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Swift chemical sputtering of amorphous hydrogenated carbon
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Ion bombardment of carbon materials is known to cause erosion with energies far below the threshold
energy of physical sputtering, as well as at temperatures below the threshold of thermal desorption. Generally
regarded as chemical sputtering, this effect, and factors contributing to it, are not well understood. We use
classical molecular-dynamics simulations, capable of realistically describing bond formation and breaking, to
study amorphous hydrogenated carbon surfaces under low-energy hydrogen bombardment. We present a swift
chemical sputtering mechanism which can explain the experimentally observed characteristics of erosion by
low-energy ion irradiation. We also show how the difference in the surface hydrogen concentration and carbon
coordination fractions at various temperatures affect the carbon sputtering yield.
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I. INTRODUCTION

The wide range of applications of amorphous hydro
nated carbon (a-C:H) is due to its unique material
characteristics.1,2 Since the deposition and growth conditio
are known to determine the properties of amorphous car
materials,3–5 it is imperative to understand the intricate phy
ics and chemistry of interactions between impinging ions a
a-C:H surfaces. While there is a large amount of experim
tal a-C:H deposition and irradiation data at lo
(;0.1–100 eV) energies, the atomic-scale surface p
cesses remain obscure and poorly understood. For insta
carbon erosion froma-C:H by hydrogen bombardment i
known to occur under low-energy (;10 eV) conditions
where the transfer of kinetic energy from the ions by elas
collisions is far too small to lead to significant physical sp
tering yields.6–8 Speculative of some sort of a bond-breaki
process, this low-energy erosion regime is often called i
assisted chemical sputtering. On the other hand, the ion
ergies are too large for a description of the process a
conventional etching-type chemical reaction. This conc
sion is supported by the observed isotope effect8 on the ero-
sion yield, which indicates that a kinetic effect must
present in these interactions.

Standard sputtering models describing the erosion of
terials assume that the sample composition remains con
during the bombardment. This, in turn, implies that the e
sion yield is independent of the ion flux. However, rece
high-ion-flux experiments9 with fusion devices have show
that a flux dependence of the sputtering yield at very h
fluxes (1018–1020 ions/cm2 s) exists. In these cases the er
sion of carbon-based materials under hydrogen ion and
tral hydrogen bombardment has been shown to decreas
an order of magnitude as the flux is increased. Since
experimental means to study atomic-scale phenomena
pushed to the extreme at low-energy and high-flux con
tions, theoretical studies are called for to provide insight i
surface interactions of hydrogen ions impinging on carb
surfaces.

This paper is organized as follows. In Sec. II we w
0163-1829/2001/63~19!/195415~14!/$20.00 63 1954
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briefly go through the general properties of amorphous
drogenated carbon, and previous model studies of car
erosion by high- and low-energy hydrogen bombardment
Sec. III we will describe in detail the molecular-dynami
simulation method we employed in this work. The results
the simulations will be presented in Secs. IV–VI. The pap
will conclude with Sec. VII, in which we will discuss the
validity of our modeling and its implications on the use
amorphous carbon materials as radiation-resistant mate
Some of the results have been published elsewhere,10,11 but
will be briefly recalled since they are necessary to underst
the pertinent results in this paper.

For different types of erosion we use the following term
nology. If the erosion is due to collisional processes, it
called physical sputtering or just sputtering. Erosion by e
ergetic particles, due to a mechanism where chemical bo
and their breaking play a crucial role, is called chemic
sputtering.12 If the sputtering occurs by a particle breaking
chemical bond, but does not involve a chemical reaction,
call the process ‘‘swift chemical sputtering.’’ Furthermore,
process is called chemically enhanced or reduced if the s
tering yield is affected by changes in the substrate mate
composition. Our definitions follow those in Ref. 12, exce
that we introduced the term swift chemical sputtering to d
note a special type of chemical sputtering.

II. BACKGROUND

A. Amorphous hydrogenated carbon

During the last decades, the interest in amorphous hyd
genated carbon materials has been rapidly growing. T
combine properties of hydrocarbon polymers and pure c
bon structures~diamond and graphite!, resulting in hard and
chemically inert compounds with high cohesive energies
good thermal conductivity, as well as optical transparen
windows in the visible and infrared regions.1,2 These proper-
ties have given rise to the use ofa-C:H as a corrosion and
friction resistant coating in various applications, such
magnetic and optical recording disks.
©2001 The American Physical Society15-1
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One of the most challenging applications, both scient
cally and technically, is the use of carbon-based coatings
protective surface for the first wall structures in tokam
fusion devices. Due to the low atomic number of carb
atoms sputtered from carbon-based first wall structures
to much lowerbremsstrahlungand recombination radiation
in the plasma than those sputtered from higher-Z elements.
Hydrogen, on the other hand, is already present in
plasma, and hence it does not compromise the effec
atomic number of the plasma and contaminate it. Howe
two major drawbacks to the use of carbon as a first w
material are the relatively high erosion yield compared w
high-Z materials, for example tungsten and molybdenu
leading to low lifetimes for the plasma-facing componen
and the harmful tritium retention in the wall structures. U
derstanding the reactions taking place at the surface
fusion plasma-facing material under high-flux bombardm
by hydrogen and plasma impurities, and the developmen
optimal plasma-facing materials, are of the utmost imp
tance for the development of commercially viable fusion
actors.

Pure carbon materials, such as carbon fiber compos
and graphites, become amorphous and hydrogenated
quickly under bombardment by hydrogen ions and neu
atoms. Energetic hydrogen ions and neutral atoms imping
on graphite layer planes cause bridging and bending of
layer planes over each other,13 and the formation of largesp3

clusters between the planes. However, since the structu
highly disordered, no exact geometric configuration can
given for a-C:H, and the material must be characterized
another way. Three of the most important characteristics
an a-C:H sample are the hydrogen content, thesp3/sp2

bonding ratio, and the density of the sample. High-dens
high sp3, and low hydrogen concentration~up to 30 at. %!
hydrocarbon films are generally referred to as diamond
carbon films or harda-C:H, whereas low-density and hig
hydrogen concentration (;50–70 at. %)a-C:H films are
usually referred to as polymers or softa-C:H. Laboratory
experiments for graphites exposed to keV H1 beams have
revealed that the hydrogenation of carbon structures satu
to a H/C ratio of about 0.4 at 300 K~Refs. 14 and 15!, which
decreases at higher temperatures.15,16 For polymers the H/C
ratio can be as high as 1.0. The stationary ratio of hydro
nation depends on the rates of hydrogen bonding to car
vs hydrogen extraction via CuH bond breaking and H2 for-
mation by impinging ions, as well as thermal desorption, a
given flux and sample temperature. Thermal decomposi
of a-C:H films results in an increased fraction ofsp2-bonded
carbon, as the weakersp3 bonds are more easily broken wit
increasing thermal energy.

The properties ofa-C:H are highly dependent on th
deposition and growth conditions. It is clear that understa
ing the fundamental factors contributing to the microstru
ture, as well as the chemical and physical surface react
taking place during the fabrication, is crucial if certain fil
properties are to be met. While a number of quantu
mechanical studies on the structure ofa-C:H have been
conducted,17–19the surface reactions taking place under lo
energy ion irradiation still remain poorly understood. From
19541
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computational point of view, a good force model, which r
alistically describes the structure and energetics ofa-C:H, is
required. Also, in order to make it possible to model a lar
number of atoms, the force model should not be too com
tationally demanding.

B. Model studies for carbon erosion froma-C:H

Carbon erosion from ana-C:H sample is usually consid
ered to take place either as thermal desorption or phys
sputtering. The thermal desorption of a sample requires o
a sufficiently high temperature for the surface atom bonds
break. Although not energetic enough to directly kick ato
from their lattice sites, thermal ion irradiation can furth
increase the desorption rate of the sample by changing
bonding structure~via adsorption or abstraction! to a less
inert configuration. Comprehensive studies by Hornet al.
shared that the rate limiting step of thermal erosion of carb
from a-C:H is the breaking of CuCH3 bonds.20 The activa-
tion energy of this process is a 0.4-eV-wide Gaussian dis
bution with a mean value of 2.4 eV. The activation ener
seems to be very low compared to a typical CuCH3 bond
energy ~3.7 eV! in hydrocarbons. However, the release
methane is connected to the energy gain of the entire car
carbon network energy due to thesp3→sp2 transition that
takes place upon the radical release.

Thermal hydrogen irradiation of pure carbon ora-C:H
leads to the bonding of H to the surface carbon atoms. In
case of pure carbon, a simultaneous irradiation or p
irradiation by energetic ions21–24 is usually required in order
to produce bonding sites for the incoming thermal ion
Since carbon favors structures with threefold- or fourfo
coordinated carbon sites, it seems plausible that hydro
atoms implanted intoa-C:H bond to carbon atoms with co
ordinations of 3 or less. Thus the hydrogenation increases
amount ofsp3-bonded carbon atoms,

2CvCH21H→uCuCH3, ~1!

and also increases the thermal desorption of the sample
Horn et al. presented a reaction scheme to explain

erosion of carbon from C:H films by thermal hydrogen20

Based on reactions they discovered in previous studies,25–27

the scheme was explained to describe carbon erosion ta
place via auCuCH3 bond split-off. The reason for this
split-off is the relaxation of a neighboring intermediatespx

carbon center. First, hydrogenation of ansp2 hybridized car-
bon center takes place due to the thermal H flux, leading
neighboring CuC network reconfiguration:

Csp2uCsp21H→CspxuCsp3. ~2!

Provided a methyl radical is bonded to thesp3-hybridized
carbon center, the relaxation transition fromspx to sp2

would lead to the release of the surface methyl radical. T
activation energy given by Hornet al. for this reaction
scheme was 1.6 eV, which is in good agreement with pre
ous experimental studies.28 Since one of the factors contrib
uting strongly to the reaction scheme is the impinging hyd
gen flux, the results indicate that the temperature ra
5-2
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where the erosion by thermal ions takes place will shift
higher temperatures at higher fluxes.20 Although the authors
correctly stated that they did not include in their model
reactions which can take place at C:H surfaces, the mo
did well reproduce the experimentally observed carbon
sorption yields by thermal ions, as well as the transition fr
sp3 dominance tosp2 dominance in C:H films.

In the low-energy regime sputtering has been observe
take place under conditions where the transfer of kinetic
ergy by elastic collisions to sample atoms is far too low
lead to appreciable physical sputtering yields. For instan
erosion of carbon atoms and small molecules from hydro
bon surfaces by;10-eV hydrogen ions and neutrals
known to occur at yields orders of magnitude higher th
expected for physical sputtering.6–8 The low-energy erosion
regime is frequently assumed to be due to some sort of bo
breaking mechanism. There have been modeling7,33 and ex-
perimental attempts8,34 to determine a threshold energy fo
this effect, but none has been found for ion energ
>10 eV. A true understanding of how the sputtering ac
ally occurs, as well as of the factors contributing to it, h
been missing.

Physical sputtering and sputtering caused by electro
excitation are generally considered as the only types of
sion directly29 caused by the bombarding ions.30,31 In the
present case, we do not consider it meaningful to cons
the processes as electronic sputtering, as the electronic
ping power is not a well-defined concept for;10-eV ions.
Furthermore, although the bond-breaking processes fo
here are somewhat similar to some processes believed
induced by electronic excitations during electron
sputtering,32 we discuss our results in terms of elastic co
sions and chemical reactions, as is commonly done in
field.

Based on previous analytic models, Roth and Garc´a-
Rosales developed an analytical expression for the chem
erosion of carbon by hydrogen.7 The goal was to present
model which would allow extrapolation of carbon erosion
the fluxes and energies relevant for fusion device dive
operation. The model describes physical sputtering
chemical erosion by high- and thermal-energy hydrogen,
spectively, as well as enhancement of the chemical ero
due to formation of active sites for hydrogen bonding by
high-energy ions. The model also includes a factor wh
takes into account the ‘‘kinetic emission of weakly bou
sp3 CHx species on the surface,’’ namely, a chemical sp
tering mechanism. This was included since it had been w
established that carbon erosion under low-energy hydro
irradiation took place at temperatures below the thresh
temperature of 400 K of the model of Hornet al. Further-
more, while Hornet al.’s model did predict experimentally
observed methane yields for thermal ion irradiation, it d
not give a satisfying explanation for the observed yields
larger hydrocarbons, as there is no damage produc
mechanism to give rise to these hydrocarbon chains dang
at the surface. This indicates that the model cannot be
plied for the case of>1-eV ion bombardment.

The erosion yields of the unknown surface eros
mechanism also showed a clear isotope effect, which in
19541
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cated a kinetic mechanism. The exact details of this mec
nism were not understood, but it was assumed to be an a
ogy of physical sputtering with a threshold energy close
the surface CHx species binding energies. Since the conc
tration of sp3-bonded carbon sites would decrease with
creasing temperature, the kinetic hydrocarbon emission y
was also expected to decrease. Since at the time there
no data available for carbon erosion at energies below 10
the model could only give extrapolations to this ener
range.

It was observed experimentally that the peak tempera
for carbon erosion increases with hydrogen flux up to a li
iting value of;950 K ~Refs. 35 and 36!. The authors pro-
posed that at temperatures above 900 K annealing
graphitization would suppress the methane production,
thus the carbon yield would consequently decrease at hig
fluxes. However, this does not explain why carbon eros
would decrease at room temperature with increasing fl
which has been the case in experiments9 conducted with the
ASDEX Upgrade tokamak device.

A further attempt was made by Mechet al. to develop a
self-consistent model33 that takes into account the process
described above as well as some new ones, including
breaking of CvC double bonds by energetic hydrogen, a
consequently producingsp3 and spx carbon sites. The bes
fits presented by the authors show an excellent agreem
with experimental results, except at energies below;25 eV
and at temperatures higher than;800 K. The authors con-
cluded that there might be an additional low-energy proc
which is not included in the model. The kinetic ejection
the surface methyl groups was predicted to peak at ener
between 30 and 50 eV by the model, and was conclude
be the dominant erosion mechanism at room temperatur

Finally, various mechanisms of low-energy chemic
sputtering have previously been studied by molecular
namics. Garrison and co-workers examined the sputte
and etching of silicon by fluorine and chlorine, giving d
tailed descriptions of the chemistry involved in the etchi
processes.37–39 They described in detail a mechanism
chemical sputtering where an incoming F atom erodes
unsaturated SiF3 species from a silicon surface. The incide
atom interacts with the F atoms bonded to the Si ato
changing their geometrical configuration from ansp3 tetra-
hedral configuration to a more planar form. The erosion f
lows from a nucleophilic substitution of the Si atom, whe
bonding to the incoming F atom leads to a stretching a
eventually a breaking of the SiuSi bond that binds the SiF3

radical to the surface. Studies by Barone and Graves40,41 on
silicon sputtering by fluorine and chlorine by argon show
that a change of the surface composition at high fluxes
affect the sputtering yield.

To conclude this brief review of work in the field, w
wish to emphasize that several authors found that chem
sputtering mechanisms of carbon are not well understo
Analytical models assume an effect that is present at v
low energies and at temperatures below the threshold t
perature of thermal desorption. Although previo
5-3
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molecular-dynamics simulations presented some chem
sputtering mechanisms, these are not, however, applicab
this case.

C. Carbon-carbon bond-breaking mechanism

In an earlier study we investigated the low-energy sp
tering of a-C:H under low-energy hydrogen bombardme
using molecular-dynamics computer simulations.11 The
simulation method was similar to the one used in this pap
and will be presented in Sec. III. We observed carbon e
sion to take place in our simulations very quick
(;100–500 fs). Since the incident ion energies were
large enough to cause physical sputtering, a chemical e
was expected. A thorough study of tens of bombardm
events leading to carbon erosion showed a mechanism w
we callswift chemical sputtering, since the process is chem
cal in nature but takes place rapidly. While the carbon e
sion took place during the first 500 fs or so, the act
carbon-carbon bond breaking that eventually led to the e
sion, could occur only a few tens of femtoseconds after
start of the simulation.

Since hydrogen is monovalent, it is the breaking of t
CuC bonds that leads to carbon erosion from the sam
The chemical sputtering mechanism in our simulations w
the breaking of those bonds by the impinging ion~Fig. 1!.
The fast ions attacked the region between two bonded ca
atoms. As the distance between the carbon atoms and
hydrogen atom at that point was less than 0.75 Å, the re
sive part of the hydrogen-carbon potential energy funct
gave a significant increase to the potential energy of the
bon atoms forming the bond. It is this increase that made
bond breaking possible. The carbon atoms were pushed a
very quickly from each other, and the carbon network did
have time to relax to a new equilibrium bonding configu
tion. The repulsion eventually led to terminal separation,
distance of the two carbon atoms being larger than the 2.
carbon-carbon cutoff radius of the Brenner potential, and
carbon-carbon bond was broken. The CuC separation could
be further enhanced by collisions between the incident
and the carbon atoms taking part in the bond-breaking p
cess. In those cases momentum was transferred from th
to the bulk carbon network atoms, and the CuC separation

FIG. 1. Illustration of a C2T4 radical erosion. The eroded spe
cies are determined by the length of the hydrocarbon chain ab
the broken CuC bond. In this particular case the ion~circled!
impacts on the upper carbon atom forming the bond, and very
ciently enhances the bond breaking.
19541
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occurred faster. Hydrocarbon species that were no lon
bound to the bulk left the sample surface, along with a
hydrogen atoms bonded to them.

Analysis of the energetics of this process showed t
during the bond-breaking process the carbon-carbon po
tial energy is increased approximately by 4 eV, which
comparable to typical carbon-carbonsp3 and sp2 bond en-
ergies of 3.7 and 4.9 eV, respectively. Since the breaking
a carbon bond will lead to a reconfiguration of the neighb
ing carbon bonds, the energy needed to break the bon
likely to be somewhat lower than the bond strengths, as
the case of thermal desorption discussed earlier.

Simulations using cells with varying surface structur
showed considerable differences in the amount of ero
carbon. Since the requirement for carbon erosion to occu
the breaking of all the CuC bonds binding an atom to th
bulk, the probability for an atom to erode by the sw
mechanism is determined by the number of carbon bonds
atom has. A carbon atom with only one or two CuC bonds
erodes more easily than one with several CuC bonds. As
the ions have very low energies and a single bond-break
process consumes an energy of several eV~in addition to the
energy lost in collisions with the surface atoms!, carbon at-
oms with multiple bonds are not likely to erode by sever
consecutive bond-breaking processes.

Thus, in most of the cases the carbon erosion was du
a single CuC bond rupture, and the determining factor f
the nature of the eroded hydrocarbon species was the d
of the broken carbon-carbon bond. The dangling carb
chain at the surface, above the broken bond, was no lon
bound to the bulk, and was eroded by the kinetic ene
transferred in the bond-breaking process. It should also
mentioned that the incident ion did not always bond to
eroded hydrocarbon after the bond-breaking process,
would sometimes bond to the surface carbon instead.

III. MOLECULAR-DYNAMICS SIMULATION METHOD

In molecular dynamics~MD! simulations the movemen
of particles ~e.g., atoms, molecules, and nanoclusters! is
simulated by deriving the force affecting the particles fro
some classical potential energy function, and numerica
solving the equations of motion. This procedure is repea
in consecutive time steps. The choice for the length of th
time steps in MD simulations is very important. Longer tim
steps can lead to an unphysical behavior of the system, s
as a spontaneous cooling or heating of the simulation c
caused by too abrupt changes of the atom positions. Sho
time steps, on the other hand, give a more realistic desc
tion of the system, but make the modeling of lengthier p
cesses harder. Since the length of the time steps is usual
the order of;0.01–1 fs, the modeled processes are limi
to a few hundred nanoseconds.

If the maximum velocity max(v) of the atoms change
significantly in time, it is possible to use a time-depende
length of the time step to speed up the simulation runs.
each new time stepn the length of the time stepdtn is cal-
culated from42

ve
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dtn5minS kt

max~vn21!
,

Et

Fiv
( i )

,1.1dtn21D , ~3!

where max(vn21) is the maximum velocity of the atoms i
the cell, calculated for the previous time step, andkt is the
maximum displacement of a single atom per time step an
usually of the order of 0.1 Å. In the next term the constantEt
is approximately 300 eV,Fi is the total interatomic force
affecting the atomi, andv ( i ) the velocity of that particular
atom.

The modeling in this paper was conducted with t
HCPARCAS simulation code developed by Nordlund at t
Accelerator Laboratory. The equations of motion are solv
using a fifth-order Gear algorithm,43 which is a predictor-
corrector-type algorithm.44 The temperature and pressure a
controlled in our simulations by using the scaling methods
Berendsenet al.45

A. Brenner-Beardmore empirical potential

For the potential-energy function in the modeling w
chose the empirical Brenner-Beardmore hydrocarb
potential,46,47 which is based on Abell-Tersoff formalism fo
covalent bonding.48,49 Although the preceding Tersoff-typ
potentials reproduce a number of essential properties o
atomic and solid-state structures for carbon,50,51 silicon,49

and germanium,52 problems with hydrocarbons arise for co
jugated bonding and radical binding, for which the poten
gives bonding energies that are too high. These issues
clearly extremely important when studying the interactio
taking place ata-C:H surfaces, where the nature of the C
bonding structure is heterogenous.

Brenner modified the standard Tersoff potential by int
ducing a highly parametrized bond-order function. The
rameters were fit using a large number of experimental d
on carbon and simple hydrocarbon molecules. The bo
order function essentially takes nonlocal effects into cons
eration, and correctly determines the conjugation state of
bon bonding configurations. Two parameter sets w
originally published. The first parameter set gives a be
description of carbon-carbon bond lengths, while the sec
one produces more accurate values for stretching force
stants. Since we wanted to simulate hydrogen ion impact
sample atoms, causing abrupt momentum transfers, we c
the second parameter set. Beardmore and Smith later c
bined the formulations of Tersoff52 (SiuC), Brenner
(CuH), and Murty and Atwater53 (SiuH) to a hybrid po-
tential for SiuCuH systems.47

The Brenner potential has a reasonably realistic desc
tion of pure carbon and hydrocarbon molecule structures
well as the chemistry involved~bond forming and breaking!,
while not being computationally too intensive. Hence it h
been used for various studies of carbon and hydrocar
interactions.47,54–56 The model does not incorporate ele
tronic stopping, but in the energy range (;1 –35 eV) of this
investigation it is not clear how the electronic stoppi
should be treated.

In order to find out whether the Brenner potential w
suitable for simulatinga-C:H bombardment, a number o
19541
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tests was done before starting the actual simulation ru
Since there is no single, uniquea-C:H phase, there is also
not a well-defined set of experimental microstructure d
which could be used directly to test the applicability of t
potential. Thus we chose to comparea-C:H structures pro-
duced by the Brenner potential with quantum-mechan
calculations. Galliet al. studied the microstructure ofa-C:H
with computer simulations based on density-function
theory.19 An excellent agreement with experimentally me
sured fractions for threefold- and fourfold-coordinated c
bon centers was observed at a fixed density and hydro
content.

We created a bulk cell with properties matching t
quantum-mechanical MD cell as closely as possible. Our
cell was manufactured with the method described in de
below ~Sec. III B!. The number of atoms in our cell wa
increased to 500 from 76 used in the quantum-mechan
MD cell. However, preparing the cell from a totally arbitra
initial configuration, by letting the potential-energy functio
used to find the minimum-energy structure, is a very delic
process. Thus the best correspondence we could obtain
cell with a hydrogen content of 16 at. % was a density
;2.7 g/cm3, a bit higher than in theab initio calculations.
The obtained fractions for the threefold- and fourfol
coordinated carbon sites were 40% and 55%, in compar
with 55% and 41% reported by Galliet al., respectively. A
small number of twofold-coordinated carbon sites was a
observed. As the increase in density with keeping the H
ratio constant should result in a higher fraction of fourfol
coordinated carbon sites, the obtained fractions were rea
able. Quantum-mechanical structure calculations by Frau
heim et al.17 also showed quantitatively similar tendencies

We calculated carbon-carbon, carbon-hydrogen,
hydrogen-hydrogen radial distribution functions~RDF’s! for
our test cell which showed a reasonable agreement with
quantum-mechanical simulations, as can be seen in Fig
Since the method of normalization of the radial distributi
functions submitted by Galliet al. was not known to us, an
exact comparison between the heights and widths of
peaks cannot be made.

In the carbon-carbon RDF (gCC) the first two peaks cor-
responding to the first- and second-neighbor distances ap
at about the same distances~1.5 and 2.5 Å! in both radial
distribution functions. In the carbon-hydrogen RDF the fi
peak is at 1.1 Å, which compares well with the calculat
length of a CuH bond in simple hydrocarbons. A less in
tense second peak is at 2.2 Å in both pair correlation fu
tions, but a smaller peak preceding that one is also see
about 1.8 Å in our radial distribution function. The followin
peaks in theab initio RDF were not observed in our simula
tions, and are likely statistical fluctuations caused by
small number of hydrogen atoms in theab initio cell. In our
hydrogen-hydrogen RDF there is a peak at about 0.75
which is due to hydrogen dimers that were not observed
the MD cell used by Galliet al.However, at higher tempera
tures H2 dimers would most likely outgas from the sample
fracture due to C-H bonding. The number of hydrogen ato
in the quantum-mechanical cell was in our opinion ve
small ~12 atoms! for any quantitative comparison of the hy
5-5
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drogen distribution (gHH) in the cells. The large statistica
uncertainties were also noted by the authors. Though inc
venient, this was of no large importance to us, as the m
goal of these tests was to study the structure of the ske
carbon network.

In simulations employing different pressure and tempe
ture processing conditions, the cell properties~potential en-
ergies, densities, and atom coordinations! also behaved as
expected on the basis of experimental data. The tests
cated that the Brenner potential gives a reasonably reli
description ofa-C:H, and was considered to be suitable f
simulations of ion bombardment. It should be mentioned t
studies by Nordlundet al.51 and Ja¨ger and Albe57 showed
that the Tersoff-Brenner-type potentials donot give a good
description of carbon phase transitions with the original
tential cutoffs. Larger cutoffs, on the other hand, remove t
problem. This modification, however, is not important in t
present case, since there are no carbon phase transitio
our modeling.

B. Simulation cells

Manufacturing ana-C:H cell suitable for the hydrogen
bombardment simulations consisted of four different phas
~1! creating a random cell,~2! annealing the cell in order to
find a stable structure,~3! obtaining the desired carbon coo
dination fractions, and~4! creating a stable surface. In th
first simulations we useda-C:H cells having roughly the size
of a 15315315-Å3 cube and consisting of 500 atoms. Ce
of this size were adequately large for low-energy (Erms
<10 eV) hydrogen bombardment, but later we also u
larger cells consisting of up to 2000 atoms for higher-ene
cumulative simulation runs and in order to gain better sta

FIG. 2. Carbon-carbon, carbon-hydrogen, and hydrog
hydrogen radial distribution functions~RDF! of the quantum-
mechanical simulations and the Brenner potential test simulatio
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tics. All hydrogen isotopes~H, D, and T! were used in the
simulation cells and as impinging ions.

A random cell was created by first placing a number
carbon and hydrogen atoms at random in the cell, but set
a minimum distance between the atoms, corresponding
proximately to the bond lengths between the elements
question, namely 1.5 Å for a CuC bond and 1.1 Å for a
CuH bond.58 For most of the cells we chose a H/C ratio
0.4 in the cell to match the experimentally observed satu
tion value at 300 K~Refs. 14 and 15!. However, simulation
cells with different H/C ratios corresponding to the expe
mental saturation values at different temperatures were
manufactured in order to study the temperature depende
of the carbon erosion mechanisms.

Periodic boundaries were applied in thex, y, andz direc-
tions, and atom movement in the random cell was simula
at temperatures between 4000 and 6000 K. After 5–10 ps
temperature was slowly (1013 K/s) quenched, letting the
structure find a possible lowest-energy configuration as
temperature approached 0 K. This procedure was repe
until a clear minimum was found. A few more runs at low
~1000–3000 K! temperatures were done in order to ove
come possible potential barriers toward even a lower-ene
structure, until the potential energy no longer decreased.

The cell was then put under a very high constant press
of ;10–1000 kbar for several picoseconds in order
achieve the desiredsp2 and sp3 bonding fractions for the
carbon atoms. The cell was then relaxed at zero pressu
form a stable cell again. It should be noted that there is
specific physical motivation for this particular method, but
gives a fairly good control over the atom coordinations. T
final simulation phase, however, was not necessary for all
substrate cells, since picking reasonable initial values for
cell parameters, along with standard relaxation descri
above, resulted in many cases in satisfactory cell proper

In order to form a surface, periodic boundary conditio
were removed in thez direction, and the atoms within a
distance of 2 Å from the bottom were held fixed. This w
necessary, since we wanted to simulatea-C:H bulk instead
of a thin film. Although this method is necessary, it is al
clearly nonphysical. However, since there are no large c
cades in low-energy bombardment such as that in the pre
work, very strong interactions never reach the fixed ato
Finally, the cell was equilibrated in a thermal heat bath
300 K for 50 ps after the opening of the surface, to remo
any artificially broken bonds. During the equilibration a fe
atoms~mostly hydrogen! left the cell surfaces and were dis
carded from further simulations. Our simulation cell den
ties were approximately 2.4 g/cm3 with threefold- and
fourfold-coordinated carbon site fractions of 60–70 % a
25–40 %, respectively. A small number of onefold- a
twofold-coordinated carbon sites were also seen at the
faces. These properties are in good agreement with
density-functional calculations by Frauenheimet al.,17 where
the density and the fraction of fourfold-coordinated carb
sites for the most stablebulk cell with a hydrogen concen
tration of 33 at. % were 2.4 g/cm3 and 41%, respectively.

-
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SWIFT CHEMICAL SPUTTERING OF AMORPHOUS . . . PHYSICAL REVIEW B 63 195415
C. Hydrogen ion bombardment

Classical MD simulations cannot account for char
states of atoms. In the remainder of this paper we shall, h
ever, use the term ‘‘ion’’ to denote the incoming atom r
gardless of its charge state, in order to make the follow
discussion easier to follow.

Simulating hydrogen bombardment was initiated by c
ating an ion outside ana-C:H cell, roughly 2 Å above the top
surface atoms. Since the carbon-hydrogen cutoff radius
the Brenner potential is 1.8 Å, there was no interaction
tween the incident ion and the atoms of the cell at the star
the simulation. The incident ion energy was either selec
randomly from the Maxwell-Boltzmann energy distributio
for a rms energy~1 or 10 eV!, or kept constant for each
incident ion. The incident ion was assigned a velocity tow
the surface, with a steep random off-normal angle betw
0° and 20° and a random twist angle. The temperature
scaled to the selected substrate temperature within 2 Å f
the borders in order to keep the substrate temperature
stant, and to embed the energy brought into the cell by
impinging ion.

An impact on the surface too close to the cell bord
could create unwanted artificial effects across the bord
Thus the center of the surface was always selected as
point of impact, and the cell was shifted a random distanc
the x and y directions for each incident ion. This way th
whole surface could be used as a target for the bombardm
Typical simulation runs consisted of 1000–6000 ion impac
The impacts leading to sample erosion were later analyze
detail.

We performed two main sets of bombardment simulat
runs:cumulativeandnoncumulativehydrogen ion bombard
ment of a-C:H surfaces. In the cumulative runs an ion w
shot on the surface and the cascade development was
lowed for 2–3 ps, depending on the kinetic energy of the i
Hydrocarbon species sputtered from the surface were no
cluded in the following simulations. Before shooting anoth
ion on the surface the approximate location of the cell s
face produced by the impact was calculated. The initial
sition of an ion was then modified so that the distance
tween the sample surface and the ion would be greater
the cutoff radius. The time interval between two consequ
incident ions was long enough for the scaling at the bord
to decrease the cell temperature back to the desired con
value, which in the case of cumulative bombardment w
300 K for all the simulation runs. The incident ion ener
was chosen from the Maxwell-Boltzmann energy distrib
tion.

In the noncumulative runs the same initial cell was us
for each incident ion. The target cell was either a virg
~unsaturated! a-C:H cell, or a supersaturated~see below! cell
produced in the cumulative runs. In these runs the casc
development was also followed for 2–3 ps. As well as ru
ning simulations where the incident ion energy was selec
from the Maxwell-Boltzmann energy distribution, we studi
the energy dependence of carbon erosion by running a s
of simulations in which the kinetic energy was kept const
for each incident ion.
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IV. RESULTS OF THE CUMULATIVE
SIMULATION RUNS

A. ErmsÄ1 eV bombardment

The effects of high fluences on the surface structure
carbon erosion yield were studied with cumulative simu
tions. The high rate of ion (Erms51 eV) incidence led to a
strong hydrogen buildup on the cell surface during the fi
500 incident ions; see Fig. 3. Between 500 and 1000 incid
ions the hydrogen buildup slowed down, indicating asuper-
saturationof the hydrogen content in the cell. By supersa
ration we mean here that the H/C ratio maintained by
high-flux H bombardment clearly exceeded the experim
tally measured maximum H/C saturation ratio of 0.4 in bu
a-C:H. After 2000 ion impacts the hydrogen content in t
cell increased only very slightly. Since the surface of the c
at the time was already highly coated with hydrogen~see
Fig. 4!, this increase was due to hydrogen-hydrogen repla
ment collisions of impinging ions driving hydrogen atom
into unsaturated regions deeper in thea-C:H cell. No carbon
erosion was observed in these simulation runs.

FIG. 3. Number of hydrogen atomsNH in the cell in addition to
the initial value at the start of the simulations for two cumulati
hydrogen bombardment simulation runs. The fluctuations in
number of extra H in the cell were stronger for theErms510 eV
bombardment, where significant carbon erosion was also obse

FIG. 4. Simulation cell surface seen from above at the star
the 1-eV hydrogen bombardment~a! and after 6000 incident ions
~b!. The dark spheres represent hydrogen atoms, and the
spheres represent carbon atoms. The supersaturated hydrogen
ing leading to a decreased H-carbon-carbon bond collision c
section can be clearly seen. The atom sphere radii in the picture
arbitrary.
5-7
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For an unsaturated surface the dominant hydrogen-sur
interaction process was ion reflection from the surface. Ho
ever, sputtering of hydrogen molecules~i.e., hydrogen cap-
ture! became more frequent with increasing hydrog
buildup on the surface. Since incident ion reflection does
affect the hydrogen concentration in the simulation cell, i
the hydrogen capture and hydrocarbon erosion that decr
the number of hydrogen atoms in the sample. Althou
higher at the end of the simulation runs, the probability
hydrogen capture still remained small enough for the h
impinging hydrogen flux to produce and maintain a satu
tion of the hydrogen content on the surface. Figure 5 sho
the H/C ratio in the cell before and after the simulation ru
as a function of depth.

B. ErmsÄ10 eV bombardment

Since no carbon erosion was seen in the 1-eV simulatio
we tested the hydrogen saturation effect at a higher rms
ergy of 10 eV. A similar increase of the hydrogen content
the cell was seen~Fig. 6!. Since the simulation cell for
higher-energy cumulative bombardment had to be m
larger, obtaining a saturated hydrogen concentration at
surface required a higher number of impinging H ions
well. The rate of increase in the hydrogen concentration
fore obtaining the supersaturation value of H/C was nea
the same in both cases. However, the fluctuation of the
drogen content at the surface was much stronger for
higher energy bombardment~cf. Fig. 3!. The distribution of
the incident ions remaining in the simulation cell after 50
impacts as a function of depth is shown in Fig. 7. A ro
mean-square energy of 10 eV was high enough to lea
carbon erosion. After 5000 incident ions, 181 carbon ato
out of the original 1433 had eroded from the surface, giv
a carbon erosion yield of 0.04. The eroded carbon w
mainly in CHx (x51, 2, 3, and 4! and C2Hx (x53, 4, 5,
and 6! species, 58% and 31%, respectively.

FIG. 5. H/C ratio near the simulation cell surface before~black
bars! and after~grey bars! 1-eV cumulative bombardment. The in
tial cell surface is at 0.0 Å, the negative direction in the gra
being outward from the bulk. The increased hydrogen concentra
on the cell surfaces can be clearly seen. The high H/C ratio ab
the surface~at 21.0 Å) is naturally due to the H-C bonding ge
ometry of the carbon chains bound to the surfaces.
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V. RESULTS OF THE NONCUMULATIVE
SIMULATION RUNS

We studied the effects of the hydrogen concentration
the surface, incident ion energy, and the substrate temp
ture on the carbon erosion from the cell with noncumulat
simulation runs. All of the three cases were studied indep
dently of each other.

A. Hydrogen shielding

The simulations studying the effect of the hydrogen co
centration at the surface were run either with an unsatura
~virgin! a-C:T surface or a surface with a highly increas
hydrogen concentration due to low-energy ion bombardm
that is, a surface formed after 1000 or more incident ions
Erms51 eV. We used tritium as cell atoms and ions, and
bombarding ions were assigned a rms energy of 10 eV.
the simulation runs were done at 300 K.

The high hydrogen concentration at the surface was
served to dramatically suppress carbon erosion from

n
ve

FIG. 6. As in Fig. 5, but for 10-eV ions.

FIG. 7. Depth distribution of ions still remaining in the cell afte
5000 incident ion impacts in the 10-eV noncumulative bomba
ment simulations. The negative direction is outward from thea-C:H
bulk. 89% of the ions still reside under the original location of t
surface, and 41% of the ions have penetrated 5 Å or deeper u
the surface.
5-8
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TABLE I. Fractions of the tritium erosion mechanisms for the noncumulative bombardment of an u
urated and a supersaturated surface,Erms510 eV. Y0

T and YT are the numbers of tritium eroded by th
corresponding mechanism from the unsaturated and the saturated cell, respectively.

Erosion mechanism Unsaturated surface Supersaturated surfaceYT/Y0
T

Incident ion reflection 0.647 0.466 1.33
T2 extraction 0.263 0.445 3.13
T atom sputtering 0.056 0.087 2.88
Hydrocarbon erosion 0.034 0.002 0.10
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sample. With an unsaturated surface the carbon yield
(1.160.2)31022, whereas with a supersaturated surface
carbon erosion yield had decreased by an order of ma
tude, namely, to (1.660.8)31023. This sharp drop of the
carbon yield can be explained with a decreased carb
carbon bond collision cross section. The impinging ions
sentially lose the majority of their kinetic energy in collision
with the surface hydrogen before impacts with the carb
atoms. Thus the ions are not energetic enough to attack
region of a CuC bond, and are repelled by the potent
barrier.

Carbon erosion from the virgin surface took place p
dominantly as CTx and C2Tx species. A small number o
single carbon atoms was also observed. The uncertaint
calculating the value of the carbon yield was quite high,
the high number of impinging ions gave us reasonable
dence of the order of magnitude. The results were later
confirmed with another independently manufactured vir
and supersaturated simulation cell pair.

Incident ion reflection was the most probable ion-surfa
processes, with both unsaturated and supersaturated sur
The tritium yield per incident ion with an unsaturated surfa
was ;0.5, of which about two-thirds was contributed b
reflected ions and a little less than one-third by sputtered2
dimers. For a supersaturated surface the tritium yield w
;1.0. The probabilities of ion reflection and T2 erosion were
now roughly the same. Thus, the absolute value of b
eroded T2 and reflected ions was increased. More prec
fractions for the tritium erosion are given in Table I.

In order to test the stability of the high hydrogen conte
at the surface, we simulated two different supersatura
cells at several temperatures between 300 and 2400 K f
ns ~Ref. 10!. The simulations were done without hydroge
bombardment, and thus focused on the thermal desorp
~outgassing! of the surface hydrogen. However, since seve
outgassing mechanisms appeared to be present, and d
poor statistics at the lower temperatures, we were unabl
extrapolate a statistically reliable outgassing rate for the
face hydrogen at 300 K.

B. Incident ion energy dependence

The incident ion energy dependence of the carbon s
tering yield was studied with simulations where the sa
energy was assigned to each incident ion. The energy ra
used was 1–35 eV. The reason for this particular regime
that at energies lower than;1 eV no swift chemical sput-
tering was seen~see below!. At energies>35 eV, on the
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other hand, physical sputtering starts to dominate, and
simulation cell sizes used would not have been adequa
large. The cell temperature was 300 K for all the simulati
runs.

In the first simulation runs11 we calculated the physica
carbon sputtering yield and the carbon sputtering yield giv
by our MD simulations for ana-C:T cell bombarded by T
ions. The physical sputtering yield was calculated using
TRIM program,59,60 which takes into consideration only b
nary ion-atom interactions where the kinetic energy of
impinging ions is transferred to the substrate atoms in ela
collisions. Thus no chemical effects are present in theTRIM

calculations. A comparison between our sputtering yie
and those predicted by theTRIM code is shown in Fig. 8.

A small local maximum at energies close to 20 eV~cf.
Fig. 8! indicates that at those energies, the bond-break
mechanism has the highest probability. This maximum w
also observed in several other simulation cells around 15
eV ~see Fig. 9!, although its strength varied from cell to ce
and it was pronounced only for T bombardment. This ag
shows that the results are quite sensitive to the bonding c
acteristics right at the surface. Since the impinging ions a
experience non-bond-breaking collisions with surface hyd
gen and carbon atoms, which extract even more energy f
the ion, in most cases a kinetic energy of several eV ab
the threshold energy for the bond breaking is necessary.

By gradually lowering the incident ion energy in sing
impact simulations leading to carbon sputtering, a thresh

FIG. 8. Comparison of the carbon sputtering yield of our sim
lations of T impinging ona-C:T with TRIM simulations of physical
sputtering. From Ref. 11.
5-9
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energy was eventually found. No carbon sputtering was s
at ion energies below;1.0 eV for any of the three isotope
H, D, or T.

We also simulated monoenergetic bombardment ofa-C:H
by protons and deuterium and tritium ions in order to o
serve possible isotope effects. Figure 9 shows that the ca
erosion is notably higher in the case of heavier isotopes. T
confirms that the swift chemical sputtering observed in
simulations is subject to kinetic effects and is not a pur
chemical process. Considering the cases where the b
breaking is enhanced by the collisions between the incid
ion and one or several surface carbon atoms taking pa
the bond-breaking process, the existence of an isotope e
is easy to understand.

C. Temperature-independent TÕC ratio

The temperature dependence of the carbon erosion
first studied using a simulation cell with a constant T/C ra

FIG. 9. Carbon sputtering yield for ana-C:H cell by proton, and
deuterium and tritium ion noncumulative bombardment ofa-C:H as
a function of incident ion energy. The results show a clear isot
effect for the swift chemical sputtering.

FIG. 10. Fractions of the threefold- and fourfold-coordinat
carbon atoms in a constant T/C ratio simulation cell as a functio
temperature.
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~0.4!. In the temperature range of our simulations, this c
responds roughly to the case where the sample is hydr
nated before heating.16 The cells were heated very slowly fo
a MD simulation (1013 K/s) from 300 K to several tempera
tures between 600 and 1100 K, and then relaxed for 50
Any atoms that left the sample surface during the heat
were discarded. During the heating the fraction of threefo
coordinated carbon sites in the cell increased with increas
temperature, and the fraction of fourfold-coordinated carb
sites decreased~see Fig. 10!. Since only a few hydrogen
atoms left the surface during the heating, the concentra
of hydrogen atoms in our cell remained practically const
at all temperatures. Thus an increase in the relative num
of threefold-coordinated carbon centers meant a decreas
the total carbon coordination in the cell. Although the tim
scales used were too short for actual graphitization,
monotonic increase and decrease was present in all of
simulation cells, manufactured independently of each oth
The ion bombardment simulations on these cells were n
cumulative.

Figure 11 shows the typical temperature dependence
carbon erosion in our simulations. A clear maximum arou
900 K can be seen. A temperature peak in the carbon ero
yield is typical for chemical sputtering,12 which is another
indication of the chemical nature of the carbon eros
mechanism we observed. Experimental values for the car
erosion peak temperatureTm between 600 and 950 K wer
reported,7,8,61 and the value of the peak temperature w
shown to depend on the sample structure, graphite
samples having the highestTm . Since our simulation cells
consist mostly of threefold-coordinated carbon sites, our
sults are in a reasonable agreement with the experiment

The distributions of eroded hydrocarbon species at v
ous temperatures did not have notable differences. The s
tered species were mainly small CTx and C2Tx hydrocarbons
~Fig. 12!. One larger C5T5 species was observed to leave t
surface, and did not fracture during the simulation tim
However, the simulation time~2–3 ps! for a single impact
was clearly too short to allow any conclusions on fragme
tation or interaction between the sputtered species.

e

f

FIG. 11. Carbon sputtering yield as a function of temperature
noncumulative T bombardment simulations for a cell with tempe
ture independent T/C ratio~0.4!. A similar behavior was observed
for other simulation cells. From Ref. 11.
5-10
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Considering the nature of our carbon erosion mechani
the increase in the number of carbons eroded from the ce
higher temperatures is easy to understand. Decreasing
average carbon-carbon coordination led to a structure
was more prone to the swift erosion mechanism. But w
does the carbon yield go down above 900 K? Simulati
with very rapidly heated cells, where structural rearran
ment had no time to take place, did not show an increas
the carbon erosion yield. This shows that, in the tempera
range used, the effect of thermal vibrations is of second
importance.

We analyzed the depth distributions for the eroded car
atoms~Fig. 13!. At temperatures between 300 and 900 K
approximately 4 –5-Å-wide distribution was seen. Abo
900 K, however, the distribution of the eroded carbon ato
shifted toward the surface. There is no reason to believe
the ions were unable to penetrate the surface as they
done at lower temperatures. This indicates that carbon at
whose bonds had been broken deep below the surface
bonded, and did not leave the surface. This is somew
unexpected, since an increase in temperature usually re
in higher mobility of atoms in a bulk network. However, du

FIG. 12. Mass distributions of hydrocarbon species sputtere
constant T/C cell bombardment at 300 and 900 K. At both temp
tures C2T2 was the most abundant eroded species. However, as
simulations were noncumulative, the distribution was sensitive
the particular bonding configuration at the sample surface.
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to the heterogenous nature of the bonding configuration
our cell, and the fact that the total carbon coordination
creases at higher temperatures, the free carbon atoms u
the surface have a higher probability of encountering an
saturated~coordination of three or less! carbon center while
leaving the surface. It is then possible that the free car
atoms rebond to the bulk network.

It should be noted that it was very hard to study possi
rebonding. Among thousands of bombardment events,
easy to study cases in which erosion does occur, but v
difficult to recognize the cases where erosionalmostoccurs,
namely, bond breaking and rebonding. The assumption
put to test with another type of simulation. We simulated
cell at various temperatures without any hydrogen bomba
ment. A single carbon atom bonded to the bulk network w
given a velocity toward the surface with a random o
surface angle (0° –30°), corresponding to a certain kine
energy. The lowest assigned kinetic energy was the t
bond energy of all the CuC bonds of that particular carbo
atom, and several tens of events were simulated in orde
obtain good statistics. The kinetic energy was gradua
raised in consecutive sets of simulation runs. The res
showed that removing carbon atoms from the cell at a te
perature above 900 K requires higher kinetic energies tha

in
a-
he
o

FIG. 13. Depth distribution of the eroded carbons for a T
50.4 simulation cell under 10 eV bombardment at 300, 900, a
1000 K. The negative direction is outwards from the bulk, and
surface is approximately at 0.0 Å. The graphs show how the
tribution shifts above the surface with increasing temperature.
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900 K or below. These results support the idea of dyna
rebonding, but the reasons why the rebonding commence
these temperatures are not obvious, and should be stu
with more precise methods.

D. Temperature-dependent TÕC ratios

Simulation cells with temperature-dependent T/C rat
corresponded better to real cases where the hydrogen sa
tion concentrations are lower at higher temperatures du
diffusion, and consequently outgassing. We studied
cases in particular:~1! a sample that has been hydrogena
at low temperature~300 K! and then heated, and~2! a sample
that has been hydrogenated at each temperature in que
The T/C ratios at different temperatures were chosen acc
ing to the experimental results in Refs. 15 and 16. C
manufacturing was done with the same method describe
detail in Sec. III.

Figure 14 shows that in both cases the decrease in the
ratio led to a decrease in the carbon erosion yield. In the
case the decrease was monotonic and no peak was obse
In the second case, on the other hand, a peak was obse
around 700 K. Analogous to the case of a temperatu
independent T/C ratio, this peak was due to the decreas
the average carbon-carbon coordination with increasing t
perature, while the hydrogen concentration in the cell
mained constant. At higher temperatures, as the T/C r
decreased, the carbon erosion yield decreased like in the
temperature-dependent T/C case. This kind of tempera
dependence corresponds to the behavior of the kinetic
hanced hydrocarbon emission used in the model of Roth
Garcı́a-Rosales.

VI. DISCUSSION

Our simulation results offer explanations for some poo
understood effects at carbon material surfaces. However
wish to mention some points that should be taken into c
sideration when relating the simulation results to real p
cesses.

A. Hydrogen shielding and its implications to high ion fluxes

Our cumulative simulation runs corresponded to a flux
;1025 ions/cm2s, which is still orders of magnitude highe
than the fluxes used in fusion devices. However, the flu
corresponding to the highest hydrogen fluxes that have b
used in fusion device experiments (;1019 atoms/cm2s)
would require time intervals of the order of microsecon
with the method used. Although some methods for simu
ing times of the order of microseconds or even longer w
recently developed,62,63 these methods are quite specific a
require a good knowledge of the local energy minima of
system, which is not, unfortunately, the case witha-C:H.
Nevertheless, from our results we were able to give an up
limit for the desorption rate at 300 K. Since no hydrog
erosion was seen during outgassing simulation runs of 1
the shielding effect should be possible, according to
modeling, with fluxes at least as low as;1022 atoms/cm2s.
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Here the crucial question is how stable the supersatura
is at the surface at 300 K. If the thermal desorption of t
hydrogen atoms is slow enough, the hydrogen shielding
fect could be obtained at lower fluxes than the low limit w
estimated from our simulations. Thus finding statistically
liable outgassing rates of hydrogen froma-C:H surfaces at
different temperatures is important. Also, in real process
hydrogenmoleculeoutgassing would most likely play a ke
role. Surface H-H attraction resulting in hydrogen molecu
formation and erosion could very efficiently remove the h
drogen coating at the surface. Modeling the stability of t
hydrogen coating requires long-range potential energy fu
tions, such as the AIREBO~adaptive intermolecular reactiv
empirical bond-order!,64 as well as much longer time scale
This, however, is beyond the scope of the current work.

Whether the shielding effect we observed in our model
is the key factor to explain the decrease of carbon eros
yield at high fluxes remains to be seen, as the real fluxes
orders of magnitude lower than the flux we used. If so, t
effect can then be used to increase the lifetime of fus
device divertor plates, which experience extremely high-fl
low-energy hydrogen ion and atom bombardment. With s
able carbon material selection, the carbon erosion yields

FIG. 14. Carbon sputtering yield as a function of temperature
noncumulative T bombardment simulations for substrate simula
cells with T/C ratios corresponding to experimentally observed
drogen saturation values~Refs. 15 and 16!. The upper figure corre-
sponds to the case where the sample has been hydrogenated at
temperature and then heated, whereas the lower figure show
case where the sample has been hydrogenated at the resp
temperature.
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be modified to match the desired radiative cooling a
plasma contamination by carbon. Also, since the imping
hydrogen is retained very near the surface, and the super
ration increases the incident ion reflection, tritium retent
in the first wall materials can be suppressed. This also
quires that the mobility of the ions remaining in the bulk
hindered by a high H/C ratio already present in the mater
As next generation fusion devices will be realized in the n
future, more reliable experimental results can also be
pected at higher fluxes.

B. Low-energy chemical sputtering

The swift chemical sputtering mechanism in our model
resembles an assumed surface erosion process, which i
literature is often called ‘‘kinetic emission of weakly boun
surface hydrocarbons.’’ However, it should be noted that
bond breaking described above can take place at very
energies~just enough for the ion to overcome the repulsi
of the CuC and to penetrate between the atoms!, and no
collisions are necessary for the erosion to take place.
threshold observed in our simulations (;1.0 eV) is in good
agreement with previous analytical model extrapolations.
would also like to note that we have observed the same s
erosion mechanism in simulations of pure amorphous car
and amorphous hydrogenated silicon carbide (a-SiC:H).65

As experimental methods for ion energies below 10
will presumably be realized in the near future, our model
will be put to test and will offer a good point of compariso
for experiments and simulations likewise. However, tw
points should be taken into account in these comparis
First, contemporary experiments are done with dim
(H2

1/D2
1) or trimers (H3

1/D3
1), and the ‘‘single-ion en-

ergy’’ is taken as one-half~one-third! of the dimer~trimer!.
At low energies, however, bond energies play a crucial ro
and it is not evident that the ion interactions with the surfa
are not modified by the presence of the other ion~s!. Second,
there was no surface relaxation in the cumulative high-fl
bombardment simulations between two consecutive io
aside from the short time during which the cell temperat
decreased back to the desired value. This can affect the
trapolation to lower fluxes, as there would be more time
intermediate radical configurations to relax or passiva
Also, due to the method of cell manufacturing, we can
state withfull certainty that even the initial cell surface us
for noncumulative simulations is fully relaxed. However,
the surface was given ample time to equilibrate, we do
believe that the results of the current work are strongly
fected by that effect.
.
h

19541
d
g
tu-

n
e-

l.
r

x-

the

e
w

e

e
ift
n

g

s.
s

,
e

x
s,
e
x-
r
.
t

t
f-

VII. CONCLUSIONS

The present work demonstrates that molecular-dynam
modeling can be a very useful tool in studying and und
standing atomic-scale surface effects, such as sputtering
thin-film growth. This is valid especially for amorphous su
faces, as an analytical study of these is extremely diffic
The results also demonstrate that standard sputtering mo
are not necessarily reliable at high fluxes, since they do
account for effects in which the relative surface atom co
centrations change during the irradiation. Quantu
mechanical calculations of more accurate energetics, as
as the effect of the charge state of the incident atom on
swift chemical sputtering, are beyond the scope of
present study, but are under preparation as a next ste
understand in more detail the effects studied.

In conclusion, we have shown that a high-flux, low
energy (E<10 eV) hydrogen bombardment of hard amo
phous hydrogenated carbon results in a supersaturated h
gen concentration at the immediate surface. This hydro
coating very efficiently decreases the carbon sputtering y
from the sample. We have also described in detail how lo
energy hydrogen ion bombardment at lower fluxes can l
to carbon sputtering yields much higher than those expe
from physical sputtering. The carbon yield of this mech
nism, which we callswift chemical sputtering, has been
shown to decrease at higher temperatures, if the hydro
concentrations in the cell are chosen to correspond to
experimental temperature-dependent saturation values.
temperatureTm corresponding to the highest erosion yield
determined by the temperature-dependent H/C ratios, and
carbon-carbon coordinations at respective temperatures
the other hand, if the hydrogen concentration in the samp
kept constant at all temperatures, the carbon erosion by
swift erosion mechanism peaks at temperatures aro
900 K.
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