic oxygen contain
temperature with the use of a Topometrix Discoverer AFM/ numerous circular pits of various diameter and depth. Atomic
STM system. All the images contained in this paper were leveled force microscopy (AFM) images of representative pits observed
using a three-point reference. Line scans, surface roughnesdor two different O-atom fluences are illustrated in Figure 2B,C.
measurements, and all other image analyses utilized TopometrixThe mean diameter of the widest 10% of the pits increases
software. For determining the reaction probability of the prism linearly with hyperthermal atomic oxygen exposBiEherefore,
C sites, the average diameter of the largest 10% of the cylindersthe largest etch pits must have nucleated at or near the topmost
found on each sample was used. All pits were assumed tographite layer; otherwise the same distribution of diameters
nucleate at their centers at= 0 and expand outward as a would be observed regardless of O-atom fluence. Smaller pits,
function of time. This assumption is valid because it has been on the order of tens of nanometers in diameter, have been
experimentally observed that the diameter of the largest 10% observed after every exposure. These smaller pits are also
of the cylinders increased linearly with exposure titriehe frequently embedded in the bottoms of the larger pits, Figure
distance from the center of the pit to the peripheral edge 2D.



8478 J. Phys. Chem. B, Vol. 109, No. 17, 2005 Nicholson et al.

A) T B)
3 R e 3.4nm I: 238 nm
- : [ 0 nm 0nm
4 < < &« o
- . - e
-~ 2
sm - o’ Hm
D) E)

72 nm

. |:0 .\‘ [ 123 nm
nm Q 0 nm
]m 1&

Figure 2. (A) STM image (100 nmx 100 nm) of HOPG after exposure tox510'7 O atoms cm? at near normal incidence. (B) AFM image (15
um x 15um) of HOPG after exposure to 9x4 10'° O atoms cm?. (C) AFM image (8.8«m x 8.8 um) of a representative circular pit observed
in a sample that was exposed to X6L0%° atoms cm?. (D) AFM image (5um x 5 um) of a small pit growing inside of a large circular cavity.
(E) AFM image (5um x 5 um) of a pit merging event. The sample temperature during these exposures was 373 K.

A statistical analysis of the diameters of the largest pits A)
provides a direct measure Bfyism Prismatic carbon atoms refer
to atoms surrounding a point or extended defect site. Any  ~ 3.0]
intraplanar reactivity of a carbon atom is termed herein as
reaction in the prism plane. Chemistry in the downward or
interplanar direction, where the reacted carbon atoms &re sp E
hybridized, is described as reaction in the basal plane. Figure ©
3A illustrates a plot for HOPG etching at 373 K in which the
average diameter of the widest 10% of the pits is represented
as the number of edge carbon atoms, and this quantity is pIotteotz==
as a function of exposure time. Using the average O-atom flux
of 3.5 x 10' atoms cm? s™%, a value forPpsm of 0.44 or
roughly 1 C atom for every 2.3 incident O atoms has been 02 04 06 08 1 12 14
derived. Increasing the sample temperature leads to pits with Time (X105 s)
larger diameters after the same O-atom exposure fluence. This
observation suggests thBism iS dependent on the surface B)
temperature, even though the incident O atoms have translational
energies of-5 eV. Treated effectively as a zero-order reaction
due to the linear relationship between pit diameter and O atom 0 -
exposure, a rate constant has been derived. Since the average ) s
diameter of the largest 10% of the circular pits is being
considered for this calculation, all of the pits have been assumed & -1 1
to nucleate at the top layer of the HOPG, with= 0. The - ]
calculated rate constarfyism, is 2.43x 1071 st at 373 K. -1.5
This rate constant appears to have an Arrhenius temperature DR \¢
dependence, with an activation energy (for the temperature
range 298-423 K), of 10.5 kJ/mol, Figure 3B. This activation 2.5 T T T T
energy is lower than that calculated for molecular and thermal 05 1 1.5 20 25 3.0 35 4.0
atomic oxygen reactivity with HOPG, suggesting that the high
translational energy of the impinging O atoms has a role in 1000/T
traversing the reaction coordin&&?12The Arrhenius behavior ~ Figure 3. (A) Plot of the average diameter of the widest 10% of the
of the rate constant also suggests a process which is dependerﬂ't?' represent(_ed in the number nearest r)elghbor carbon atoms (nearest
upon surface temperature and is also involved in the formation "€!9hbor spacing= 0.24 nm), as a function of exposure time, for a

- sample temperature of 373 K. The slope of the line that fits the data is
of products, presumably CO and @Orhe diameter of the  5ren 1o be the zero-order rate constdgtsm (B) Arrhenius plot for

circular pits expands according tqyrism from the point of korism in the temperature range 29823 K. The activation energy
nucleation until another pit of similar depth is encountered. derived isE, = 10.5 kJ/mol.

Numerous pit merging events have been observed, and appear

to be most common for the smaller, shallower pits (Figure 2E). nature of the nucleation event is expected to have a role because
The final depths of the pits and the morphology of the pit deepening could first occur along a defect site or grain boundary

bottoms are governed by the nature of the nucleation event, (becauséismis larger tharPpasa), presumably until a pristine

O-atom fluence, and anistropic reaction kinetics, even when agraphite sheet is encountered. This deepening would also be

beam containing hyperthermal atomic oxygen is employed. The much faster than the erosion of the rest of the surfBs@ran,
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Figure 4. Histogram of pit depths. Diameters of 2t00.1um (black) Line Scan

and 55+ 0.1 um (shaded) were chosen to illustrate the broad
distribution of pit depths and the increase in depth with increasing
diameter.
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or a pit would not be observed. A large, multilayer pit, may 150
also nucleate from the merging of two or more pits during the
erosion process. ! ' I ' ! ' '

The nucleation event does not ultimately determine the final 1 3 5 7
depth of the pit because the pits become, on average, deeper a Distance (Lm)
they widen, Figure 4. There is a broad distribution of pit depths rigure 5. (A) AFM image (shading used to highlight depth morphol-
for pits of constant diameter and therefore constant O-atom ogy) of a large circular pit found in an HOPG surface after exposure
fluence after the initial nucleation event, Figure 3. The distribu- to 3.6 x 10?* O atoms cm? near normal incidence. The sample
tion of pit depths with diameter of 2m is much shallower  temperature during the exposure was 373 K. (B) Line scans that
than those with diameter of 54m, illustrating the role of illustrate the shape of the bottom of this pit.

O-atom fluence on pit depth. However, unlike the diameter, pit . .
deepening is not linear with O atom exposure. Furthermore, would further facilitate the downward etching process near the

the pits become deeper, on average, as they widen, indicating{;eripheral edge of the large circular pits. As the_ peripheral ed_ge
that the pits are deepening faster than the remainder of the etche cgr(igrr::ﬁasll d?ﬁgigsg]: égtfngietherigr;ercilrb%/rllmgt%rmieigiglr?lg
surface which is also being exposed to the hyperthermal atomic y P

oxygen beam. As mentioned above, the remainder of the surfaceeXposed' The exposure of these prism or edge carbon atoms

is rough (RMS roughness 16 nm for samples exposed at 373 along the convex pit pottom fac_iljtates the deepening of the pits
K) with numerous basal and prism carbon atoms exposed. Th eby lateral reactivity, with probabilityPyrism The actual curvature
pit bottoms have aurvedmorphology, convex with the highe.st quantifies the relative rates involved in the governing anisotropic

. : . inetics of graphite reactivity with hyperthermal atomic oxygen.
gglgn; near the center and deepest points around the perlpherak The height difference between the center of a pit and the

The curved morphology, combined with the anisotropic peripheral edge of its bottom provides a simple measure of the

reaction kinetics, deepens the pits at a faster rate than the resngatu.r e Th;str?elgh_tt d|ff”erer_1t(r;]e can bg eql;ated,r:f:rolugh the
of the HOPG surface that is exposed to the hyperthermal atomico'men?t'or\:;tg : ﬁi;ijm n(t:edi, r\:ww : a Zg?nrenr on%rzp Ite ;gers.
oxygen. A three-dimensional representation of a pit with a y pits signitica ametery )a ddep W
diameter of 6.1m (at the top layer) and a depth of 152 nm is nm) h'ad. measurable curvature. To charapteryze the Curva'.[ure
illustrated in Figure 5. This cavity is one of the widest imaged of a pit, line scans were taken from three directions, all crossing
for this particular sampl€Tgample= 373 K) during an exposure at the center of the pit. Often, th‘? pit l:_)ottom was found to be
of 3.6 x 102 O atoms cmZ The curvature suggests that the asymmetrie-i.e., the measured height difference varied for each

carbon atoms near the periphery have a higher reaction!me scan. This asymmetry results from the slightly off-normal

probability with the impinging hyperthermal atomic oxygen than gn;;iegc;g;::e I?\egllrcezlatst:se S{ﬁg'g\?e?;eéohg}eh%ef??rﬁtg;flit::
the other carbon atoms inside the pit. This enhanced reactionscanz was takén o re rese’nt the curvgture 0% a pit bottom
probability may be correlated to an electronic effect, where the P P )

carbon atoms at and near the peripheral edges of deep cyIindrica{n Fr:geunrsnﬁlfgr()c\l)\;scglgérfghzrze\/lgzSslﬁt?];enﬁeré?jzlfsl,tr(;urr\/eza;[g:]etga d
pits are more reactive than those in the center. A more likely as the number of carbon a%/oms from the i{)centerto thpe outside
explanation is that grazing-angle scattering of O atoms from P

the emerging pit sidewall leads to a relatively high flux of edge. Lines corresponding to three different sample temperatures
energetic O atoms around the peripheral edge of the pit, thus2r® shown. AfTsampe = 373 K, the average lateral distance

enhancing the rate of carbon atom removal in this localized }_rfgsgiE:;?rfsaﬂgtg;g:oﬁz%rigg%umﬁrs%ﬁvﬁlﬂ'ggr;h?ene)(t
region. Similar trenching at the base of a sidewall has been ) ' : P

observed earlier in the etching of silicon by a beam of 'frzggrliture IS |ncr(_aased, t.he curvature g,fmagnlfle(ilTB&.,otTe |
hyperthermal fluorine atoms, and this phenomenon was ex-E " ’Oan? at(f)m|c stteﬁ_lshen(iounteret or e\t/rt]ary ?tera_
plained by the concentration of energetic fluorine atoms atoms. ‘iheretore, at higher tlemperatures, the curvature 1
following inelastic scattering from the sidewalThis sidewall enhanced, presgmably because the downward etch rate at the
scattering in graphite could also lead to step bunching, a situationperlphery of a pit increases faster than the lateral etch rate.
where several atomic steps are in very close proximity to one Summary

another. The instability of step bunches has been reported, often The etching of HOPG by a beam of hyperthermal atomic
leading to higher reaction rates in those localized regidmbis oxygen at moderate sample temperatures yields a unique surface
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The results presented in this paper demonstrate that the

1601 T,=423K kinetics and dynamics of hyperthermal atomic oxygen erosion
of graphite differ markedly from those typically seen for thermal
140 atomic and molecular oxygen. This is evidenced not only by
1201 T,=398K changes in the overall reactivity but especially by the observed
100 T,=373K morphological presentation of the etched interface. These studies

have important implications for both combustion processes and
80 the stability of high-performance materials in chemical environ-
ments which contain hyperthermal reagents.
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