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Dynamic relaxation of the elastic properties of hard carbon films
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The effect of enhanced atomic mobility on the growth of hard carbon films was examined.
Tetrahedrally bonded amorphous carbon films were deposited by condensing energetic carbon ions
using an arc-discharge deposition method. The deposition temperature varied between 50 and
400 °C. The dependence of elastic properties on deposition temperature was examined by
determining the frequency-dependent propagation velocity of ultrasonic surface acoustic waves
induced by a laser. A remarkable decrease in elastic coefficient was revealed above the deposition
temperature of 300 °C and complete relaxation was obtained at 400 °C. This observation was
analyzed by using a simple model which was in turn supported by molecular dynamics simulations.
The relaxation turns out to be a thermally activated, dynamic process with an activation energy of
0.57 eV. Possible relaxation mechanisms associated with the migration of atoms or defects on a
growing surface are discussed. ®97 American Institute of Physid$S0021-897607)07311-§

I. INTRODUCTION At higher temperatures the mobility of both defects and
atoms is enhanced. This makes long-range diffusion pos-
Hydrogen-free hard carbon films are of particular inter-sible. Accordingly, the relaxation phase of the ion impact
est because of their high hardness and elastic modulus abecomes longer. This has several consequences. Firstly, of
achieved using a low-temperature deposition protéssaid-  course, the longer relaxation phase gives more opportunities
dition to their technological promise, tetrahedrally bondedfor reactions which result in a stable atomic structure. It may
amorphous carbofta-C) films pose a number of scientific also give rise to new mechanisms for atomic migration. If the
problems. The major challenge is to understand the atomiduration of the relaxation phase is long enough, impact
interactions during the process of condensationtanC  events may overlap. This means that a new ion impact may
films. The problem is complicated by the existence of twotake place in the vicinity of the migrating ion or defect, cre-
kinds of carbon-carbon bonds, t@? andsp® bonds. ating new defects within an interaction distance from the
The deposition ofta-C films involves energetic ions. Mobile atoms or defects. Consequently, ion bombardment
The optimum energy window has been shown to lie in anterferes with the migration of atoms and defects. This in
range from about 50 up to 150 @v‘_‘These energies are far turn has an influence on reactions where an atomic move-
above the thermal energies_ Consequenﬂy, the growing Sument is involved. Thus the elongated duration of the relax-
face iS exposed to an ion bombardment_ At the energies en@lion phase is |mmed|ate|y reflected in the atomic structure
ployed, carbon ions penetrate into the surface of a growingf the grown films.
film to a depth of few atomic layers. During penetration In this work we have examined the effect of the atomic
atomic collisions take place which result in interstitials andMobility (i.e., the substrate temperaturen growth of the
vacancies. At low temperatures the equilibrium defect cont@-C films. These measurements provide information about
centration is obtained through mutual recombination of pointhe limits on conditions where a tetrahedsgl® hybridiza-
defects below the surface and annihilation at the surface. THEN is stabilized and, consequently, helps to understand the
timescale of these prompt events after the arrival of an enef@ctors esser;nal for the condensation of films with a high
getic ion is of the order of 10" s in metal€ In the case of number ofsp® bonds. Because of the considerable difficul-

a heavy ion bombardment which results in higher densitieéies in the quantitization of electron spectroscopic measure-

of vacancies and interstitials there is a phase which is tragilnents due to a variation of the sample thickness, for ex-

tionally called the thermal spike. This phase has a duration o?m_ple’ we have chosen , inst_ead to use elastic prope_rti.es
about 10 s and is characterized by energy equipartitioningWh'Ch can be measured with high accuracy and reproducibil-

between atoms involved within a cascade. the case of a ity. Elastic properties are assumed to directly reflect changes

light ion bombardment, such as carbon at low energies, 4 the sp?/sp?® ratio.

thermal spike does not develop and the time scale might also

be slightly changed due to nonmetallic properties of all. EXPERIMENTAL PROCEDURE AND MEASURED
substrate. ELASTIC MODULUS

Films were deposited by using an arc-discharge deposi-
dElectronic mail: hirvonen@jre.nl tion apparatus operating in pulse mode. The pulsed vacuum
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FIG. 1. MeasuredO) and simulated®) Young’s modulus as a function of substrate temperature. The solid line is the fitted model.

arc-discharge source was mounted in a z5¢acuum cham- The Young’s modulus measurements were based on the
ber equipped with an oil diffusion pump and operating at adetermination of the frequency-dependent propagation veloc-
base pressure of about<30™“ Pa. A cylindrical graphite ity of ultrasonic surface acoustic wavédS-SAW).”8 This
electrode(diameter 30 mmwas used as a cathode, and aallows the nondestructive determination of Young’'s modulus
copper cylinder(diameter 150 mmemployed as an anode. in thin films to an accuracy of several per cent. In order to
The arc was ignited with an electrical spark between ignitioncarry out measurements a train of elastic surface waves is
electrodes at a frequency of 3 Hz. When discharged, thexcited by using the thermoelastic effect of a short laser
capacitor bank(2600 uF) yielded a current pulse with a pulse (0.5 ns pulse lenglhwith a broad frequency range.
maximum of about 3 kA and a half width of 25@s. The  After a predetermined length of travel, the signal is picked
nominal rate of deposition was about 0.3 nm/s and an accuip by a broadband receivarp to 200 MH3z. This procedure
mulation of about 1.6« 10 at/cnf was obtained during each is repeated at a different distance by displacing the laser
pulse. The deposition temperature was controlled using a resource under the same coupling conditions. Comparison of
sistively heated coil, mounted behind the 5-mm-thick coppethe Fourier-transformed signals makes it possible to obtain
block which served as the substrate holder. A thermocoupléhe phase shift and hence the phase velocity. This experi-
mounted inside was used to monitor a sample temperaturemental dispersion curve is approximated by a theoretical one
Assuming singly-charged carbon ions, the ion energycalculated for a coated sample. Use of a suitable curve-fitting
distribution averaged over several sequential dischargprocedure allows some of the unknown film parametass
pulses was such that the majority of ions had an energy bewell as the elastic modulus of the substjate® be
tween 40 and 60 eV. A smaller proportion of ions had andetermined:®
energy exceeding 100 eV. An electrostatic detector was used Figure 1 shows the experimentally determined Young’s
to measure ion energies. moduli for ta-C films deposited at different substrate tem-
Films were deposited onto Si single-crystal wafers. Theperatures. At low temperatures a high value of Young's
average thickness of the deposited films was 100 nm. Asmodulus of about 700 GPa is obtained. It is worth noticing
deposited films have an amorphous structure and nthat this figure is significantly higher than that of hydroge-
7—* excitation at 7 eV can be observed in the elasticnated amorphous carbon film®-H:C). The modulus re-
electron loss spectrum, suggesting an abundancepdf mains constant up to 250 °C after which relaxation takes
bonds. The film deposited at 400 °C had also an amorphoyslace. At a temperature of 400 °C the value of Young's
structure as determined with a high-resolution transmissiomodulus is reduced by almost a whole order of magnitude. It
electron microscope but not a detectable numberspt  is important to notice that during post-annealing the relax-
bonds. Details of the microstructural analysis are giveration of mechanical properties does not occur until a tem-
elsewheré. perature of 600 °C is reached.
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TABLE |. Densities of the simulated amorphous films grown at different
substrate temperatures. The density of ideal diamond in 3.513g/cm

Temperaturg°C) 0 200 400 600 800
Density (g/cni) 2.54 2.59 2.44 2.44 2.36

interval between subsequent atom depositions was 250 fs,
giving a flux density of 1.2% 10?® atoms{cn? s). This un-
realistic high flux density was dictated by the computational
) s limitations. We believe, however, that the essential physics
- a » of the growth during collisional phase is captured even with
L oL 2o Bl QL AL o LA Od ] this high flux, since the colliding atoms dissipate their kinetic
B s o g0 e 8.8 5 energy to the surface in a time less than 106'fas ex-
20500000000 plained in Discussions the flgx used in simulations |s§1factor
o o o e o e e w e o of 20 sme_lller th_an_that required for an overlap the different
o o0 G o oo W o e @ events with a lifetime of 100 fs. After the growth phase,
W oo o oo e o e e @ g surfaces were kept at the desired temperature at zero pressure
o o e e G o O o o for 1.5 ps. They were then further cooledlQ K for 1.5 ps in
order to avoid temperature fluctuations during the simulated
atomic force microscop6AFM) measurements as explained
FIG. 2. Simulated structure of amorphous carbon grown at 0 °C onto 4ater. An example of the grown surfaces is shown in Fig. 2.
diamond substrate. More information about MD simulations of the growth of the
DLC films'?*3 and theoretical considerations can be found
elsewheré!

The density of the amorphous samples was obtained by

To obtain a more detailed atomic picture of the films, cutting slices in thez direction from the top of the original
molecular dynamics computer simulations were used to insubstrate towards the top of the grown film, stopping at the
vestigate the elastic propertiestafC. The growth of amor-  edge of the surface. The density was then obtained by divid-
phous carbon was studied at five different temperat®es ing the total mass of the grown surface by its volume. The
200, 400, 600, and 800 jCDensity and Young's modulus number of nearest neighbours, i.e., the bond order for each
were determined for each of the five samples. sample, was also calculated by using a cut-off distance of

Simulations were performed by depositing 360 carborp 03 A (i.e., the first minimum in the pair correlation func-
atoms one at a time onto an ideal diamofl®0 surface tjon). The densities for the grown films are given in Table I.
consisting of 640 atoms. The kinetic energy of the deposited\t all growth temperatures the relative bonding proportion
atoms was 40 eV. The carbon atoms hit the surface perpefor sp? bonding varied within 63—71% and fap® bonding
dicularly. in 22—25%.

The diamond 100 substrate consisted of 20 atomic lay-  To obtain a measure of the elastic-plastic properties of
ers, each of which had 32 atoms. Simulations were perthe films grown during the simulations, we employed the
formed at constant temperature and pressure using the Begchnique of simulated nanoindentation by an atomic force
endsen methddwith periodic boundary conditions. The microscope(AFM) tip. To the best of our knowledge this
carbon-carbon interactions were described using the classic@brk is the first attempt to calculate the Young's modulus

Tersoff potential® The velocity-Verlet algorithm was used directly based on the atomistic MD simulations. The AFM
for solving the equations of motion for the atoms. A time

interval of At=0.1 fs was used during the collision of the
deposited atom with the surface, otherwidd, was kept at

0.5 fs. These time steps were chosen as a compromise be-
tween the requirement of the conservation of the energy of
the simulated system and the computational cost. The Ber-
endsen cooling algorithm was applied every second time in-
terval except for the final cooling to 0 K, when the thermo-
stat was used at every tenth time interval.

The diamond(100) substrate was allowed to relax for
1.0 ps at the desired growth temperat{®e 200, 400, 600,
and 800 °Q at zero pressure. The temperature does not affect
the collision phaséwhich lasts a few ten jsbut governs the
long-term relaxation phase. The initial position for the de-
posited atoms on the plane parallel to the substfage,

(100 or xy-pland was chosen to b? 'random. entry pOir.1t FIG. 3. The AFM tip used in the simulations consisting of a tetrahedral
above the surface, beyond the atomic interactions. The timgiece of diamond with 28 atoms.

lll. SIMULATION OF ELASTIC MODULUS
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tip is a tetrahedral 28-atomic pyramid-like piece of ideal dia-could be anticipated from the density values of the simulated
mond, Fig. 3. It was brought above to the nearest-neighbopure carbon films grown at different temperatures, no signifi-
distance 2.8 A from the surface, pushed do#A into the cant dependence df on substrate temperature was ob-
amorphous sample in the—(z) direction and then pulled served. We attribute these differences to many different
back to its initial position. The tip was moved 0.001 A in sources. Firstly, the difference in Young’s modulus at low
each time interval 4t=0.5 fs). Four AFM simulations were deposition temperatures may be due to the classical potential
made for each of the five samples starting from differentwhich inadequately describes the growth process. Secondly,
positions on thexy plane [(100) pland. The scaled(i.e.,  our simulations last less than 19s. In this time we can
0=<x<1 and O<sy<1) xy positions are given in Table Il. adequately follow the deformations and the relaxations due
The same AFM measurements were also performed for ato the single collision cascades. The duration of these cas-
ideal diamond(100) surface in order to obtain a reference cades is estimated to be of order 1®s. We cannot, how-
system. During the simulations the penetration deptind  ever, be certain that we have observed all the thermal relax-
the normal forcd-z acting on the tip were recorded at each ations, because the time required to reach the thermal
time interval. Figure 4 shows a typical loading-unloadingequilibrium is up to 10%°s. Furthermore the diffusion of
curve for diamond. Based on this, values for Young’'s moduvacancies and long-range rearrangements of the atom struc-
lus were calculated for each amorphous film sample grownures in a DLC film may take even secorlds® These relax-
as described above. Young’'s modulisvas approximated ations are totally inaccessible with our method. Finally, we
as? have neglected the contribution of the AFM cantilever to the
\/;(1_ V2 dF poter_1tia| energy of the sy;tem. .A h.armo_nic p(_)tential for the
E=— 1~ 2 (1) elastic energy of the cantilever is given in a simulated AFM
2JA dz measurement of graphite by Tsukaetaal 1’ We also recom-

where »=0.104 is the Poisson ratio of diamdfcndA is  Mmend other studies relevant for the AFM-tip-surface

the effective contact area. The slope of the unloading Curv@teractlonsl.&lg

dFz/dz in Fig. 4 was calculated while the tip was being

pulled back from 0.1 to 0.5 A after its deepest penetration|v. ACTIVATION ENERGY OF THE RELAXATION
For ideal diamond we set the Young’s modulus to its experi-OF THE ELASTIC MODULUS

mental value of 1050 GPAand thus obtained an effective

value for the contact are=0.942 (A?), this was then used ) .
mind we have used the following physical model to analyze

to calculateE for the amorphous films. In a real AFM ex- : ) .

periment the contact area is of the order of 160 And the our opservgtlons. Let us assuig@s explained on the basis of
penetration depth of the tip into the sample is typically more’[he simulation results_ abo)/dh_at even at elevated tezm hera-
than 100 Al tures the same relative fraction of carbon atorrm%gp , is
' sp? bonded immediately after the prompt impact evéfite

period of time covered by the simulatiprif the amount of

Bearing these experimental and simulated results in

The calculated values of Young's moduli&sfor each

film and tip position are shown in Table Il. The AFM mea-

surements are very sensitive to the local structure of the filr‘r_(farbon which _W'" be bonded.to the structure & bonds )
and thus to the tip position. For example, values for idealNCreases during the relaxation phase at elevated ambient

diamond may differ from each other by almost 30% dependgemperature by amount Qﬁ.nSF’Z the relat|\2/e fraction of
ing on whether the tip is located above a carbon atom o?pz bonded carbon " the final structure, ", can be de-
above the center of the two carbon atoms situated in thguced from the equation

outermost surface layer. Ngp’ = N%,2+Ang,?. (2

Comparing the experimental values of Fig. 2 with the . .
. : . . In order to relate the observed elastic properties to the rela-
simulated ones in Table Il reveals two differences. Firstly, . 3 .
tive abundance o§p? andsp® bonds we assume a simple

the measured experimental value of Young's modulus for .
) . . . . rule-of-mixture
films deposited at low temperatures is almost twice as high

as the value resulting from the simulations. Secondly, as E=ng,2E, >+ N, Egp, 3

TABLE Il. Calculated Young's modulu§GP3 for the simulated amorphous films grown at different tempera-
tures. The Young modulus was measured at fourxgippositions for each sample as indicated with scaled
coordinates in the table.

Tip position (scaled coordinates

(0.00, 0.00 (0.25, 0.2% (0.50, 0.50 (0.75, 0.7% Average
Diamond 868.7 1218 1210 878.9 1050
T=0°C 274.6 545.5 327.0 385.4 380
T=200°C 328.8 595.8 228.7 347.0 380
T=400°C 190.7 334.6 216.0 420.3 290
T=600°C 525.5 426.3 475.9 310.4 430
T=800°C 619.7 275.3 297.5 395.3 400
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Normal Force {nN]

; Ey

’ 0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3 1.35
The AFM-tip position [nm]

FIG. 4. A loading-unloading curve for a simulated indentation measurement on a simulated amorphous surface grown at 0 °C.

whereE is the elastic constant of the material with the frac-diamond-like films have been determined. This value is
tions of sp? and sp® bonds nsp2 and nsp3, respectively. physically acceptable and of the order of thermally-activated
Esp2 andEsp3 are the elastic constants of materials which areatomic or defect migrations.

formed completely osp? and sp® bonds. Combining Egs.

(2) and (3) yields

V. DISCUSSION
E=(1-n% A Es 2+ N0 2Eg 2+ (Egp”— Egpd) Ang 2.

4) It is evident, based on two experimental observations,
The first two terms of Eq(4) represent the Young's modulus that the thermally—actiyated rela}x.ation in the structure of
obtained on films deposited at low temperatures. The third@C films occurs du.nng .deposmon at elevated substrate
term of Eq.(4) represents relaxation which occurs at ebvatec}emp'eratures. Firstly, in Fh's work a strong dependence of the
temperatures. This relaxation begins after the collisionaf!@stic modulus on ambient temperature was observed. Sec-
phase(about 101 s) and may last even seconds because ondly, the relaxation in the elastic modulus_ occurs at signifi-
long-range migration is involved. Now if the rate of the re- cantly lower temperatures than relaxation during post-
laxation reaction is controlled by a thermally activated pro-dePosition annealing. This clearly shows that the relaxation
cess, as is evident according to the experimental results ol dynamic in nature and associated with the conditions pre-

tained,An, 2 can be expressed as vailing during condensation. If we assume that atomic mi-
osp gration is involved in the relaxation process, we have at least
AnSDZZAnOSp2 exp(— Q/KT), (5)  two different possibilities. Firstly, arriving carbon atoms are

not chemically bonded at all immediately after impact, but
whereQ is the activation energy of the transformation pro- exist as ad-atoms on the surface. Accordingly, ad-atoms
cess,k the Boltzmann constant, is absolute temperature, therefore have adequate time to find an equilibrium location
and Anosp2 the pre-exponential factor. No assumption isbecause of their enhanced mobility. This model explains the
made about the nature of the relaxation process at this stagdifference in temperatures associated with the relaxation of
It is not necessary to know explicitly the duration of the mechanical properties during deposition and post-annealing,
relaxation phase either. After substitution of Eg). into Eq.  because the temperature required to break the bonds of
(4) the elastic constant predicted by the model can be fittedhemically-bonded carbon atoms and make them mobile is
into the experimental elastic constants as a function of théefinitely higher than the temperature at which ad-atoms are
deposition temperature. In Fig. 2 the fitted curve is showrmobile. The model does not explain, however, the abundance
together with the experimental data. Good agreement can h# sp® bonds in structures condensed at low temperatures. It
seen. The value of 0.57 eV was obtained for the activatioris also in conflict with the simulation results which show an
energyQ. To the best of our knowledge this is the first time unchanged relative fraction &fp® bonds during a short pe-
the activation energy of a relaxation during the deposition ofiod of time, even at the elevated substrate temperatures.
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For these reasons and on the basis of our observatiorefects a migration of an incident, depositing ion is con-
we propose a model where carbon atoms, with appropriateerned under an ion bombardment.
energy, are first condensed into a structure with an abun- The growth ofta-C films from energetic ions can also
dance ofsp® bonds, i.e., aresp® bonded. A proportion of be explained using a subplantation motfef®In this model
these carbon atoms are displaced by the constant ion bomarbon ions are implanted below a surface. Relaxation phe-
bardment by incident atonithis of course also occurs at low nomena observed in the past, e.g., as a function of the in-
deposition temperaturesAt elevated temperatures, deplaced creasing energy of incident iofiss explained on the basis of
carbon atoms and defects generated by the ion bombardmediffusion. In this piece of work we have determined the ac-
are more mobile, and are assumed to be mobile for longdivation energy for such a diffusion-controlled relaxation. It
periods of time as explained above. A question still remainshould be also noticed that in previous studies the relaxation
ing is whether there is interaction between the displacedn diamond-like films during deposition occurs at signifi-
migrating carbon atoms and the ion bombardment, i.e., isantly lower temperatures, e.g., at 150¥0we speculate
there an overlap of impact events. This would makethat other relevant deposition parameters such as deposition
radiation-enhanced diffusion a more likely mechanism forrate play a role in the relaxation. The studies concerning this
the relaxation. If the projected area of an impact everk is matter are now in progress.
and the time constant for relaxation isthe probability of One other interesting result can be extracted from our
overlap within 7 is 1—exp(— 7AF), whereF is the incident —analysis. In Eq(4) the first two terms on the right present to
particle flux?® For considerable overlapAF>1. If we as-  Young’s modulus of unrelaxed material, e.g., in our case
sume the ared to be 38 & (Ref. 2) andrto be 100 f&*  about 700 GP&Fig. 2). If we use the value of 1050 GPa for
the flux required for overlap to occur is as high asYoung modulus for material with 100%p® bonds*and 100
2.6x 10?" ions/cnt's. This cannot be obtained in practical GPa for a completely relaxed material with 108%" bonds
conditions and it is even a factor 20 higher than used in thébased on our experimental result in Fig, &e can calculate
simulations in this work. On the other hand, in the arc-that a material with Young's modulus of 700 GPa should

discharge deposition 1®ions/cnt are deposited during a contain 63%sp® bonds. This is a reasonable value and con-
single pulse with a duration of 25@s. In order to achieve sistent with those reported for unrelaxtsd C films# On the
overlap, the relaxation time should be 5. Although mo-  other hand, in the simulation, the abundancespf bonds
lecular dynamics calculations on metals, e.g., copper, showaried from 63 to 71%, the average figure being 67%. If we
that the duration of the relaxation phase which immediately!S€ these values together with the Young's moduli for mate-
follows the collision phase increases with increasing ambienfials with 100% ofsp® and sp” bonds as given above, the
temperature, the time constants are still in the picosecony@lue of 414 GPa is obtained for a material with 63%
range?? In the regime of radiation enhanced diffusion bonds. This is in a reasonable agreement with the simulated
(RED), lifetimes are assumed to be sufficient long for thevalues in Table II. Thus the “rule-of-mixture” seems to be a
conditions for the overlapping of impact events to occur. rgasonable glesgrlptlon of the elastic modulus of a material
The activation energy 0.57 eV deduced from the temWith & combination obp’ andsp® bonds.
perature dependence of the elastic constant can be compared AS a by-product we found that simulated AFM measure-
to the values for activation energies of possible atomic proMents turned also to be a very sensitive probe for the local

cesses at the growth surface. The migration energies for $ructure of a surface, this is shown by the results in Table II.

vacancy Eyy,) in diamond and graphite are 1.9 and 1.6 eV, N the future, it might be possible to deduce some local prop-
respectively’® Vacancies are associated with crystalline erties such as a ring structures and bond order from the AFM

structures and should be used with caution ag4h€ films ~ date&

have an amorphous microstructure. At least part of carbon

ions have energies above the displacement energy in dig;

mond, about 40 eV? this results in the formation of dis- Vi. concLusions

placed atoms. The values given above for the migration en- In conclusion we can say that on the basis of our experi-
ergy of vacancies in diamond and graphite are too highmental observations the relaxation of the elastic modulus in
compared to the experimental activation energy of the relaxta-C films at elevated substrate temperatures is dynamic in
ation, 0.57 eV. The activation ener@yrep Of RED in the nature. This relaxation is associated with the conditions in
case of defect annihilation by direct recombination of vacanthe vicinity of the condensing atoms and may also be af-
cies and interstitials iQrep=0.5 Eyy .2 In the case of dia- fected by the bombarding effect of incident carbon ions. A
mond and graphite this yields values of 0.95 and 0.8 eVmodel, which is supported by molecular dynamic simulation,
respectively. These are higher than the observed value 0.5uggests that immediately after arrival the number of carbon
eV, but they are of the same magnitude. One should alsatoms which are bonded withp®> bonds is independent of
remember that this is atomic migration in the very shallowtemperature within the temperature range involved in this
regime at the surface, and this could change the activatiowork. When applied to the experimental data, this model
energies. Furthermore, on the basis of the current observgields an activation energy of 0.57 eV for the relaxation.
tions the possibility of surface diffusion, or ion This is physically acceptable and of similar magnitude to the
bombardment-assisted surface diffusion, cannot also be rulgatocesses which include the migration of atoms or defects.
out. Moreover, the formalism of the present model is still The thermally activated processes seem to be effected by the
valid if instead of a migration of radiation induced point ion bombardment.
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