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Nanomechanical properties of multilayered amorphous carbon structures

C. Mathioudakis and P. C. Kelires
Physics Department, University of Crete, P. O. Box 2208, 710 03 Heraclion, Crete, Greece

Y. Panagiotatos, P. Patsalas, C. Charitidis, and S. Logothetidis
Physics Department, Aristotle University of Thessaloniki, 540 06 Thessaloniki, Greece
(Received 12 December 2001; revised manuscript received 26 February 2002; published 13 May 2002

A possible route toward reducing the intrinsic compressive stress in as-grown amorphous carbon films on Si
substrates, with a high fraction of tetrahedral bonding, is by forming multilay@/€dstructures composed of
layers dense and rich isp® sites alternated by layers rich &p? geometries, a type of an amorphous
superlattice. We present here a combined theoretical and experimental effort to investigate the stability, stress,
and elastic properties of this type afC material. Our theoretical approach is based on Monte Carlo simula-
tions within an empirical potential scheme, while the experimental part consists of spectroscopic ellipsometry,
x-ray reflectivity, stress, and nanoindentation measurements in films prepared by magnetron sputtering. Our
central result is that the average stress in the multilayered structures is nearly eliminated through layer-by-layer
stress compensation, yet the fractionsgf® sites in the dense regions remains high, sustained by the over-
whelmingly compressive local stresses. BE-rich layers are stable both against a moderate increase of the
width of the low-density layers, as well as under thermal annealing. The elastic moduli of the multilayered
films are comparable with those of single-layer films. This, in conjuction with their low stress, makes them
suitable for mechanical purposes.
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[. INTRODUCTION the high percentage o§p® sites is maintained. This is a
general result, independent of the dengityand the mean
The problem of intrinsic stress in tetrahedral amorphougoordination number of the film. A prerequisite for the
carbon (a-C) films has attracted considerable attention ingradual transition to the ground state demands the film to be
the last decadeaa-C is a hydrogen-free form of amorphous thick enough, so that its bulk portion is substantially larger
carbon with a high percentage ep® (tetrahedral bonded than the interfacial region, giving it the flexibility to relax the
atoms! Its attractive features are the wide band gap, highapplied pressure.
hardness, and biocompatibility that make it suitable for me- This theoretical approach offers us the opportunity to dif-
chanical purposes. Applications include hard coatings, stifferentiate between the stressed, nonequilibrium structures
membranes for flexural plate sensors, and as an ultraharthrmed during growth, and post-growth films that can reach
low-stiction material for microelectromechanicBMEMS)  their ground zero-stress state through relaxation. One pos-
developments. It is a universal finding that as-grot@rC  sible route toward the relaxed state is through thermal an-
films possess high average intrinsic compressive stress. Thigaling that provides the necessary energy to overcome the
is built up during deposition and gives rise to the adhesiorbarrier between the two states, as recent experiments have
failure observed at the film/substrate interface when thickshown!=°The process is accompanied with small variations
layers ofta-C are grown. It is, therefore, desirable to reducein bond lengths and angles without the need for conversion
this stress. of sp® sites tosp? sites. Thus, the intrinsic stress is in prin-
The prospect of stress reductionta-C, eitherin situor  ciple not a crucial factor for the stabilization ep® sites in
post growth, is first of all related to whether or not the highpost-growth annealed films. For as-grown films, it is still
sp°® fraction can be sustained under conditions of low stressunclear whether a critical value of compressive stress is re-
This matter has been the subject of a considerable debatguired to sustain the highp® fraction as one of the modéi3
One point of view is that the compressive stress is the causuggests.
ative factor for the formation o$p® sites?® which implies Another important theoretical result concerns the intrinsic
that without a minimum critical stress the higip® fraction  stress at the atomic levef It was found that there is an
cannot be sustained. An alternative point of view is that theanhomogeneous distribution of atomic level stresseiC,
compressive stress and the higp® fraction in as-grown characterized by a high probability to find ap® site under
films arises from the densification during the depositioncompressive stress and, analogously, by a high probability to
process. However, this model does not tell us what would find an sp? site under tensile stress. Furthermore, it was
happen when the stress is relaxed. showr? that it is possible to preserve the local compressive
Previous theoretical work by one of the autidrad-  stresses under relaxation-thermal annealing so as to avoid the
dressed this point. It has been shown that the equilibriung p*—sp? transformation, while at the same time the local
ground state of anya-C film that relaxes the external con- stresses are redistributed in such a way as to relieve the total
straints and the applied pressioenditions imposed during stress in the film.
deposition corresponds to zero average intrinsic stress, yet An alternative pathway of stress relaxation that has been
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recently explorett*? is through the formation of multilay- constant pressur@, and constant temperatufe These con-
ered(ML) a-C structures on Si substrates, that are composeditions are the most appropriate as they mimic usual experi-
of layers dense and rich sp® geometries alternated by lay- mental conditions in the laboratory. The implementation of
ers rich insp? sites, a kind of amorphous superlattice. Thethis ensemble for MC simulations is done through the Me-
aim is to achieve stress relaxation during growth without theropolis algorithm'®> We have two types of moves: random
need for post-growth treatment. Tlsg?-rich layers in this  atomic displacementsst—s’N), wheresN is symbolic for
sequential design act as a soft elastic medium under tensitee 3N scaled atomic coordinates in the cell, and volume
or neutral stress compensating the compressive stress in thbangesv—V'. These moves are accepted with the prob-
composite structure that is being accumulated due to thability

highly strainedsp*-rich layers. This is especially important

for the interface region where excessive stress produces ad- Pac=Min[1,exf — BAW)]~e~ AWksT, (1)
hesion failure. For this reason, one starts by forming a thin
spz—rich layer at the interface that is followed by a thicker where
sp°-rich layer. This sequence is repeated several times. Care _ N , ,
hSS to be Z’;\ken, howe?/er, so that tFP)we introduction of the soft, AW=AUgip(S7—s"7) + PV =V) = Nkg T In(V /V)'(z)
graphitelike regions does not degradate the desired diamon-

like properties of the composite ML structure. AU ispi is the change in potential energy due to the atomic

The clue to the success of this design can be found in thdisplacements both during the random moves and the vol-
theoretical analysis presented above. The average stressuime changes. The volume involving ternfthe last two
the ML structure might be eliminated through layer-by-layertermg operate only during the volume changes.
stress compensation, but the local compressive stresses in thelt is advantageous to use the,(P,T) ensemble because it
sp-rich layers have to be preserved so that #pd geom-  allows volume and density fluctuations and leads to equili-
etries remain stable. This is the crucial point. If #& lay-  bration of the cell density. Thus, it avoids taeriori fixing
ers propagate tensile stresses through lattice relaxation wf density[use of the microcanonicaN,V,E) or canonical
the sp® layers and the favorable compressive conditiongN,V,T) ensemblek which involves the risk of not relaxing
are overturned, then the ML structure will be transformedcompletely the external forces and stresses applied to the
into a single-layes p?-rich film. Thus, important parameters system. This is particularly important at the stage of comput-
in the ML design are the relative thickness of theing the system properties. However, for certain stages in the
sp?/sp’® layers and the elastic response of the interfacesimulations, it is more convenient to use tHg,Y,T) en-
between them. semble, as described below.

Guided by these fundamental considerations, we carried For the simulations we use two types of computational
out Monte CarloMC) simulations in order to investigate the cells. The first type(l) is periodic in all three dimensions,
stability, stress, and elastic properties of multilayeee@  with lattice parameters allowed to relax to their natural val-
structures. These simulations are complemented by and coraes. This type models the bulk portion of the ML's, which is
pared to spectroscopic ellipsometry, stress, and nanoindentaverwhelmingly the largest part, deep inside the structure
tion measurements in ML films prepared by the magnetrorand away from the interface and surface regions. We have
sputtering technique. Our aim is to associate the microscopicells of two sizes belonging to this category, composed of
aspects that can be revealed by the MC simulations with th&760 and 2240 atoms, depending on the thicknesses of the
macroscopic quantities measured by experiment, to undeindividual layers. In the second typgl), the a-C ML is
stand the important factors controlling the development oformed on top of ac-Si substrate and it is periodically re-
ML's, and to calibrate both the theoretical and experimentapeated in the two lateral directions with lattice parameters
approaches for a better description of comp&eXC struc-  constrained to be those of Si. The type Il structure gives us
tures. the opportunity to model three different regions at the same

The paper is organized as follows. In Sec. Il we outlinetime: close to the interfacdabeled 1B, the bulk layers, and
our theoretical and experimental methods of investigation. Imear the surfacéabeled 3. Type Il supercells contain 3680
Sec. Il we give the results obtained about the structurahtoms, of which 480 are Si atoms in the substrate and 3200
properties, the stresses, and the elastic properties of Mare C atoms in the ML.
structures and discuss their implications. We give our con- To generate both types of cells, we start with crystalline
clusions in Sec. IV. (100 diamond monolayers in the Mplus crystalline(100

silicon substrate layers for type Il cellsThe layers to be in
Il. METHODOLOGY the sp?-rich regions of the ML are packed at graphitelike

densities, while those in thep*-rich regions are packed at
diamondlike (and even highgrdensities. The layers in the

The theoretical investigation of the equilibrium structure ML are liquified at~9000 K and subsequently cooled to
and properties of-C ML's is based on continuous-space 300 K at rates up te-40 (MC stepsg/atom-K, while atoms in
Monte Carlo(MC) simulations. The basic underlying statis- the c-Si substrate are kept frozen. In this part of the simula-
tical ensemble is the isobaric-isothermbl,P,T) ensemble, tion, the (\N,V,T) ensemble is invoked keeping the ML vol-
in which equilibration of a given structure is performed un-ume constant. In particular, we introduce reflective imagi-
der conditions of constant number of atohén the system, nary walls that separate the distinctly different region layers

A. Theoretical methods
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and do not permit atomic diffusion between the boundaries, TABLE I. Properties of the single-laye-C films deposited by
keeping the layer density constant during melting and amorMS on biased and floating substrates.
phization. After quenching to 300 K, the walls are removed

and the whole structure, including several layers of the sub- Film properties Floating Biased

strate in type Il cells, is fully relaxed at zero pressure with sp3 content(%) ~12 ~56

the (N,P,T) ensemble. We denote tisg?-rich layers withA (from XRR)

and thesp®-rich layers withB. We have twoA layers and intrinsic stres<GPa 0.7 6.5

two B layers in anABAB sequence. hardnes{¢GPa 7 24
The large size of the supercells does not permit the use of g|astic modulugGPa 120 200

any other energy functional for the modelling of the inter-  gensity (gcm?) 1.9 2.62

atomic interactions other than of an empirical potential. For
the present investigations, the interactions are modelled via

the empirical potentials of Tersoff for multicomponent pressiorBy=Y/3(1—2v), wherev=cy,/(Cy1+Cyp) is Pois-
systems? which have been extensively tested and appliedson’s ratio. Formally, the elastic constantg andc,, are not
with success in similar contexts, both in strained semicondefined for the infinite amorphous system, but one can in a
ductor alloy$>®as well as in simulations &-C systems:® schematic way calculate them for a periodic supercell with
(The multicomponent case refers to type Il cells where wed" @morphous network.

have, besides the elemental C-C and Si-Si interactions, the

cross Si-C interactions at the interfacEhe C-C interactions B. Experimental methods

provide a fairly good description ad-C phases, especially ~ The multilayera-C films were deposited at room tem-
regarding the energetics and derived quantities. A less googerature by the rf magnetron sputterifgS) technique on
description is provided fo#r bonding interactions due to the c¢-Sj (100) substrates, using a graphite tar¢@9.999% pu-
lack of medium-range forces, resulting in excessively comrity) and a sputtering power of 100 %19 aAdditional thin
pact and dense networks at intermediate coordinations, as végngle-layera-C films were produced by the same technique
shall discuss below. as well as by electron beam evaporati®BE). We also
The main quantities of interest in this work are the atomicanalyzed films that were produced at Cambridge University
level stresses and the elastic moduli of the ML's. The atomigsing the filtered cathodic vacuum af€CVA) technique®®
stresses ira-C networks result due to the intrinsic disorder The three deposition techniqug&EBE-MS-FCVA) cover
(local distortions of bond lengths and angleand due to the a full range of a-C films from graphitic to fully sp®
local incompatibility thatsp2 sites feel in an environment bondedz_l The EBE- and FCVA_produced films were used as
rich in sp® sites, and vice versa. An extensive description ofreferences of highly graphitic and highly tetrahedsaC,
the concept of local stress and its applicationat®€ net-  respectively.
works is given in a recent articfeThe calculation of this No matter what the actual growth mechanisms are, the
quantity is readily done within the empirical formalism em- formation ofsp*-bonded carbon is generally attributed to the
ployed here, which allows the decomposition of the totalion bombardment of the film surface during grovith??-26
energy of the system into atomic contributions. The stressesspecially, in sputter deposition @-C, the ion bombard-
are then directly computed from the lo¢atomig energetics  ment can be achieved by applying a negative bias volgge
by considering an atomic compressitiension of the sys-  to the substrate during depositidh:*>?®Then, the ions pro-
temo; = —dE;/dInV~pJ{);, whereE; is the energy of atom vide most of their kinetic energf to the surface and sub-
i andV is the volume. Dividing by the atomic volum@;  surface atoms of the depositadC film. E is the sum of the
converts into units of pressupg. The total intrinsic stress of average energy of the discharfg and the energy provided
the system can be calculated by summing updhever all by the electric field induced by, (E=E,+¢|Vy|, E, being
atoms. For a completely strain compensated system the total30 eV as measured by a Langmuir plasma pyébén
stress is zero. This means that the individual contribution$his process several energetic Species are involved and the
cancel each other, but it does not mean that they are thengontribution of the carrier gas ions (A) is the most impor-
selves also diminished. tant one. It was found that a strong correlation exists between
The elastic moduli are calculated with the method of ho-the volume fraction of Ar impurities and tl"mps Contenee

mogeneous deformation. One redefines the supercell with afe to the local stresses which are induced by the presence of
external straire, and the elastic modulusis obtained from  the |arge Af ions.

the elastic energ%c.sz after all internal degrees of freedom Following this process we deposited highly graph#i€
have been fully relaxed. Specifically, for the calculation offjjms (sp® fraction<30%) on floating Si substratéwithout
the shear modulug = (cy1;—C12)/2, we use a volume con- jon pombardmentanda-C films with considerabls p? con-
serving orthorhombic straiiifor details see Ref. 17 The  tent (up to 50—55 % on biased substrates-(L00 V<V, <
equilibrium bulk modulus at zero pressureBy  _20 V). The properties of tha-C single layers deposited
=V(d’E/dV?)y-y,, is obtained by considering a uniform on hiased Y, = —20 V) and floating Si substrates are sum-
hydrostatic expansiofcompressiopof the system and dif- marized in Table I.

ferentiating the energy-versus-volume curve. The modulus of The a-C multilayers have been grown by depositing se-
extension(Young's modulug Y is calculated using the ex- quential thin layers with alternating bias conditions
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(floatingV,=—20 V)12 By starting the growth with the Carlo algorithn®® assuming a structure consisting of three

deposition of a thin layer on floating substrate-type lay-  identical bilayers deposited on Si (BBABAB, with vary-

ers, a better adhesion of the multilayer structure on the Sing parameters the thickness and the density of each indi-

substrate can be achieved due to the low stress; then, a 20 nfglual layer (A or B) and the roughness of the AB inter-

thick layer deposited wittv,=—20 V (B-type layej was face.

grown in order to achieve a highp® fraction of the whole The internal stress of each deposited layer has been mea-

film. The final studied films consist of thre&B bilayers sured by the cantilever laser bed@LB) technique, which

(ABABAB structurg with total thickness ranging between measures the variations of the curvature of the film/substrate

75—-120 nm, depending on the thickness of Aaype layers ~ System occurring due to the stress in the film. The stweiss

(5, 7, 10, 15, 20 nm calculated from the difference in the curvature by Stoney’s
The hybridization and thickness of each layer have beenodified formuld®

studied by spectroscopic ellipsomei($E). In situ spectro-

scopic ellipsometry spectra were obtained using a Jobin- o=

Yvon phase-modulated ellipsometer in the spectral range 6d(1—vy)

1.5-5.5 eV with a step of 20 meV. SE is a nondestructive

ical hni which m r h mplex dielectric_.. X .
fODt C‘_”‘ tef q_ue ¢ . casu ?Sht € co _pFeB dielect ratio of the substrateh) and d the substrate and film thick-
unction [e(w)—el(w)ﬂs_z(w)] of the materiaf I—!ow- ness, respectively, an®; and R; the measured radius of
ever, for the case of a thin transparent film deposited on @, ature of the substrate and the film, respectively.

bulk substrate, th_e measured dielectric function takes _i”,tc'fhe CLB measurements, were performed after the deposition
account the contribution of the Slibstrate, as well, and it i$f each layet!12 using a commercial instrument from
called pseudodielectric functiofe(w)). The measured Tencor, Inc., which employs a double laser beam with 628
(?(w)>were analyzed with the Bruggeman effective mediumand 715 nm wavelength. The experimentally determined
theory (BEMT) in combination with the three-phadair/  internal stress is equivalent to our calculated total intrinsic
film/substrate modef® using the appropriate reference di- stress.
electric functions, which describe the optical response of the The elastic propertie@lastic modulu€ and hardnesh!)
fully sp? (Ref. 30 and fully sp® bonded! a-C. The quanti- of the films were conducted using a Nano Indenter XP sys-
tative results of the SE analysis have been validated anttm with the continuous stiffness measureme(@SM)
confirmed, for the case of tha-C single layers, by x-ray option®° Prior to each indentation test, two indents in 100
reflectivity (XRR) and x-ray photoelectron spectroscopy nm depth were conducted in fused silica to evaluate the tip
(XPS) studies?® condition. A detailed description of the system and the CSM
The density and morphology of tha-C single and depth-sensing tests have been presented elsefherall
multilayer structures have been studied by XRR. XRR cal-CSM depth-sensing tests a total of ten indents were averaged
culates the film densityp) from the critical angle for total to determine the meahl and E values for statistical pur-
reflection 6. through the relation poses, with a spacing of 50uMm).

Ech? 1 1 .
RR) (4)

hereEg and v are the elastic modulus and the Poisson’s

0= 2No(e?/2mmc’)(Zpl A)N?, ©) IIl. RESULTS AND DISCUSSION

whereN, is Avogadro’s numberA the mean atomic mask,
the x-ray wavelength and the mean number of electrons ] ] ]
per atome andmthe electron charge and mass, respectively, We firstaddress the structural properties of BHC films.
andc the speed of light in air. The measured density can bé/Ve first present the theoretical results obtained by the MC
also used to calculate thep® content in the film, as it is s_imylations, and then compare them with the experimental
proportional to thesp® volume fractior®? findings. . _

The measured intensity in an XRR scan, obtained from a AS pointed out in the methodology section, we generated
thin film at angles larger thard,, exhibits interference WO types of ML cells, type | simulating the bulk of the
fringes that originate from the multiple reflections of the Material, and type Il introducing interface and surface ef-
x-ray beam at the film/substrate interfa@e3* These inter- fects. The construction of bo'gh types of cells is a challenging
ference fringes are very sensitive to the film thickness and t§rocess due to the complexity of the structures. To demon-
the surface and interface roughness of the film due to thétrate that our effort was successful, we portray in Fig. 1 a
scattering of the x-ray beam to nonspecular directi3ié. three-dimensional3D) plot of a typical bulk ML cell show-
Especially for thea-C multilayers, the height of the interfer- ing clearly the alternation of thep?-rich regions(layersA)
ence fringes is very much affected by the density contrasgith the sp’-rich regions(layersB). In this particular cell,
and the quality of the interfaces between tAeand B having an average coordination numizeequal to 3.56, the
layers'? layersA have a thickness of 8 A and the layer® have a

The XRR experiments were performed in Bragg-Brentandhickness of~24 A. The distribution of atoms is rather in-
geometry using a Siemens D-5000 diffractometer equippetiomogeneous, characterized with a significant clustering of
with a Goebel mirrot’ and a special reflectivity sample stage sp? sites in layersB. This is an important property aa-C.
and were described in detail elsewh&&he XRR measure- The interfaces between the regions are not sharp. There is,
ments were analyzed using tRersiM software and a Monte instead, a continuous variation of coordination from the inner

A. Structure
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FIG. 2. Variation ofsp® andsp? fractions as a function of depth
zin the ABAB ML cell shown in Fig. 1, averaged in thin slices of
width of 3 A. The squares and solid line denote #® variation,
while the triangles and dashed line show the variation. The
thick solid and dashed lines are polynomial fits to the respective
points.

The same overall trends and a clear distinction between
andB layers are found in all MLs studied. Threp® fraction
in layersB depends rather weakly on the relative thickness
ratio d(A/B). For example, it is reduced te-53% when
d(A/B) is nearly 1/2, compared to 60% in the 1/3 case dis-
cussed above. This shows the stability of layBragainst
FIG. 1. lllustration of a bulKtype I) multilayered cell, periodi-  increasing the width of layers (which of course remains
cally repeated in all directions, with a mean coordination numbelsmaller than the width of layerB). We also checked the
z=3.56. Atoms are shown according to coordination: dark greythermal stability of the ML structures by annealing them at
spheres denote threefold atoms while light grey spheres show foupigher temperatures and then cooling them back to 300 K.
fold atoms. This check is important especially for layeBs where it is
essential to preserve the higip® fractions. We found that
parts of the layers, where eithep? or sp® coordination —the ML's are stable up te-1000 K. Beyond this point there
prevails depending on the type of the layer, to the interfacdS @ massive transformation G_bs sites intos p? sites, con-
regions where there is a crossover in the dominant coordinasistent with earlier finding®? signifying a graphitization of
tion. (Actually, during the formation of the cell, the use of the whole structure. , , , ,
the imaginary walls keeps the layer thickness and the inter- At this point, we WOUldLAL:;_%tO d|§cuss In some Qeta|l
faces sharp, but this changes when the walls are removed argme reports in the IlteraF arguing that S|mula_t|_ons
the structure is relaxex. with the 7Tersoff pot_entlal at typ|ca_lta—C densities
o . : e . =3 gcm %) underestimate thep® fraction by almost a
A more quantitative picture of this transition is obtamed( 9
L . . . . factor of 2. For example, Stephan and HaéSk) (Ref. 49
by partitioning the ML cell into thin slicegof thickness found i lecular d i08/D) simulati that at a den-
A) in the vertical direction and computing the ouna in molecy ar ynamics : ) simuaions tha' 2t a den
equal to 3 A) in 5 o puting € iy of 3 gem 3 the sp® fraction is 34%. Mark® inter-
fractions of sp” and sp® sites in each one of them. The preted this result as indicating severe underestimation of tet-
_resglts of th_ls analysis, for the cell des_crlbeo! above, are givefhhedral bonding with the Tersoff potential. However, MC
in Fig. 2_ which plots the releyant fractlons with respegt to thegimulations with this potential have repeatedly fousif
depthz in the ML. The maximum fraction of thep’ sites  fractions well exceeding 709 At this specific density
(70-75% occurs deep in the middle of laye and (3 gcmi®), networks were generated with-50% sp?
its minimum(20%) in the middle of layers\, and vice versa  ponding. At 3.2 gcm?® the MC networks contain about
for the sp? fraction. The average fraction afp’® sites  78% sp® sites. Thus, it seems that the MC simulations and
in regionsB is ~60% and in layersA ~30%. We could those of SH contradict each other. This requires an explana-
somewhat loosely specify the interface boundaries ation.
the positions where thep® andsp? distributions cross each The answer to the paradox lies in the kind of statistical
other. The density of layerd is ~2.5 gecm 3, that is ensembles used in the two simulations. In the MD simula-
graphitelike, while that of layers is ~3.3 gcm 3, that is  tions of SH, as in most MD simulations, the microcanonical
diamondlike. (N,V,E) ensemble is used. This means formation of the
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amorphous structure during quenching at zero applied pres-
sure. This fact has been pointed out by SH. To the contrary,
the MC simulations, carried under th&l,(P,T) ensemble,
form the amorphous network under applied pressure, which
stabilizes thesp® bonding, without fixinga priori the den-
sity. At the final stage, when cooling is completed and equili-
bration is taking place, the pressure is removed and the den-
sity comes out as a result of the simulation. Actually, the MD
and MC simulations are not directly comparable because re-
laxation of the constant-volume constraint in the MD simu-
lations would lower the density of the network. According to
our estimates,a 34%sp® fraction corresponds to a relaxed
density of~2.9 gcm 2 with the Tersoff potential. Still, this
density estimate is an overestimation. It is a result of the
absence in this potential of an explieit bonding term that
would treat properlyr repulsion and give to the network the
correct density. This problem is more serious for low- to
intermediates p> content networks, where bonding is pre-
dominant, and less ita-C networks. In the latter, the density
is overestimated by-3-4 %.

So, it is possible to construct higlp® content networks
with the Tersoff potential by quenchinghder pressureVal-
ues as high as 2—3 Mbar have been used in the past in order
to achieve this:® (The equivalent in the NVE or NVT case is
to generate a liquid at superdiamond densities; after quench-
ing and amophization, however, the volume and density has
to be relaxed.The pressure is needed to overcome the bar-

; 3 citncd2 ;
ner betweensp2 andsp sites.” It does also help to avoid FIG. 3. lllustration of an epitaxigkype Il) ML cell, periodically

numerous art_ificial Configurations_ mixing threefold- and repeated in the two lateral directions. Open spheres show Si atoms
fourfold-coordinated atoms, that arise due to the absence @f ihe substrate. Light greydark grey spheres show fourfold

m bonding terms. The resulting structures, after pressure rehreefolg carbon atoms in the ML, respectively.
lease and density equilibration, are metastable with respect to
transformation o6 p® to sp? sites, but only at high tempera- fourfold atoms at depth, which measures the distance from
tures(1100 K) as we have shown in the pa$€and in agree- the interface to the surface of the multilayered structure.
ment with experiment. To the contrary, none of the otherThese probabilities are defined as the atomic-position densi-
liquid-quenching MD simulations reporting higtp® con- ties of states?(z) =dN/dz, wheredN is the number of p?
tents, using eithemb initio forced”*® or other empirical or sp® sites lying in the vertical position interval between
potentials*® have been able to probe the stability ts-C  andz+dz. The resulting distributions are shown in Fig. 4.
networks as a function of temperature. The thick lines are polynomial fits to the very fine mesh of
ta-C films are usually grown on &i00) substrates. In  P(z). Indeed, the probability for findingp® atoms is mark-
order to include the substrate/film interfadE) effect on the  edly pronounced in the twB layers, while that ofp? atoms
ML, and to have a more direct comparison with our experi-is larger in layersA. Still, there is an appreciable amount of
mental observations, we also analyzed cells of type Il. Asp? atoms in theB layers (it is quantified below A third
typical “epitaxial” c-si/ABAB cell is portrayed in Fig. 3. peak in pane{a) shows that the surface is enhanced vsit
The total thickness of the film is 75 A. We clearly see that atoms, in accordance with the visual inspection of Fig. 3. An
the depicted structure exhibits the desired modulations interesting effect is that the center of gravity of the? dis-
coordination. A comparison to the bulk cell of Fig. 1, showstribution in the first of theA layers is shifted towards the
that there are some structural differences at the IF region andterface which is rich insp? atoms. This is in agreement
at the surface region, as expected. Most notable are thgith experimental work® The other interesting feature ap-
enrichement of the interface region witip® atoms, in the pears in panelb), namely, a tendency fosp® atoms to
otherwise sp?-rich layer A, and the enrichement of the gather near the interface, as we discussed above, when the
surface in the topB layer with sp? atoms, a feature of rest of theA layer is almost depleted from them. A close
ta-C that is by now well established both by experiM&nt inspection of the interface region shows that this effect is
and by theory?®! The two inner, bulk layer8 andA have  driven by the tendency of carbon atoms to preserve the tet-
more or less similar structural characteristics in both typesahedral arrangements of silicon atoms in the topmost layer
of cells. of the substrate. Thus most of these tetrahedral carbon atoms
An alternative way of looking into how thep? andsp® participate in SiC-like geometries.
atoms are distributed in the film is the following. We com-  Following the partitioning procedure described above for
pute the unnormalized probabilities of finding threefold andthe bulk cell, we compute thep® fraction and density in thin
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P(z) (arb. units)

P(z) (arb. units)

P 80 100 120
Depth z (A)

FIG. 4. Position probabilities vs deptbee texx, at 300 K, in the
ABAB ML structure shown in Fig. 3. The interfa¢d-) with the Si
substrate and the free surfa@ are denoted by arrow&) Forsp?
atoms.(b) For sp® atoms.

slices (3 A) across the-Si/ABAB ML. The results are
given in Fig. 5. The maximunsp® fraction in theB layers
reaches~70%, while in theA layers is ~10%. This is
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FIG. 6. Variation of thesp® andsp? fractions in a representative
multilayereda-C film as a function of the film thickness(the Si
substrate is az=0). The individualsp®- and sp?-rich layers are
easily identified, though the current SE analysis underestimates
much thesp® fraction.

density variations follow closely the respective variations of
the sp® fraction in the multilayers. Thé layers are quite
dense with certain slices reaching a density-&.4 gcm 2.
(Diamond has a mass density of 3.51 gcim As we ex-
plained above, these values are overestimated forsfite
fractions at hand. More appropriate estimates would be about
3.2 gem .

The experimentally produced multilayer cells are bigger
than the calculated ones. The thickness of the whole
multilayer structure ranges from 750 to 1200 A, and those

somewhat lower than in the bulk case, and reflects the effe@f the individual layer is between 50-200 A. The high
of the surface and interface environments. Tensile stress coffickness of the produced cell has been chosen in order to get

ditions in these areas disfavor the formatiorsef sites. The
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FIG. 5. Variation of thesp® fraction (a) and of the mass density
(b) in the multilayered structure shown in Fig. 3.

the highest possible accuracy and to avoid the inherent limi-
tations of the characterization techniqu€E and XRR.
Although there is a different scale for the dimension of
the experimental and calculated cells, there is good
qualitative agreement between the experimental and calcu-
lated results.

From the SE data analysis using the Bruggeman effective
medium theor$?>2we obtained the film compositiors {7,
sp® fractiong and the thicknessl of each deposited layer.
We have found that thesp? and sp® fractions exhibit a
modulation versus the film thickness. The modulation period
depends on the bias voltage applied to the substrate. Figure 6
shows the depth profile of thep®/sp? contentversusthe
thicknessz (z=0 refers to the Si substratebased on the
results of BEMT analysis, for a representata<€ multilayer
structure deposited by MS. The individus®- ands p?-rich
layers can be easily identified, though their interfaces are not
quite sharp. Thesp*/sp? ratio increases in tha-C multi-
layers whenv,<0 V and decreases whan,>0 V (float-
ing substrate The values of thep® content in the individual
layers were found to be somewhat lower than the ones in the
single layer films deposited with the same conditi6hghis
underestimation of thep® content is due to the roughB
interfaces that cause light scattering, which misleads the
BEMT model to translate it as optical absorption in the
vis-UV spectral region, overestimating the content of
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10° W o Experiment TABLE Il. Properties .of the individual I.ayer.s of the ML ceIIs.
E Simulation #1 deposited by MS, according to XRR analysis. Listed are the density,
z wge s Simulation #2 the sp® fraction, and theAB interface roughness.
> o
éj 107 | S e Layer p(g/cn?) sp3(%) ri(A)
& 10°F sp? rich 2.0 18.0
e 40.0
=z 10F WM sp® rich 25 485
g 10° \i
10° E B ST SR x-ray wavelength measured in nm. Three curves are shown:
' ERARS an experimentalopen circleg from a representative-C
10';00 : 0:]4 : ol)s : 0'12 : 0'16 . (’)"20 multilayer and two corresponding Monte Carlo simulations
: ) ’ N ) ) assuming either rougtsolid line) or sharp(dotted ling AB
q, A7) interfaces. The simulated curves are shifted to lower values

for demonstration purposéto show better the line shape

FIG. 7. XRR diffractogram from a representati&eC ML struc- - . . . . .
ture deposited by MS and two simulations assuming either rougr-wrhe interference fringes manifesting in the expenmental

(No. 1) or smooth(No. 2) interfaces between the individual layers. ARR curvg are not so sharp as they would be e_xpectgd for a
The simulated curves are shifted to lower values sharpAB interface. Instead, the Monte Carlo simulation of

' the XRR curve assuming a rough interface follows better the
i _experimental dat@open circleg and is in qualitative agree-
sp?-bondeda-C. Nevertheless, SE can provide the qualita-pent with the computational resulBigs. 2,4. According to

tive profile and a good quantitative approximation of thethe Monte Carlo simulations of the XRR curves, tA®
sp’/sp” variation within the individualA and B layers, as interface roughness is=40 A.
shown in Fig. 6. _ o The results of the properties of the individsgl-rich and

In addition to SE, thea-C multilayers were examined in  g3_rich layer in the ML structure, based on XRR results, are
more detail, concerning the individual thickness of the layers;,mmarized in Table 1I. An interesting feature of these re-
A and B, by XRR and transmission electron microscopy syjts compared with the properties of taeC single-layers
studies in cross section geometyTEM).” The Cross ex-  deposited with the same conditiofEable |) is that the den-
amination of thea-C multilayers by the above three tech- sity values are slightly different. Thus, thep®- (sp?)-rich
niques provides the following(i) a very good agreement |ayers in the ML structure are slightly legsiore dense than
between the three techniques concerning the total film thickihe corresponding single layers, respectively. This may be
ness and the modulation periad(i.e., the thickness of the  another indication of local transformations in the whole ML

AB bilayer) and(ii) a difference in the thickness of the indi- strycture in order to relieve the mean intrinsic stress of the
vidual A and B layers was detected between XRR/XTEM qyerall structure, as we shall discuss below. Let us also point

and SE. The thickness of thelayers found by XRR/XTEM gyt that the density and the fraction ep® sites in films

were smaller than the ones deduced by SE. prepared by magnetron sputtering is, in general, lower than
In order to identify the origin of this difference between the corresponding values obtained by techniques such as ca-
SE and XTEM/XRR a BEMT model using a stratifiedC  thodic arc or pulsed-laser deposition. Nevertheless, the cru-
structure was employed:'?Thus, we examined the effect of ¢ia| point is that the density and tis®® fraction of ML films
layerB (A) when deposited on layéx (B), assuming that the = are sustained, with respect to the same quantities in single-
film consists of separated layers and taking into account onlyayer films, prepared by magnetron sputtering, while stress is
the last two layers of the growing filrthe previous layers |owered. This is shown at an even more quantitative manner
were frozef. Following this analysis, we can discern a thick- py the MC simulations. So, we would like to stress that the
ness reduction in layes (rich in sp? bonds, of 30-40 A, rgalization of multilayered films with the desired properties
caused during the deposition of the lay&sThis thickness g g general procedure, which is not limited to the present

reduction in layersA, when a layerB is deposited, can be experimental method, but can be used in conjuction with the
attributed to either the partial transformation of tep®  gther experimental techniques as well.

bonded material tsp® one, due to the stress field originating
from theB layer and applied to the top of trep?-rich layer,
or to the densification of layek due to the intense Arion
bombardment®26 The stress field in the multilayered structures is consider-
On the other hand the deposition of layéren the top of ~ ably more complicated than in single-layterC films. Let us
layersB was found to cause no measurable thickness redudlrst look at our computational results. A site by site analysis
tion of layersB. The XRR analysis confirms this partial Of the stress field, as it is varied through thBAB layers, is
transformation of the top p?-rich layer tosp® rich in terms ~ Provided by calculating the atomic level stresses in the way
of the roughness of tha/B interface. Figure 7 shows the outlined in the methodology. A 3D plot showing the atomic
x-ray reflectivity vs the x-ray scattering factog, Stressegshaded according to magnitude and $igra type-|
=4m(sin@)/\, whered is the angle of incidence andthe ML cell (z=3.56) is given in Fig. 8. It is clear that compres-

B. Intrinsic stress
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threefold atoms is tensileln the ML case, the vast majority
of atoms in layerdA are under high tensile stress, and aver-
aging within the layer seems not to lead to a compensated
state. A similar picture applies to layeBs

To quantify this observation, we compute the stress within
thin slices (3 A) in the vertical direction of the ML, by

- averaging over the local stresses in the slice. The stress pro-
file for the ML discussed above is shown in Fig. 9. The stress

Stresses in GPa

@ 8 ) - ’ © i variations confirm that layeré are under excessive tensile
% n stress which is peaked within the slices lying in the middle.
' Note the smooth and gradual change of stress conditions to
e & . sl change of siress cc
‘60’”%9 2 compressive as we move into teg>-rich regions. It is clear

that the average stress in each individual laer B is not
compensated but attains a definite tensile or compressive
value® Still, the average stress over the whole bulk ML cell
is calculated to be practically zero within the accuracy of the
calculation(it is less than 1 GPaThis shows that the com-
pressive stresses in laydBsare compensated by the tensile
sive stresses dominate in layeBs while tension is over- stresses in layers. The analogous effect in single layta-C
whelmingly the dominant stress condition in layeks A films requires the mostly tensile local stresses gt sites to
close inspection of the interface regions reveals that @ompensate the compressive stresses as pRasites.
gradual transition from tensile to compressive stress, and A similar situation is observed in the type-Il “epitaxial”
vice versa, is taking place. These properties were rather exells. To trace the strain field, in this case, let us compute the
pected, since we have found in the past that local compresgrobability of finding an ator{no distinction betweers p?
sive (tensilg stresses favor the formation sp® (sp?) sites,  andsp®) under tensile or compressive stress at deptin-
respectively’ dependent of its magnitude, in a similar manner used for the
An interesting feature is revealed by comparing the stresposition probabilities of Fig. 4. So, we compute the atomic
conditions in theA andB layers of the ML with the stresses stress densities of staté®o)=dN/dz, wheredN is the
in typical bulk single-layer cells, fully relaxed with respect to number of sites under tensile or compressive stress lying in
external constraints, which have approximately the same cahe vertical position interval betweenand z+dz. The re-
ordination numbek with the respective ML layers, as shown sulting distributions are shown in Fig. 10. The central out-
in Fig. 8. It comes out that there are excessive stress condtome of this analysis is that tensile stress is predominant in
tions in the ML layers, compared to the single-layer cells. Inlayers A, where thesp® fraction is low, while compressive
the latter case, the spatial distributions and magnitude sign aftress is maximized in layef8 where thesp® fraction is
stresses is such that the average stress in the cellsspbth high. It is instructive to compare Figs. 4 and 10. It is obvious
and sp?-rich, balances to about ze?6. (Still, the average that the position and stress distributions exhibit the same
stress over the fourfold atoms is compressive, while that opattern, which shows that the relation between stress condi-

FIG. 8. Atomic positions in the ML cell, also shown in Fig. 1,
shaded according to the local atomic strés$t). Also shown are
stresses in typical single-layer cells with the samees in layersA
andB of the ML (right). Positive sign denotes compressive stress.
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FIG. 10. Stress probability distributiorig arbitrary unit$ as a  natingV,,. The average stress exhibits the same modulation
function of depth in the epitaxial cell shown in Fig. 3. The interface with the sp* content a3/, alternates from floating te-20 V
(IF) with the substrate is on the left and the surfagis on the  (see Fig. 6. The vertical dotted lines are used just to distin-
right. The thick lines are polynomial fita) Tensile stress probabil- guish the regimes referred to the different layérand B.
ity. () Compressive stress probability. The first regime describes the stresses in l@yerhich con-

sists of two sublayers: the first at the very initial stages of

tions and hybridization has a global character. Other notablgrowth (~30 A) to describe the stress conditions close to
features in Fig. 10 are the peaks in the tensile stresses at tige interface and the second at the thickness of 200 A to
interface(IF) and the surfacéS), and also the small peak in describe the stress conditions of the balkayer.

the compressive stress in lay&rnear the interface. Again, The compressive stress close to the interface is higher
this is consistent with the enhance@® population seen in than in the bulk of the layers, in perfect agreement with the
Fig. 4 in the region adjacent to the interface. existence of a peak in the computational results of Figb)L0

The average stress over the whédl8 AB ML cell, ex-  regarding the compressive stress in téayer. Afterwards,
cluding the substrate, is also nearly relaxed, iti8 GPa. the stress reduces due to the development of the continuous
So, as a general finding, we can say that the tensile stresseg?-rich layer. When the layeB is deposited with negative
particularly in layersA, balance overall the high compressive V,,, the compressive stress increases progressively to 4.8
stresses in layerB, but at the local level the compressive GPa, that is well below than the stré8s5 GPa of the single
stresses are preserved and so is g fraction in theB  layers deposited with the same conditidsse Table | and
layers. This characteristic makes the multilayered structureRef. 19. At this stage the deposited material exhibits differ-
promising candidates for solving the adhesion problement composition(rich in sp® siteg than the layerA (rich in
without rendering the desired diamondlike properties. sp? siteg, as shown in Fig. 6. The deposition of another

We now proceed to examine the stress conditions oblayer of type A leads again to a stress reduction of
served in our experimental studies. The stress behavior dur-0.6 GPa followed by an increase in the stress level when
ing the experimental development afC multilayers with  the next layerB is deposited, in fair agreement with the
alternatingVy, is of great importance. The main characteristicsimulated epitaxial cell of Fig. 3 and the corresponding com-
of the a-C multilayers deposited by MS is that they exhibit putational results of Figs. 5 and 10. The same stress depen-
always compressive stresses, even when theysgtaich.  dence on thé/,, is also obtained when we deposit the third
Therefore, the difference in stress behavior betweersfie  AB bilayer.
and sp*-rich a-C layers, deposited by MS, does not lie in  For a better understanding of the stress behavior we cal-
their characteftensile or compressiyebut in the values of culated the stress within the individual layers and the results
compressive stressdsee Table | and Ref. 19Thus, no are also showrn(open trianglesin Fig. 11. These results
quantitative comparison of the experiments with the compushow that theA andB layers exhibit a local stress level about
tational results can be made. However, the experimental and 7.5 GPa, respectively. On the other hand, the saturation
stress variation in tha-C multilayers share many qualitative level of the total stress, shown in Fig. {dolid triangle$, is
features with the computational results, as it has been showsibout 4.5 GPa, that is well below the 6 GPa obtained-{
for the density angp® content. single layers with similar mean coordination number. That is,

Figure 11 shows the evolution of the average stfesbd  the interposition of the low-stresseidllayers seems to pro-
triangles with the thicknessz (z=0 refers to thea-C/Si  mote the control of the total stress level in e multilay-
interface for a typicala-C multilayer deposited with alter- ers. Although the total stress is loweranC multiple layers
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TABLE llI. Elastic moduli (in GP3 of four computer generated

800 H ; -
multilayered cells, characterized by a different mean coordination L z gts(éixs';) : é
numberz, at 0 K. Listed are the bulk moduluB,, the Young's S 0N O musExp) A/AA/A: ]
modulusY, the shear modulug, and the two elastic constantsg, O 6o (A~ MLs (MC) : -
andc,,. ] r . :
=S s EBE: MS . FCVA A
— o r : 1
z Bo Y Ci1 Ci2 M < 40or : : ..j-.'i' N
o L : : i
3.44 267 612 632 85 273 e [ : : _
351 287 658 679 91 294 2 200 : e ; -
3.56 302 692 715 96 309 100 |- - Hil 4
3.64 317 727 750 100 325 N N B SR

28 30 32 34 36 38 40
Coordination z

than in the single layers, the former still exhibit a high frac- o )
tion of Sp3-bonded a-C. This supports our computational FIG. 13. The variation of Young’'s modulus with the mean co-

results according to which, the key factor for the stability of °"dination number foa-C multilayers(ML's, open squargsand for
the sp° sites is the local stress and not the total stress of th&"9'e-layerdSLs, filled squaresbased on CSM data analysis. The
multilayer structure various growth techniques are also indicated for each case. Solid

triangles show the corresponding MC calculations for the multilayer
cells. The SBS result of Ferraet al. (Ref. 55 for FCVA is also
C. Elastic properties shown(open trianglée

is ;‘? nﬁ g;:zﬁerggsxrgﬁgigmSéii?g:?rl:gﬁ zrr?speesrt'eD%aife MBS Z increases the difference becomes smaller and the ML
9 ' 4 ' lVariation, by extrapolation, converges to the single-layer

structqres StUd'efj .here retz_am the high Va".JeS of elasn?/ariation. This, however, would occur atzaexceeding 3.75,
moduli, characteristic ofa-C films, or does the introduction _"i-wt o+ \which the ML transforms into a single-layer film

$fosapr?;:/|\$§r Itz?])ilsers Ieatc_i o the de'lcerllo rta'iljotr;] of tlheltr_ hardgels_s. ecause thep?-rich layers shrink and disappeéRecall that
question, we caiculated the elastic moaull 0L, yo,hes the mean coordination of the whole ML cetor

a number of type—.l(bulk) cells, characterized by dlffergnt z=3.64, the highest coordination that we have been able to

average coordination numbezs and compared them with achieve, the moduli are quite high, showing that as-grown

the corres_ponding mod_uli of sir_lgle-layer cells and also WithML’s designed this way to have low intrinsic film stress, are
the experimental nanoindentation measurements. From thgsuita,ble for mechanical purposes '

o o oo ot oo o oy ar, T eXpermenal Gtermined easc propries of v
ousa-C ML’s, namely, hardness and Young’'s modulus, have

ilzafrt]lg c;)rr)as:%r:sogrealls;e? ﬂ:;?f;!ﬁgvsoﬂszgqtt m.ﬂ']:'g'been measured by nanoindentation employing the CSM
vanatl 0 as a functl paré it with o chnique’®4 The A layers of the studied ML films have a

the corresponding variation in the single-layer case. Ther@ariable thickness. For this reason, the mean coordination

?hrzt mg l\qEtgt?:fcti?gseﬁzvzfst:r?é?/vrr]ea?ljcl)t\/s\/.eIrzlrgsgal\flliethoabnsﬁk%%mber of the whole ML structure was calculated from the
%ensity values and the thickness of each individual layer,

single-layer films. Yet, the decrease is rather small and doe easured by XRR, assuming a linear correlation between
not show any appreciable degradation of hardness. Note tha nsity and coordin’ation number based on Refs. 26.32.

In addition, CSM was used to study the elastic properties
of representativa-C single layers 25—-30 nm thick, which
were deposited by various techniquésBE, MS, FCVA
covering a wide range of mean coordination numtoaicu-
lated from the density valugsAs the single layers are very
thin, there is considerable effect from the Si substrate in the
measured elastic modulus valifédn order to separate the
elastic properties of the film from those of the substrate and
the influence of the tip’s radius effect, we fitted the experi-
mental results with two empirical equations based on finite-
. , , element analysis to get the real elastic properties ottt
34 35 36 37 38 films 2153

Coordination z Figure 13 shows the variation of the Young’s modul(s

FIG. 12. Variation of the calculated bulk modulus of ML cells With the mean coordination numbéralculated from XRR
(filled circles as a function of the mean coordinatiancontrasted ~ for thea-C multilayers and single layers based on CSM data
to the respective variation in single-layer cqﬂmen squarQsThe analysis. In both cases, the modulus increases considerably
dashed line is a fit to the latter, while the solid line fits the formerwith the mean coordination number, in qualitative agreement

and is extrapolated to larger with the computational results fd, shown in Fig. 12, or

400

350

300 f

250 f

Bulk modulus (GPa)

200
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equivalently with the computed Young’s modulus results for IV. CONCLUSIONS

the MLs, shown in Fig. 13. Howgver, _desp|te the agreement \ionte Carlo simulations of the structure, local stress
on the overall trend, there seemingly is a considerable quanye|gs and elastic moduli, in conjuction with experimental
titative difference between the experimental and theoreticghropes, such as spectroscopic ellipsometry, XRR, stress mea-
results. surement techniques, and nanoindentation, have led us to an
There are a number of reasons for this quantitative differin-depth analysis of Mla-C films that are composed of lay-
ence. First, the computed elastic moduli are for tygktilk) ers dense and rich iap® sites alternated by layers rich in
cells without any contribution from the interface and surfacesp® geometries. The simulated structures were generated by
regions, which become important for thin films, while the appropriate liquid-quenching methods, while the experimen-
experimentally determined moduli unavoidably reflect con-tal films were grown using the magnetron sputtering tech-
tributions from these region§There are inherent difficulties Mdue. _ _ .
in measuring the elastic properties of very thin filjfsSec- The structural analysis of the simulategiown) ML films

. _ 3_ .
ondly, it has been recently reportédhat the Tersoff poten- shows a clear alternation of trep’- and sp®rich layers,

tial d for the simulati timates th duli fWith a continuous variation of coordination from the inner
lal used for the simulations overestimates th€ modull Oly,.s of the layers to the interface regions. The layer densi-

single-layer cells in the intermediate region §3<.3.6, Igy _ ties show similar variations. A tendency ep® atoms to
~18-24% when compared to more accurate tight-bindingyather near the interface with the substrate is observed, while
approaches. This indicates excessively compact networks gie surface is enriched witep? atoms. The percentage of
these coordinations, as we noted above. Thus, correcting fasp® atoms in the dense layers rises up~t@0% in the simu-

a similar overestimation in the case of the ML cells, welated structures, and up t©50% in the deposited films. In
estimateY to be in the range of 490—620 GPa. On the otheiboth cases, the density as@® fraction in the dense layers
hand, previous calculatiohsf Y with the Tersoff potential at are comparable with the values in single-layer films.
coordinations relevant tta-C (z=3.8—-3.9) yielded values The analysis of the stress fields reveals, in accordance
near 800 GPa, in excellent agreement with the values 750with the coordination variations, a gradual transition from
790 GPa reported by Ferragt al>® for FCVA films, deter- compressive stress in the dense layers to low, or even to
mined by surface Brillouin scatteringSBS. Also, the tensile stresgin simulated cellsin the sp*-rich layers. The
corresponding calculated bulk modules360 GPa(Refs. total stress is completely compensated in the simulated cells.

5,6 agrees well with the SBS measuremef®68 GPa In the _sputterfed fil_ms_“,, the total stress_ is I_ower than in single-
of Manghnaniet al®® in ta-C films synthesized from g layer films with similar mean coordination number. Thus,

under pressure. Therefore, as the comparison of the SB th the computational and experimental results indicate that

(Ref. 55 and the present nanoindentation measurements cB e key factor for the stability of thep” sites is the local

Y in Fig. 13 shows, it is likely that the latter method under- Strﬁ_shseig?cggt;zeeﬁggcs;e:guﬁf ;?tir'vgarsrgggg:ﬁ; overes-
estimates the elastic moduli by more than 40%%°"%8Tak- ’

) L ) . . timation in the intermediate coordination region, are quite
ing this into account would raise the moduli of our experi- g 9

| ML il | . | h dhigh making them suitable for mechanical applications. They
menta_ lims to values quite close to the corrected, o only slightly degraded with respect to the moduli of
theoretical ones.

X i . ) . single-layer films. On the other hand, the experimental
Anpther interesting comparison of our_S|muIat|onaI andmoduli, measured by nanoindentation, are lower than the
experimental results, concerns the question of whether thgmyational values. This indicates an already pointed out by
moduli of the ML structures are enhanced or not with respecgther authors problem, namely, that nanoindentation under-
to the moduli of single-layer films with the same mean co-estimates the moduli when compared to acoustic wave
ordination number. The computational results of Fig. 12techniques, such as the surface Brillouin scattering method.
show that the bulk modulus of the ML's slightly degradesAlso, the experimental ML moduli are slightly enhanced
with respect to the single-layer case. On the other handyith respect to the moduli of single-layer films. We interpret
the experimentFig. 13 shows a small enhancement of the this in terms of the existence of nanostructured grains in the
elastic modulus of the ML structures. This difference insputtered films. Finally, we emphasize that the idea for the
the trend cannot be attributed to the systematic inaccuracige€alization of multilayered films, as a mean to relieve the
(outlined aboviin the methods involved, but it rather points stress in thea-C material, is not limited to the present ex-
to some inhomogeneous patterfisanostructured graips Perimental method, but it can be used in conjuction with
in the experimental ML film&° that harden the material, other experimental techniques, such as cathodic arc and
and which are less pronounced in the Sing|e_|aye,pulsed-laser deposition, that yield higher densities sptl
films. (Such structures are absent in the simulational gells.contents.
For example, it has been report&f that the existence of
nanostructured regions ita-C films prepared by pulsed-
laser deposition enhances their hardness. The problem of The FCVA samples were kindly provided by John Rob-
nanostructured and/or nanocrystalline seeds-@is not yet  ertson’s group at the Engineering Department, University of
well understood, and further experimental and theoreticaCambridge. This work was supported in part byI&NEA
work is needed to elucidate the properties of this complex1999 Grant No. 99 E 645, from the Greek Generel Secre-
material. tariat for Research and Technology.
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