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ta-C deposition simulations: Film properties and time-resolved dynamics of film formation

H. U. Jäger* and A. Yu. Belov†

Forschungszentrum Rossendorf e.V., Institut fu¨r Ionenstrahlphysik und Materialforschung, Postfach 510119, 01314 Dresden, Germ
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Ion beam deposition of carbon films was studied by molecular-dynamics simulations. Using an analytic
hydrocarbon potential of Brenner with an increased C-C interaction cutoff value, deposition of films with a
thickness of up to 10 nm was simulated for ion energiesEion510280 eV, and for substrate temperaturesTs

ranging from 100 to 900 K. The bulk properties of the computed tetrahedral amorphous carbon~ta-C! films as
well as structure and roughness of theirsp2-rich surface layers agree qualitatively with experiment. At low ion
energies and low substrate temperatures, thesp3 fraction in the films increases with ion energy, resulting in a
highly sp3-bonded ta-C with a high compressive stress forEion.30 eV. This trend remains also at room
temperature, however with lowersp3 content and stress. In agreement with experiment the simulations predict
a sharp transition from ta-C to graphitic carbon asTs exceeds a critical temperatureTc . The calculated value
for Tc is a bit too low (Tc;100 °C forEion540 eV). For the ion energiesEion<80 eV, the incidence atom
is predicted to come to rest in thesp2-rich surface layer. A time-resolved analysis of the film formation shows
that atom subplantation leads generally to a highly tetrahedral structure, but aboveTc the kinetic energy of the
atoms is sufficiently large to overcome the barrier in cohesive energy between ta-C and the more stable
graphitelike films.

DOI: 10.1103/PhysRevB.68.024201 PACS number~s!: 61.43.Bn, 68.55.2a, 68.60.Bs, 81.05.Uw
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I. INTRODUCTION

The atomic network of hydrogen-free amorphous carb
films1 consists of three- (sp2) and fourfold coordinated
(sp3) sites. The respective fractions of these two bond
types determine the film properties, which vary fro
graphitelike to diamondlike as thesp3 content increases
Films with a high content~80–90 %! of tetrahedrally coordi-
nated atoms can be deposited by means of hypertherma
bon ion beams with energies of typically;20 eV21 keV.
These films have diamondlike properties and an atomic
smooth surface. They are known as tetrahedral amorph
carbon ~ta-C!, and are expected to become significant
applications, e.g., as cathode material in field emiss
displays,2 or as ultrathin coatings in magnetic stora
technology.3

It is now widely accepted that the formation of ta-C film
is due to an internal subsurface growth induced by the s
low carbon ion implantation. The deposition process w
analyzed in terms of phenomenological models4 such as the
‘‘subplantation models’’ of Lifshitzet al.5 and of Robertson.6

The film structure in these models is determined by an in
play between two processes: densification by incoming e
getic ions and relaxation of density. While the ballistic p
of the deposition process is now well understood, the na
of relaxation phenomena in ta-C growth still remains uncle
In particular, the strong dependence of thesp3 content on
substrate temperatureTs is not yet fully explained. The struc
ture of films deposited from medium energy ions is known
depend critically onTs . Deposition at room temperature pro
duces films containing up to;85% of carbon atoms with
sp3 hybridization. This value remains nearly constant bel
a transition temperature,Tc , of ;200 °C at ion energies
around 100 eV. AboveTc , it falls abruptly, indicating a tran-
sition from ta-C to graphitic carbon with dominatingsp2

bonding.
It is an attractive goal to understand the ta-C deposit
0163-1829/2003/68~2!/024201~13!/$20.00 68 0242
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process and especially its critical dependence on subs
temperature from an atomistic perspective. During the p
decade, the increasing computational capabilities and
progress in developing C-C atom potentials encoura
some groups to approach the problem and to perform rel
molecular-dynamics~MD! investigations.7–17 Using two-
dimensional MD simulations, Markset al.9 studied the rela-
tionship between the ion-beam energy and the resultant
stress. Three-dimensional MD simulations of the deposit
of unhydrogenated ta-C films were reported by Uhlma
et al.,10 by Kaukonen and Nieminen,11–13by us,14 by Yastre-
bov and Smith,15 and quite recently by Marks.16,17 In these
calculations, the lateral dimensions of the substrate unit c
were similar in magnitude, they were about 10–20 Å. U
mann et al.10 derived the forcefields from a density
functional ~DF! based tight-binding method. The CPU tim
for computing an ion impact was about 100 h. Therefo
they started from an appropriately preconstructed ta-C
and simulated the structural changes induced by an ion
ence equivalent to only one monolayer. It could be shown
qualitative accordance to experimental data, that the ev
ing diamondlike carbon films are characterized by a de
sp3-rich dense layer below a defective, low densitysp2-rich
surface layer.

Deposition simulations for significantly higher fluenc
are feasible11–17 if empirical C-C potentials are used. Th
potentials developed for covalent bonding about one dec
ago follow the bond-order formalism of Abell.18 The binding
energy of the system is a sum of nearest-neighbor pair in
actions moderated by the local atomic environment. The e
pirical potentials are computationally much more efficie
than quantum mechanical methods like that of Ref. 10.
the pregiven form of the potential energy function and the
of its parameters to a limited set of materials properties
aspects that need attention in performing classical MD de
sition simulations.

The MD simulations of Kaukonen and Nieminen11–13

were done using the empirical potential of Tersoff.19 The
©2003 The American Physical Society01-1
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deposited films consisted of up to twenty atomic layers12

and were found to become most diamondlike when the
energy was in the range of 40–70 eV. The maximumsp3

fraction11 was 44%, approximately half of the experimenta
observed value. In their latest paper,13 the authors focused
upon the details of the atomic rearrangement processe
duced by a single deposition event. The problem is that
sp3 fraction computed in these investigations stems mo
from a specific term of the Tersoff potential that may
questioned.14 The Tersoff potential overestimates the bindi
energy for a C-C atom pair where one carbon atom w
three nearest neighbors is bonded to a carbon atom with
neighbors. This aspect was discussed by Brenner, who de
oped an empirical potential-energy expression
hydrocarbons,20 introducing the so-called overbinding co
rection which was determined by fitting the vacancy form
tion energies in diamond and graphite. The Brenner poten
was designed to account not only for three possible hyb
izations (sp1, sp2, sp3) in C, but also different types o
bonding betweensp2 sites: double bonds~like in ethylene!
and conjugated bonds~like in graphite!.

One of the original goals of Brenner was to develop
potential which can be used in simulating the chemical va
deposition of diamond films. The authenticity of this hydr
carbon potential to predict correctly the chemical reaction
diamond surfaces was examined in detail in a series of m
accurate theoretical investigations.21–23For nonhydrogenated
diamond~001!-~231! surfaces the Brenner potential predic
formation of p-bonded dimers with the same double bo
length of 1.38 Å as in an ethylene molecule. The Hartr
Fock calculations21 for small C9H12 clusters representing
single dimer showed that the such dimers are described
single s-bond and radicals rather than by as1p double
bond. In contrast to Ref. 21, an analysis23 employing DF
theory within the local density approximation and a 64-at
supercell predicted the formation ofp-bonded dimers and
was consistent with the results based on the Brenner po
tial.

For the use in modeling film deposition by hypertherm
particles, the Brenner potential in its original form proved
be inadequate.14,15 In the Tersoff and Brenner potentials, th
range for the binding orbitals represented by the outer cu
value24 S is 2.1 or 2.0 Å. Interactions of longer range are n
included. Such an interaction range of<2.1 Å is too short to
describe transitions from graphite- to diamond-like carb
systems.25,26,14

In our ta-C deposition simulations14 we adopted the Bren
ner potential20 and modified it in a rather simple way. Onl
the C-C interaction cutoffs were increased up to the val
which provide reasonable defect formation energies for
carbon self-interstitial in diamond. At a low substrate te
perature~100 K!, more than 103 carbon atom impacts wer
simulated, so that the steady-state growth mode of the fi
was achieved. In the simulated films, the surface region,
transition region to the substrate, and the inner region w
nearly constant properties can be identified. Thesp3 frac-
tions of the inner film regions lie between 52% and 95%
C1 ion energies ofEion530280 eV. The intrinsic stress
and the elastic properties of these films were investigate
02420
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subsequent papers.27–29 Altogether the approach reproduce
essential trends of experimental data on diamondlike carb

Several analytic carbon potential functions30–33 were de-
scribed in the literature in 2000. Up to now one of the
potentals was used in ta-C deposition simulations. Mark30

developed it by extending upon an environment-depend
interaction potential~EDIP! proposed for silicon. Although
the carbon EDIP does not account forp-bonding effects
properly and treats all bonds between threefold sites as
jugated bonds in graphite, it incorporates long-range for
to model nonbondedp repulsion and, thereby, is free from
the shortcomings of the Tersoff-Brenner-type potentials
plained so far. The potential was used to investigate
amorphous networks generated by both liquid quenching16,30

and beam deposition.16,17 In the deposition simulations a
rather low minimum ion energy is required to form ta-C.
particular, the film simulated with an energy of 3 eV and
substrate temperature of 20 °C possesses asp3 fraction of
50%. The growth process at 10 eV which is still entire
surface based provides even ansp3-rich film (;55%).
These results are not consistent with the phenomenolog
subplantation models.5,6 Marks pointed out that the threshol
energy for the transition fromsp2-rich to sp3-rich material is
difficult to measure; the reported values spread from 7 to
eV. He proposes17 an alternative model of ta-C film growth
in which ‘‘energetic burial’’ leads to the simultaneous pr
cesses ofsp3 promotion, densification, stress generation, a
surface growth.

During the last years, we performed a series of furth
very time-consuming MD deposition simulations, using t
same model as in Ref. 14. Our aim was to check the
proach more thoroughly under realistic process conditio
not only at a very low substrate temperature, but also at ro
temperature and at elevated temperatures. This allows fo
effect of deposition temperature on relaxation processes
ing the film growth to be investigated. Films with a thickne
of up to 10 nm were modeled, and the relaxation time a
an ion impact was relatively long~15 ps!. This paper sum-
marizes the properties of all computed films. It is organiz
as follows. At first the model will be briefly explained, an
one typical deposition simulation will be presented. There
ter the bulk properties of the simulated films, i.e.,sp3 con-
tent, mass density, cohesive energy and intrinsic stress
described in dependence on ion energy and substrate
perature. In Sec. IV the average depth profiles of density
sp3 fraction are discussed in more detail for the surface
gion. The simulations reveal the effect of substrate tempe
ture on ta-C formation. This encouraged us to analyze
time scales characterizing the present MD approach~Sec. V!.
As a result, it will be demonstrated at the atomic level ho
the film formation process is influenced by deposition te
perature.

II. MD DEPOSITION SIMULATIONS: METHOD
AND EXEMPLIFICATION

The MD calculations were performed in the same man
as described elsewhere.14 The evolution of the atoms in time
and space is computed by the numerical solution of the c
1-2
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ta-C DEPOSITION SIMULATIONS: FILM . . . PHYSICAL REVIEW B68, 024201 ~2003!
sical equations of motion. Brenner’s analytic potential e
ergy function ~parameter set I of Ref. 20! is adopted, but
with modified valuesR51.95 Å andS52.25 Å for the inner
and outer cutoffs,24 respectively. Successive impacts of up
5000 energetic C atoms into diamond substrates with lat
dimensions of about 17.5317.5 Å2 are simulated. Periodic
boundary conditions are used for the two directions perp
dicular to the surface orientation. The bottom three atom
layers of the substrate~Fig. 1! are frozen. The atoms whic
are within a cylinder with a radius of 6.6 Å surrounding th
initial direction of the incoming beam atom move strictly
accordance with the force field. The atoms outside the cy
der are coupled to a heat bath with the pre-defined temp
tureTs of the substrate, employing the method of Berend
et al.34 The kinetic energies of these atoms are scaled a
every integration time stepdt by the factor

l5A11
dt

t S Ts

T
21D ,

where T is the instant temperature of these atoms, an
value oft5125 fs is used for the relaxation time constant.
this manner, the kinetic energy brought in by the beam a
dissipates. In computing the initial stage of an impact we
time steps between 0.053~for Eion580 eV! and 0.15 fs~for
Eion510 eV!. These values were then increased step by s
depending on the actual maximum velocity. The atomic m
tions are followed for a relaxation time of 15 ps after eve

FIG. 1. Schematic representation of the proportions of our s
dard MD simulation cell~initial stage!. The atoms inside the cylin
der ~radius r 56.6 Å! move exactly due to the interatomic pote
tials. The atoms within the white cuboid, but outside the cylind
are coupled in addition to a heat bath of temperatureTs . The atoms
within the bottom atomic layers~dark cuboid! have fixed positions.
The deposition simulations started generally from a diamond$111%
substrate consisting of 12 atomic layers with 56 C atoms per la
~for details, see Table I!. In this case, the depth dimensions of t
cylinder and of the white cuboid were 5.13 and 9.23 Å, respectiv
In our large simulations with more than 3000 events, the numbe
the atoms having fixed positions is increased after every 56 eve
so that the number of the active atoms remains nearly constan
02420
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particle impact. The coordination of an atom is determin
using the mean range (R1S)/252.1 Å of the potential as the
cutoff length.

The deposition simulations start from a diamond$111%
substrate, except for one test run, where a diamond$001%
substrate was used in order to verify the independence o
model predictions on substrate orientation. Table I informs
detail about the parameters of all simulations analyzed in
paper. The kinetic energyEion of the C1 ion beams ranges
up to 80 eV. Higher energies are not employed because o
increasing CPU time requirements. Shiet al.35 concluded
from investigations of ta-C films that there appear to be t
different growth mechanisms before and after the peaksp3

content atEion;100 eV. The present paper is restricted th
to the growth mechanisms before the peak. With regard
the substrate temperatureTs , our simulations can be sepa
rated into three groups: room temperature, high tempe
tures, and besides a rather low temperature~100 K! is in-
cluded in order to investigate the maximumsp3 content
predicted for the given interatomic potential. For MD sim
lations, it is well known12 that a decrease of the substra
temperature favors diamond-like properties.

n-

,

er

y.
of
ts,

TABLE I. Ion beam deposition simulations analyzed in this p
per. Shown are the process parameters (Eion , Ts), the number of
events, and the thickness of the inner film region with nearly c
stant properties. If not otherwise indicated, diamond$111% sub-
strates consisting of 12 atomic layers with 56 C atoms per la
were used.

Eion Ion impacts Ts Film thickness
~eV! (°C) ~Å!

10 5000 20 74
20 5000 20 85
40 ~two runs! 5000 20 64; 78
55 ~two runs! 5000 20 65; 68
80 5000 20 61a

40 3200 80 38b

40 3200 130 39b

40 5000 200 84
40 1200 400 9
40 1200 600 9

20 1200 -173 12c

30 1200 -173 12c

40 ~three runs! 1200 -173 9c; 12 c; 19
40 1200 -173 19d

50 1200 -173 12c

60 1200 -173 10c

70 1200 -173 12c

80 1200 -173 12c

aDiamond $111% substrate with larger depth dimension~16 atomic
layers!.

bDiamond $111% substrate with larger depth dimension~22 atomic
layers!.

cSimulations presented already in Figs. 5 and 7 of Ref. 14.
dDiamond $001% substrate~14 atomic layers with 50 C atoms pe
layer!.
1-3
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H. U. JÄGER AND A. YU. BELOV PHYSICAL REVIEW B 68, 024201 ~2003!
Figures 2 and 3 depict a specific deposition simulat
which is representative for this paper. 5000 impacts
40 eV C1 ions into a diamond substrate at room temperat
were modeled. Figure 2 shows the increase in the numbe
fourfold coordinated C atoms versus the number of depos

FIG. 2. Film growth by 40-eV C1 ions implanted into a dia-
mond$111% substrate at room temperature~first run; compare Table
I!. The variation of the number of fourfold and fivefold coordinat
atoms in the MD supercell is plotted versus the number of depos
atoms. After the 5000 events, corresponding to a fluence of
3 1017 cm22, 4915 C atoms were deposited. 74 atoms, four2

molecules, and one C3 molecule were sputtered. The CPU time f
this simulation amounted to about 14 weeks.

FIG. 3. Depth profiles of mass density~right-hand scale! and of
all occurring atom coordinations~left-hand scale! in the film whose
growth is illustrated in Fig. 2. The top part presents a snapsho
the atomic ensemble. In calculating the depth profiles, mass d
butions of Gaussian shape having a width of 0.7 Å were used
the individual atoms. In addition, the profiles were averaged o
intervals of 2.05 Å, corresponding to two atomic layers of the id
diamond$111% substrate. This is the narrowest depth interval t
can be used in order to obtain smooth profiles for the crystal
substrate. The substrate surface atoms were initially at the d
positiond50. Our quantitative partition into the three film region
as indicated here, is somewhat arbitrary because of the large s
tical fluctuations in the computed film properties.
02420
n
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d

atoms. It demonstrates that more than 2000 impacts are
essary to attain the steady-state growth mode with the n
ber of atoms of a specific coordination increasing linea
with the number of deposited atoms. Figure 3 shows
resultant film, and presents depth profiles across the fi
The total film thickness is about 10 nm. One can distingu
three depth regions. The surface region, where the mass
sity raises from zero to its mean value, is dominated
threefold coordinated C atoms. This result is in good agr
ment with experimental investigations.36 Some outermost at
oms at the surface, however, exhibit twofold coordinatio
As expected in case of steady-state growth conditions,
film proves to have an inner region with nearly consta
properties. Very large statistical fluctuations occur the
which might arise from the small lateral dimensions of t
film. The last column of Table I lists the thickness of th
inner film region for all deposition simulations covered
this paper.

The properties of the transition region between the fi
and the diamond substrate depend on substrate temper
Ts . At a very low temperature~100 K!, the transition region
lies inside the diamond surface region, is about 5 Å wide
~Fig. 7 of Ref. 14!, and for ion energies.40 eV there is a
stress peak in this region.28 The stress peak disappears
room temperature~see below!, simultaneously the width of
the transition region increases significantly. In the simu
tions performed forTs>20 °C, the transition region is abou
20–30 Å broad, as shown in Fig. 3. According to the electr
energy loss spectroscopy data of Daviset al.36 the width of
the transition region is about 20 Å for films deposited by
eV C1 ions. Our value is in line with these data.

Typically 5% of the film atoms are predicted to remain
fivefold coordinated sites~see Ref. 14, and Figs. 2 and 3!.
Below ~Sec. V! we shall give some arguments for the lon
term relaxation of these states to fourfold coordinated on
In the remainder of this paper, the fractions of four- a
fivefold coordinated atoms will be therefore sometim
added~as done in Fig. 2!, and will then be interpreted as th
sp3 content of the simulated films.

Another disadvantage of the present approach beco
obvious if the pair distribution function of the atoms in th
inner film region~Fig. 4! is considered. In the function, th

d
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FIG. 4. Pair distribution function for the inner region of th
40-eV C1 deposited film shown in Fig. 3. The vertical dotted lin
mark first and second neighbor distances in graphite and diam
respectively.
1-4
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position of the first neighbor peak coincides really with th
of diamond, as expected in case of a dominant fraction
fourfold coordinated atoms~Fig. 3!. However, an unexpecte
narrow peak occurs at the outer cutoff24 value S52.25 Å.
Such a spike is found for both the Tersoff19 and Brenner20

potentials, it is enhanced by the present enlargement of
cutoff parametersR andS ~see Fig. 3 of Ref. 14!. This prob-
lem was clarified by the recent investigations of Markset al.
Similar spikes were found there in amorphous carbon n
works of high density produced by liquid quench16 using the
Brenner potential, and in a tight-binding simulation of fil
deposition,37 where for reasons of computational efficien
the interaction was splined to zero at 2 Å. However, su
spikes don’t arise16 if a variable cuttoff for C-C interactions
is used~like in EDIP!, or there is no interaction cuttoff~like
in DF calculations!. In particular, EDIP provides in this re
gion a more realistic pair distribution function for the amo
phous carbon networks generated by liquid quenching16,30or
by deposition simulations.17 In the Monte Carlo simulations
of Kelires with the Tersoff potential such a very narrow spi
was not found,46 probably since the pair correlation functio
was averaged over thermal fluctuations at room tempera

III. BULK PROPERTIES OF THE SIMULATED FILMS

In the following, the bulk properties of the simulated film
~Table I! are analyzed. In Figs. 5, 6, and 7,sp3 fractions and
mass densities, which were averaged over the inner reg
of the films, are presented together with their root me
square deviations~RMSDs!. Figures 8 and 9 show the bind
ing energy of the atoms inside the films. Compressive st
values are given in Figs. 10 and 11.

A. sp3 bonding

The calculatedsp3 fractions are plotted vs ion energy an
substrate temperature in Fig. 5. At a low substrate temp
ture ~100 K!, ta-C structures with a highsp3 content of

FIG. 5. Variation ofsp3 bonding in the simulated ta-C films a
a function of C1 ion energyEion and deposition temperatureTs .
Different symbols are used in order to characterize orientation
temperature of the substrate: diamond$111% substrate andTs

5100 K (d), 20 °C (j), 80–600 °C (h); and diamond$001%
substrate,Ts5100 K(s). The lines are included to guide the ey
02420
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;80% are modeled for beam energiesEion>30 eV. The
simulatedsp3 content decreases with increasing substr
temperature. At room temperature, thesp3 fractions are only
in qualitative agreement with experimental data~Fig. 6!. The
upper values are too low, about 65% instead of the obser
values of up to 80–90 %. In the present model, the format
of ta-C films results from an internal subsurface growth. T
minimum energy which is required to depositsp3-rich films
depends on temperature, it varies from;25 eV at 100 K to
;35 eV at 20 °C.

For higher substrate temperatures, atEion540 eV, the
model predicts a transition from ansp3 content of (62.3

d

FIG. 6. Comparison ofsp3 fraction in the films simulated for
Ts520 °C(j) with representative results of mass selected
beam deposition~MSIBD! and filtered cathodic vacuum arc dep
sition ~FCVAD!. The data were taken from Lifshitzet al. ~Ref. 38!,
Yamamotoet al. ~Ref. 39!, Fallonet al. ~Ref. 40!, Lossyet al. ~Ref.
41!, and Silvaet al. ~Ref. 42!. For further measurements ofsp3

fractions, see Refs. 38 and 4.

FIG. 7. Correlation of the density andsp3 fraction for ta-C
films. Our simulations~for the meaning of the different symbols
see Fig. 5! are compared to other theoretical predictions and t
linear fit of experimental results, derived by Ferrariet al. ~Ref. 44!
from their measurements and from the data of Fallonet al. ~Ref.
40!. The theoretical results included were taken from the ED
deposition simulations of Marks~Ref. 17!, and from the Car-
Parrinelloab initio MD calculations performed for samples of 12
atoms by McCullochet al. ~Ref. 45!.
1-5
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H. U. JÄGER AND A. YU. BELOV PHYSICAL REVIEW B 68, 024201 ~2003!
612.7)% atTs580 °C to a value as low as (18.264.6)% at
Ts5130 °C~Fig. 5!. This sharp transition is almost in agre
ment with reported data and may be considered as the m
essential result of the present paper. In the experiment1,43

the transition was found at somewhat higher temperatu
when Ts exceeds a critical temperatureTc of
150– 200 °C.Tc decreases43 with increasing ion energy
Eion , and equals 150 °C for 120 eV deposition.1

Because of the occurrence of the transition fromsp3-rich
to sp2-rich films, the deposition simulations forTs580 and
130 °C were performed more carefully, with an increas
number of active atoms~see footnote b of Table I!. The dif-
ferences betweenTs580 and 130 °C will be analyzed an
discussed in more detail below~Sec. V!.

FIG. 8. Distribution of atomic energies in the bulk of the 40-e
C1 deposited film shown in Fig. 3, after relaxing the film to
temperature of 0 K.

FIG. 9. Energetics predicted for the inner film regions. The
erage potential energy per bulk atom at a film temperature of 0
plotted vs the fraction of fourfold coordinated atoms; for the typ
of symbols, see Fig. 5. The solid line is the result of a polynomia
of second order. The inner film regions contain threefold, fourfo
and fivefold coordinated atoms. The fractions of the fivefold co
dinated atoms vary here between 0.8 and 6.3%, and the tenden
that this admixture increases with the fraction of fourfold coor
nated atoms, i.e., with thex-axis values.
02420
st
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B. Mass density

Figure 7 shows the mass density of inner film regions a
function of thesp3 content. Our density values refer to a film
temperature of 20 °C. The films deposited at another te
peratureTs were relaxed accordingly. In addition to th
simulated results, Fig. 7 gives a linear function44 represent-
ing a series of experimental measurements.40,44The results of
the deposition simulations of Marks17 and the predictions of
a recent DF theory investigation45 for amorphous carbon ar
also included.

The density values from the present simulations prove
follow a smooth line, even though large RMSDs occur. T
demonstrates that all the present extensive calculations
compatible to each other. Our preceding paper14 studied
mainly films with a highsp3 fraction of about 75–90 %.
Now, in Fig. 7, the whole range of possiblesp3 fractions is
covered by simulated films, and thereby the limitations of
present approach become more evident. Thesp3-rich
(.50%) amorphous C films obtained forEion.30 eV, Ts

-
is
s
t
,
-
y is
-

FIG. 10. In-plane intrinsic compressive stress at 0 K in amor-
phous carbon films deposited at a substrate temperature of 100
ion energy. In calculating the average stress, the atomic le
stresses were averaged either over the entire film or over the i
film region.

FIG. 11. Depth profiles of in-plane compressive stress at 0 K
amorphous carbon films deposited by ions of 20, 40, and 80 e
Ts520 °C, and 40 eV at 200 °C. In calculating the depth profil
the atomic-level stresses were averaged over layers of equal t
ness of 8.2 Å, corresponding to eight atomic layers of an ideal~111!
diamond substrate. The 40-eV, 20 °C results were taken from
film whose growth is illustrated in Fig. 2; for the final properties
this film, see Fig. 3.
1-6
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<80 °C are modeled fairly well. We note that the maximu
sp3 content of about 65% calculated here for room tempe
ture deposition coincides with the maximumsp3 content in
the EDIP deposition simulations of Marks.17 But for
graphite-like structures with asp3 fraction lower than 50%,
our calculated densities are definitely too large. This is du
the absence of adequate long-range terms in Brenner’s
lytic potential energy function. Our increase of the intera
tion cutoff values is not sufficient to exclude threefold coo
dinated C structures which are more dense than graphi14

The inconsistency between density and highsp2 content is
generally a characteristic of potentials which do not prope
describe nonbondedp repulsion. The deposition simulation
of Marks providedsp2-rich films (;65– 70 %sp2 fraction!
for Eion51 eV and 2 eV. In these films, the relationsh
between density and coordination coincides with experim
tal data~Fig. 7! since two of the defining characteristics
EDIP are its treatment of non-bondedp repulsion and an
appropriate interaction cutoff derived from DF theo
calculations.17

C. Cohesive energy

The energetics of as-deposited ta-C films can be exam
by analyzing calculated cohesive energies. Figure 8 show
typical potential energy distribution of the bulk atoms in
film at 0 K. For the Tersoff-Brenner-type many-body pote
tials the partition

Eb5 (
i 51

N

Ei ~1!

of the binding energyEb of the film into potential energies
Ei of individual atoms~on-site energies! is not unique. In
addition, the Brenner potential in its original form20 gives the
binding energy as a sum over bond energies rather than
site energies. This difficulty can be overcome taking in
account the symmetryFCC( i , j )5FCC( j ,i ) of the correction
function. ThenEb is represented28 in the functional form of
Tersoff19 @Eq. ~1!#, with

Ei5
1

2 (
j Þ i

$VR~r i j !2bi j VA~r i j !%, ~2!

and a new bond-order functionbi j 5Bi j 1FCC( i , j )/2. This
definition of on-site energies was shown28 to result in a real-
istic distribution of the atomic-level stresses in amorpho
carbon networks. TheEi distribution presented in Fig. 8 i
very broad. Its average binding energy per atom is about
eV weaker than in graphite or diamond. The fivefold coor
nated atoms possess a rather high energy of about26.0 eV
and thereby can be considered as interstitial defects in
amorphous carbon network. This provides an additional s
port for the on-site energy definition according to Eq.~2!.
Kelires obtained a similar distribution of atomic energi
@see Fig. 3~a! of Ref. 46# when he modeled as-quenched ta
cells, using a Monte Carlo approach and the Ters
potential.19
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Figure 9 illustrates the relationship between the aver
atomic energy and the fraction of fourfold coordinated ato
for all simulated films. The figure reveals that a film consi
ing of threefold coordinated atoms (x50) is predicted to
have a lower energy than films withx.0. The pure~100%!
tetrahedral amorphous carbon is a less favorable state. Fi
the data by a polynomial of second order yields an ene
curve which has a maximum near medium film compositio
Accepting the fit in spite of its large statistical errors, t
energy barrier separating a film of 85%sp3 content from the
more stable graphitic forms is about 0.04 eV. Although t
low value, which corresponds to about 400 K, nicely cor
lates with the critical substrate temperature of;100 °C
from the deposition simulations~Fig. 5!, it does not entirely
explain the dependence of subsurface film growth onTs .
The question arises why the thermal stability of the ta
films against post-deposition annealing is significan
higher. During post-deposition thermal annealing in ultrah
vacuum47 an sp3 content of 87% decreases only slightly u
to 1100 °C. Thus, bulk ta-C must be separated from g
phitic carbon by another barrier, being much higher th
;0.04 eV. Recently we performed adequate MD annea
simulations48 for ta-C, using the same empirical potential
in this paper, and reproduced the high thermal stability. T
paradox between high graphitization temperature during
nealing and low transition temperature in deposition is
solved by the nonlocal character of thesp3 to sp2 conver-
sion, being represented by a collective reconstruction of
amorphous network involving many atoms. This can be e
ily achieved starting from a transient state with an ion
energy Eion<80 eV being forced into the low densit
sp2-rich surface layer~see below; Figs. 12 and 13!, but not
by heating already formed bulk ta-C.

D. Intrinsic stress

The origin of high intrinsic compressive stress,s;10
GPa, in ta-C films and its role in ta-C formation appear to
the least understood aspects of the ta-C film growth proc
It was initially proposed8 that the high film stress induces
transition from graphitic a-C to ta-C, like high pressure i
duces a phase transition from graphite to diamond in crys
line carbon. This analogy was supported by an observatio49

that the diffuse transition region between ta-C and graph
C in the (s,Ts) plane is close to the Berman-Simon lin
separating diamond and graphite in the (P,T) phase diagram
of carbon. However, recent experimental data50 are contra-
dictory to this hypothesis. Both ta-C films51 (sp3 fraction
;80%) with comparatively low stress of;2 GPa and pre-
dominantlysp2-bonded structures52 with high stress of;12
GPa have been deposited. Therefore, the level of intrin
stresses is not directly related to thesp3 content in amor-
phous carbon films. It rather depends on the nature of re
ation processes during film growth. Some experimental d
show43 that the stress is correlated to density: belowTc it
remains almost independent onTs , whereas atTc it falls
abruptly. Such correlation between density and stress is c
ered by the ‘‘subplantation models,’’6,53 which describe the
relaxation of density and stress in terms of diffusion of t
1-7
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H. U. JÄGER AND A. YU. BELOV PHYSICAL REVIEW B 68, 024201 ~2003!
excess atoms to the surface. On the other hand, l
temperature annealing experiments47,54 clearly indicate an
additional contribution of diffusionless mechanisms of str
relaxation. In principle, depending on deposition conditio
both diffusion-driven and diffusionless structural transform
tions in amorphous carbon networks may take place sim
taneously. Figure 10 shows the level of intrinsic compress
stress in the films deposited at 100 K with different ion e
ergies. The stress was calculated atT50 K by averaging
atomic level stresses28 either over the entire film or only ove
the inner region. According to Ref. 28, at ion energies
ceeding 40 eV there is a stress peak in the transition re
between an amorphous carbon film and a diamond subst
This peak compensates a low stress in the surface layer
therefore the average film stress and the stress in the i
film region coincide. Depth profiles of the zero temperatu
intrinsic stress in films deposited atTs520 °C with ion en-
ergies of 20, 40 and 80 eV are depicted in Fig. 11. The st

FIG. 12. Steady-state surface properties of films deposited
energiesEion520, 40, and 80 eV and at a substrate tempera
Ts520 °C. Depth profiles are shown~a! for the mass density rela
tive to diamond and the contribution of the last deposited ato
which corresponds to a fluence of 3.331013 cm22 into our simula-
tion cell, and~b! for the fractions of differently coordinated atom
All profiles were calculated by averaging over 150 subsequent
states, which were separated by 10 atom impacts, respectively
were passed during the final stage of the deposition process u
steady-state growth conditions. For a given atomic ensem
Gaussian distributions of 0.7-Å standard deviation were used for
atoms; the depth value 0 was fixed to the position of the outerm
surface atom. The 40-eV results were calculated for the film ill
trated in Figs. 2 and 3.
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only slightly decreases as compared to Fig. 10, in accorda
with experimental data.43 The increase in substrate temper
ture from 100 K to 20°C eliminates the stress peak28 at the
substrate interface which is typical of low-temperature de
sition atE.40 eV. Figure 11 also presents the stress pro
in a film deposited with an ion energy of 40 eV at 200 °
that is aboveTc . In the deposition simulations withEion
540 eV the average film stress atTs520 and 200 °C is of
10.0 and 8.2 GPa, respectively, whereas in the experime
stress reduction of;50% was observed.43 The stress reduc
tion, however, exactly follows the density reduction. This
in agreement with experiment. The smaller values for
stress reduction in the simulations as compared with exp
ment are due to the fact that the Brenner potential negl

th
e

,

nd
der
e,
e
st
-

FIG. 13. The formation of highly coordinated atoms after
40-eV C1 ion impact, shown for the two substrate temperatu
Ts580 and 130 °C being just below and above the critical tempe
ture for ta-C film simulation~compare Fig. 5!. The figure presents
~a! the temperature of the atoms coupled to the heat bath and~b! the
increase in the number of four- and fivefold coordinated atoms a
function of time. The quantities were calculated by averaging o
500 successive events during steady-state film growth. The hori
tal arrows mark time periods as discussed in the text.
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both the long-range repulsion ofp orbitals and van der
Waals attraction, thus overestimating the density of predo
nantly sp2-bonded structures.

IV. FILM SURFACE

Figure 12 presents steady-state depth profiles in the
face region of films deposited withEion520, 40, and 80 eV
at room temperature. The profiles were calculated by ave
ing over 150 different surfaces; a Gaussian distribution
0.7-Å standard deviation was used to describe the mass
tributions of the single atoms. At the atomic scale, the s
face of simulated amorphous carbon is not perfectly smo
Rings of twofold coordinated C atoms stick out, and crat
shaped pits exist. Figure 3 shows an example. Under
twofold coordinated atoms, ansp2-rich layer follows in any
film @Fig. 12~b!#. For 80 eV, thesp2-rich surface region is
computed to extend to a depth of;15 Å. In the depth inter-
val between 4 and about 15 Å a nearly constant rise of thi
density profile is found, which results from the continuous
increasingsp3 admixture.

The definition of a surface roughness for the simula
films is somewhat problematic. A reasonable assumptio
that the surface reaches down to that depth where the frac
of threefold coordinated atoms peaks. At this depth, the
creasing fraction of twofold coordinated atoms and the
creasing fraction of four-fold and fivefold coordinated atom
are just equal to each other. Accepting this definition, wh
is marked in Fig. 12~a! by horizontal arrows, surface rough
ness values can be evaluated by integrating the mass de
profiles. The surface roughness derived in this way is p
dicted to increase with ion energy, and its root mean squ
~rms! values are 1.0, 1.4 and 2.8 Å forEion520, 40, and 80
eV, respectively.

In the strict sense, these results are lower limits for
MD roughness, more correctly computed values might
larger, in view of the small lateral dimensions of the simu
tion cell. Calculating the roughness of phase boundaries
MD requires generally a sufficiently large cell, otherwise t
result is limited by the cell dimensions.55

The surface morphology of ta-C films was studied
some groups. Roughness values were evaluated by avera
across much larger areas of typically 131 mm2. Arena
et al.56 investigated films with a thickness of about 30 n
produced by a filtered cathodic vacuum arc~FCVA! system,
and showed that ta-C films deposited on Si has an rms
face roughness of 1.3 Å, increasing to about 10 Å for fil
deposited on metals such as Ti. Lifshitzet al.57 deposited
films ;100 nm thick onto Si substrates using a mass sele
ion beam source. The films retained the initial rms roughn
of about 2 Å of the Si substrate over a wide energy regio
30 eV<Eion<10 keV. For Eion,30 eV, when graphitic
films evolve, the roughness increases with decreasing1

energy, and is about 10 Å for 20 eV. More rece
investigations35 of FCVA deposited, 60-nm-thick films on S
show that the smoothest films are formed at approxima
100 eV and have the highestsp3 content. The rms roughnes
was reported to decrease from;4.5 Å at 75%sp3 content to
;1.2 Å at 88%. Other ta-C films prepared by Tanget al.58
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with mass selected 100-eV C1 ions onto silicon had an rms
roughness of;4 Å.

Comparing the present simulated data to the experime
findings, the roughness of the film with about 60%sp3 con-
tent simulated for 80 eV is consistent with experiment. B
there is clear disagreement for the dependence on ion en
The spacioussp2-rich film obtained for 20 eV is definitively
too smooth. Rather than attributing this result to the sm
dimensions of the MD cell or to the start of the depositi
simulations from an ideally smooth diamond substrate,
suspect that it is again caused by the absence of non-bo
long-range interactions in Brenner’s potential, as for the fi
density~see above!.

Figure 12~a! presents also the contributions of the la
deposited atom to the film density. Such ion range profi
but with a depth scale in units of at/cm2, have been
measured59 by implanting 13C ions into 12C films and utiliz-
ing high-resolution elastic recoil detection. The comparis
with the present MD simulations which will be reported
detail elsewhere60 confirms the nonsymmetric shape of th
profiles as shown in Fig. 12~a!. The straggling of the calcu
lated profiles however proves to be narrower than in m
surements for energies up toEion;50 eV. This discrepancy
can be explained by the present finding that the surface of
simulated films is too smooth. An increased surface rou
ness would really induce some broadening of the very s
low range profiles.

V. DISCUSSION: TIME-RESOLVED DYNAMICS
OF THE FILM FORMATION

As stated above, the calculated critical temperature
ta-C film formation by 40-eV C1 ions is about 100 °C.
Therefore, in the following discussion we can focus on t
two deposition simulations performed for 40 eV at substr
temperaturesTs of 80 and 130 °C~Table I!, which provide
sp3 contents of 62% and 18%, respectively~Fig. 5!. For a
series of successive atom impacts the movement of the a
in these two simulation runs was recorded in great det
every 5 fs for the relaxation times up to 1 ps, and every 50
for the other relaxation periods~1–15 ps!. Figure 13 pre-
sents, as a function of time and averaged over 500 events
increase in the number of highly coordinated atoms. In ad
tion, the instant temperature of the atoms coupled to the h
bath is plotted. Zero time is defined by the moment when
depth difference between the incident atom and the top
face atom is equal to the outer cutoff24 S52.25 Å of the
potential.

First the evolution of temperature is considered. Beca
of the small dimensions of the simulation cell, we did n
introduce local temperatures~for such data, see Ref. 61!. The
system is characterized by only one value. The incom
beam atom interacts first with target atoms which move
actly due to the interatomic forcefield. These are the ato
situated inside a cylinder surrounding the ‘‘ion track,’’ a
illustrated in Fig. 1. The temperature given in Fig. 13~a! was
derived from the kinetic energies of the other active atom
outside the cylinder. Due to the energy flux out of the imp
zone, this temperature begins to rise after 30 fs, on aver
1-9
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The peak temperature occurs after;400 fs. In case of dissi-
pating the 40-eV incident energy to the kinetic and poten
energies of all active atoms~about 1000!, a maximum tem-
perature increase by 0.02 eV or 200 °C would be expec
However, because of permanent cooling the actual rise
temperature is only;80 °C. The system cools again dow
to the substrate temperatureTs in typically 5 ps. The effec-
tive cooling rate, which is determined by the cell dimensio
and by the value oft5125 fs used for the time constant
the Berendsen method~Sec. II!, proves to be significantly
slower than the cooling rates used in liquid quench M
techniques62 to produce and investigate amorphous carb
After thermalization, fluctuations in the temperature of t
system may appear if temperature-driven relaxation p
cesses consume or release kinetic energy.

Concerning the theoretical temperatures presen
throughout this paper, there is a fundamental problem wh
has to be mentioned here. In calculating the instant temp
ture values, the average kinetic energy per carbon atom
divided by 3

2 k in accordance with the equipartition theorem
This relationship of the classical statistical mechanics
commonly used in MD studies of amorphous carbon.61,62But
the subjects are diamondlike materials, and diamond is
crystal with the highest Debye temperature~2220 K!. Its heat
capacity at room temperature is about 4 times smaller t
the high-temperature classical limit. The Brenner poten
used throughout this paper~parameter set I of Ref. 20! makes
tetrahedrally coordinated C structures more classical
underestimates27 the elastic constants of diamond and con
quently also its Debye temperature. For ta-C, the poten
provides elastic constants29 which would lead to a Debye
temperature of;1200 K. Even this value is too high fo
quantum effects to be neglected.

The problem of matching better theoretical temperat
values is not very important for the analysis of ta-C fi
properties as done in the preceding sections, since both
measured and the simulated properties vary only slig
with Ts below the transition temperature. But the compu
value of Tc becomes questionable. The fact that a too l
transition temperature was obtained~Sec. III A! appears to
be due to the net effect of an inappropriately ‘‘soft’’ potent
and the classical statistics.

The presentation in Fig. 13~b! provides information on the
chronological order of the film formation processes. The
erage net generation of highly coordinated atoms per1

impact is plotted versus time in order to reveal how far
hitherto existing ideas can be substantiated by atom
simulations. To simplify the explanation of the speci
curves (Eion540 eV!, four stretches of time are marke
instead of the three time scales used in the literature. Le
elucidate these periods:

A. Subplantation „tÄ0À25 fs…

The curves reflect the increasing number of atoms in
first neighbors sphere of the projectile when it is entering
target. The recoils begin just to move, changes in their bo
to target atoms do not dominate yet the plot. If the incid
atom is forced between three atoms being before 13 twofold
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and 23 threefold coordinated ones, then three new hig
coordinated atoms are generated. The peaks of the curv
25 fs are somewhat higher than 3, since there are contr
tions where the twofold coordinated atom mentioned is
placed by a higher coordinated atom. In the course of th
25 fs the projectile loses half of its kinetic energy, on av
age.

B. Stopping and temperature-independent relaxations
„tÄ25– 70 fs…

The incident atom comes almost to rest during this peri
it is decelerated to an energy of about 1 eV. The maxim
kinetic energy of any atom in the system is;2 eV. The
instant temperature of the atoms coupled to the heat b
begins to rise. The system relaxes to a certain energy m
mum and the coordinations of all slowed down collision ca
cade atoms are significantly controlled by the potential
ergy landscape. Only in this way one can explain that
total production of highly coordinated atoms per inciden
decreases and reaches values near unity. An ultimate valu
unity would be realized in case of steady-state growth o
purely sp3-bonded film. In our example, the average valu
at 70 fs amount to 1.8 and 1.5 new highly coordinated ato
for substrate temperatures of 80 and 130 °C, respectively
a first approximation, these two values can be considere
be equal to each other, and thus to be independent on
perature. But their respective separation into new four- a
fivefold coordinated atoms depends onTs , since the two
targets are films already grown atTs580 °C and 130 °C.

C. Temperature-dependent relaxation„tÄ70– 1000 fs…

At the beginning of this period the simulation cell tem
perature continues to rise. The maximum value is achie
after;360 fs, thereafter the temperature decreases. The
relaxation is now governed by temperature. For our hig
substrate temperature (Ts5130 °C), the numbers of new
four- and fivefold coordinated atoms decrease continuou
and att51000 fs a total fraction of only 0.26 new highl
coordinated atoms exists per event. For the lower subst
temperature (Ts580 °C), the number of new fivefold coor
dinated atoms decreases too, even to a larger degree. Bu
t.300 fs, an essential part of the vanishing fivefold coor
nated atoms relaxes to fourfold coordinated ones, and
the fraction of new fourfold coordinated atoms increas
again. This behavior is aex post factojustification of our
former assumption~see above and Ref. 14! to interpret four-
plus fivefold coordinated atoms assp3 content of the films.

D. Temperature-driven stabilization „tÌ1 ps…

For timest.1 ps the relaxation processes continue a
act in a similar way. Because of the falling cell temperatur
bond breaks or formations happen less frequently. For lon
times (;9 – 15 ps!, before the next beam atom impinges o
the sample, statistical fluctuations begin to dominate
curves plotted in Fig. 13, the averaged derivatives are ne
zero. Thus, our total relaxation time of 15 ps appears to
sufficiently large to understand the essentials of ta-C fi
formation.
1-10
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Figure 13 reveals an additional reason for the theoret
critical temperature of;100 °C for 40 eV to be smaller tha
in experiments. In the period when the most importa
temperature-dependent relaxation processes are predict
be realized (t57021000 fs!, the temperature of the couple
to the heat bath part of the simulation cell exceeds the
given substrate temperatureTs . The corresponding overhea
ing of 30–80 °C diminishes the temperature gradient in
whole cell, reducing the energy flux out of the impact zo
A more accurate estimate forTc would require larger latera
MD cell dimensions to ensure better description of therm
statting.

The time scales of the physical processes involved in t
film formation were estimated more than one decade a
when the ideas of subplantation have been established.
cording to Lifshitz and co-workers,5,63,64 the three time
scales65 characterizing the evolution of the film can be d
scribed as follows:~i! a collisional stage, in which the pro
jectiles transfer their kinetic energy to the target atoms~100
fs!; ~ii ! a thermalization stage, in which the energetic ato
participating in the collision cascade dissipate their exc
energy to lattice~less than 10 ps!; ~iii ! a long-term relaxation
stage~more than 100 ps!, in which the final structure of the
material is determined. The second stage, which is po
understood, is often discussed in ‘‘thermal spike’’ notatio
The third stage is assumed to be governed by thermally
tivated processes such as diffusion of interstitials and vac
cies, phase transformations and chemical reactions.64

Figure 13 shows that the atomistic simulations prov
similar time intervals for the collisional regime and for the
malization of the cascade region. Interesting results are
high degree of structure relaxation during the initial co
sional regime, and the extensive formation of the fin
temperature-dependent film properties at times as sma
;1 ps. For the relaxation during the collisional and therm
ization stages, the many-body effects are predicted to
more important than it was previously expected. Furth
more, the film relaxation seems to end in Fig. 13 after;10
ps. This interpretation, which would disclaim the importan
of long-term relaxations, is too crude. Apart from the mu
longer time being available under realistic conditions b
tween the events, the curves plotted in Fig. 13 are avera
over many ion impacts. In our simulations, we had ab
1000 active atoms and a time interval of 15 ps between
successive impacts. Consequently, the movement of i
vidual atoms was considered for;15 ns. Figure 13 indicate
that all the long-term relaxations taking place during the
ns are induced by the action of a subsequent incoming
~ion-assisted relaxation!. A more definite investigation of the
problem would require a spatial-resolved analysis which
beyond the scope of this paper.

Finally, one can relate Fig. 13 to the other results of t
paper. In doing so, the ta-C film formation predicted by t
present model can be characterized as follows: Forcing
bon ions with Eion530–80 eV under steady-state grow
conditions into the appropriate film, the incidence partic
come to rest, with a very high probability, in thesp2-rich
surface layer~Fig. 12!. The subplantation into a threefol
coordinated region generates initially, in any case, a
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fourfold coordinated sites@Fig. 13~b!, t,70 fs#, and after
relaxation nearly one new fourfold coordinated site per s
planted atom remains, on average. Due to the concur
densification of the corresponding region, this proce
doesn’t necessarily require a subsequent long-term re
ation, such as outdiffusion of an excess atom. The relaxa
process will be more complex if the incidence atom, or t
recoils, come to rest in fourfold coordinated areas. Then fi
fold coordinated sites are primarily generated too, and m
transport out of these areas is necessary to maintain de
and coordination type.

The network of highly coordinated atoms induced by su
plantation is in a metastable state~Fig. 9!. For supercritical
substrate temperatures (Ts.Tc), the kinetic energy of the
atoms is high enough to overcome the barrier in cohes
energy between diamondlike and graphitelike films. As a
sult, the relaxation processes lead finally to the more sta
graphitelike amorphous network. For subcritical substr
temperatures (Ts,Tc) the diamondlike film is stable.

VI. CONCLUSIONS

Using an analytic interatomic potential of Brenner with
increased C-C interaction range, ion beam deposition
amorphous carbon films was simulated. The model corre
describes the properties of highly tetrahedral~ta-C! films,
while density and roughness ofsp2-rich graphitic films are
not properly reproduced. The main reason is that the po
tial doesn’t account for the long-range repulsion betweenp
orbitals.

In the present simulations, the process of ta-C format
from C1 ion beams has an essentially subsurface nature
depends critically on both ion energy and substrate temp
ture. In contrast to Ref. 17 and in agreement with the p
nomenological subplantation models,1,5,6 no amorphous car-
bon films with diamondlike properties were deposited at
energies of less than 20 eV. The incorporation of incom
ions into subsurface layers is not by itself sufficient to p
duce ta-C. For successful ta-C film deposition the relaxat
processes leading to thesp3 to sp2 conversion have to be
suppressed. The simulations clearly show that a transi
from ta-C to graphitic carbon occurs within a narrow tem
perature range of;50 °C, confirming the experimentally
observed sharp dependence of thesp3 content on substrate
temperature. An essential finding of this study is that at
time scale of about 0.5 ps the relaxation processes in gr
ing films below and afterTc proceed differently, leading in
the first case to highly tetrahedral and in the second cas
graphitic amorphous carbon films.
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14H.U. Jäger and K. Albe, J. Appl. Phys.88, 1129~2000!.
15S. Yastrebov and R. Smith, Phys. Rev. B180, 145 ~2001!.
16N.A. Marks, N.C. Cooper, D.R. McKenzie, D.G. McCulloch,

Bath, and S.P. Russo, Phys. Rev. B65, 075411~2002!.
17N. Marks, J. Phys.: Condens. Matter14, 2901~2002!.
18G.C. Abell, Phys. Rev. B31, 6184~1985!.
19J. Tersoff, Phys. Rev. B39, 5566~1989!; 41, 3248~1990!.
20D.W. Brenner, Phys. Rev. B42, 9458~1990!; 46, 1948~1992!.
21B. Weiner, S. Skokov, and M. Frenklach, J. Chem. Phys.102,

5486 ~1995!.
22P. de Sainte Claire, K. Song, W.L. Hase, and D.W. Brenner

Phys. Chem.100, 1761~1996!.
23J. Furthmu¨ller, J. Hafner, and G. Kresse, Phys. Rev. B53, 7334

~1996!.
24Tersoff as well as Brenner used in their formulas for the p

interactions a cutoff function simply taken as~see Refs.
19 and 20!

fC~r!55
1, r,R

1

2
1

1

2
cosFp~r2R!

S2R G, R<r<S

0, r.S

,

which has continuous value and derivative for all bond lengthr,
and goes from 1 to 0 in a small range around (R1S)/2.

25K. Nordlund, J. Keinonen, and T. Mattila, Phys. Rev. Lett.77,
699 ~1996!.

26R. Smith and K. Beardmore, Thin Solid Films272, 255 ~1996!.
27A.Yu. Belov and H.U. Ja¨ger, inGrowth, Evolution and Properties

of Surfaces, Thin Films and Self-Organized Structures, edited by
S.C. Moss, MRS Symposia Proceedings No. 648~Materials Re-
search Society, Pittsburgh, 2001!, p. P6.53.

28A.Yu. Belov and H.U. Ja¨ger, Comput. Mater. Sci.24, 154~2002!.
02420
y

-

J.

r

29A.Yu. Belov and H.U. Ja¨ger, Surf. Coat. Technol.151-152, 128
~2002!.

30N.A. Marks, Phys. Rev. B63, 035401~2000!.
31D.G. Pettifor and I.I. Oleinik, Phys. Rev. Lett.84, 4124~2000!.
32D.W. Brenner, Phys. Status Solidi B217, 23 ~2000!.
33S.J. Stuart, A.B. Tutein, and J.A. Harrison, J. Chem. Phys.112,

6472 ~2000!.
34H.J.C. Berendsen, J.P.M. Postma, W.F. van Gunsteren, A. DiN

and H.R. Haak, J. Chem. Phys.81, 3684~1984!.
35X. Shi, L.K. Cheah, J.R. Shi, Z. Sun, and B.K. Tay, J. Phy

Condens. Matter11, 185 ~1999!.
36C.A. Davis, G.A.J. Amaratunga, and K.M. Knowles, Phys. R

Lett. 80, 3280~1998!.
37N.C. Cooper, M.S. Fagan, C.M. Goringe, N. Marks, and D

McKenzie, J. Phys.: Condens. Matter14, 723 ~2002!.
38Y. Lifshitz, Diamond Relat. Mater.5, 388 ~1996!.
39K. Yamamoto, T. Watanabe, K. Wazumi, F. Kokai, Y. Koga, a

S. Fujiwara, Diamond Relat. Mater.10, 895 ~2001!.
40P.J. Fallon, V.S. Veerasamy, C.A. Davis, J. Robertson, G.A

Amaratunga, W.I. Milne, and J. Koskinen, Phys. Rev. B48,
4777 ~1993!; 49, 2287~E! ~1993!.

41R. Lossy, D.L. Pappas, R.A. Roy, J.P. Doyle, J.J. Cuomo, an
Bruely, J. Appl. Phys.77, 4750~1995!.

42S.R.P. Silva, S. Xu, B.X. Tay, H.S. Tan, and W.I. Milne, App
Phys. Lett.69, 491 ~1996!.

43M. Chhowalla, J. Robertson, C.W. Chen, S.R.P. Silva, C
Davis, G.A.J. Amaratunga, and W.I. Milne, J. Appl. Phys.81,
139 ~1997!.

44A.C. Ferrari, A. Libassi, B.K. Tanner, V. Stolojan, J. Yuan, L.M
Brown, S.E. Rodil, B. Kleinsorge, and J. Robertson, Phys. R
B 62, 11089~2000!.

45D.G. McCulloch, D.R. McKenzie, and C.M. Goringe, Phys. Re
B 61, 2349~2000!.

46P.C. Kelires, Phys. Rev. B47, 1829~1993!.
47A.C. Ferrari, B. Kleinsorge, N.A. Morrison, A. Hart, V. Stolojan

and J. Robertson, J. Appl. Phys.85, 7191~1999!.
48A.Yu. Belov and H.U. Ja¨ger, Nucl. Instrum. Methods Phys. Re

B 202, 242 ~2003!.
49D.R. McKenzie, Y. Yin, N.A. Marks, C.A. Davis, B.A. Pailthorpe

G.A.J. Amaratunga, and V.S. Veerasamy, Diamond Relat. Ma
3, 353 ~1994!.

50A.C. Ferrari, S.E. Rodil, J. Robertson, and W.I. Milne, Diamo
Relat. Mater.11, 994 ~2002!.

51M. Bonelli, A.C. Ferrari, A. Fioravanti, A. Li Bassi, A. Miotello,
and P.M. Ossi, Eur. Phys. J. B25, 269 ~2002!.

52R.G. Lacerda, P. Hammer, C.M. Lepienski, F. Alvarez, and F
Marques, J. Vac. Sci. Technol. A19, 971 ~2001!.

53C.A. Davis, Thin Solid Films226, 30 ~1993!.
54T.A. Friedmann, J.P. Sullivan, J.A. Knapp, D.R. Tallant, D.M

Follstaedt, D.L. Medlin, and P.B. Mirkarimi, Appl. Phys. Let
71, 3820~1997!.
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