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Interfacial stability and atomistic processes in thea-C/Si(100 heterostructure system

P. C. Kelires
Physics Department, University of Crete, P.O. Box 2208, 710 03 Heraklion, Crete, Greece
and Foundation for Research and Technology-Hellas (FORTH), P.O. Box 1527, 711 10, Heraklion, Crete, Greece

M. Gioti and S. Logothetidis
Physics Department, Aristotle University of Thessaloniki, GR-54006 Thessaloniki, Greece
(Received 26 May 1998

We study the interfacial properties of thin amorphous carbon films grown on si{llda® substrates. By
combining experimental spectroscopic ellipsometry and stress measurements and theoretical Monte Carlo
simulations, we show that significant interdiffusion takes place at the initial stages of growth, driven by a strain
mediated mechanism, and we identify the relevant atomistic procéS8463-182609)06507-9

[. INTRODUCTION In the following sections, we outline first our experimen-
tal and theoretical methods of investigation. We then give
The quantitative description of amorphous thin films,our experimental results regarding the dielectric and stress
which are usually grown on top of crystalline substratesproperties of the film/substrate composite structures, which
manifests a high level of complication introduced by theindicate intermixing of species across the interface. Next, we
presence of thamorphous/crystallinénterface. Because re- describe theoretical simulations that confirm the experimen-
alization of such thin films is vigorously pursued for a wide tal conclusions, and we discuss possible factors that lead to
range of technological applications, it is very important tointerdiffusion. Finally, we give our conclusions.
understand the interfacial properties of these systems. It
seems to be essential for the designing and development of Il. METHODOLOGY
good-quality films. Until now, however, most studies have
been restricted to exploring the properties of deposited films
as a function of substrate conditions, neglecting the interface The a-C films were deposited on @00 wafers from a
factor. graphite target with the rf magnetron sputtering technique
The growth of highly tetrahedral amorphous carlfzaC)  using the Alcatel SCM600 deposition system. The base pres-
films offers a good example in this respect. It is well knownsure of the main deposition chamber was as low as 1
that the substrate temperature and bias strongly influence th¢10~ ' mbar. A phase-modulated ellipsometer attached on
structural and electronic properties of such films. Howeverthe deposition system at an angle of incidence of 70.4° was
little is known about thenicroscopicaspects of the problem, used for real-time anih situ SE measurements in the energy
especially at the initial stages of growth. Thus, the interactegion of 1.5-5.5 eV. The Si substrates were cleaned in air
tion of the growing amorphous film with the underlying crys- with a standard surface cleaning procedure, whereas a low-
talline substrate, and the atomistic processes taking place anergy dry ion (Af) etching process was used in vacuum to
their interface, are not adequately investigated. We believeemove the native SiQ The process was monitored with
that this interaction is important for the development ofreal-time ellipsometry. The discharge power at the graphite
thicker films with the desired properties, and insight into this(99.999% purity target was kept constant at 100 W, the Ar
issue is therefore essential to obtain. partial pressure at:2 10”2 mbar, and the substrate to target
Here, we address the stability problem and the fundamendistance at 65 mm. During deposition, the applied bias volt-
tal question of whether or not there is interdiffusion of spe-age (/,) onto the substrate was 20 V. All films were
cies at the interface of thin-layerC films with S(100), one  deposited at room temperatuiieT).
of the most commonly used substrates. Such investigations For the purpose of our investigations two series of mea-
have been previously carried out only for crystalline semi-surements were taken, both involving the sequential deposi-
conductor heterostructures and superlattfc@®ur studies tion of very thina-C layers. In the firstjin situ SE spectra
were instigated after the characterization of sevar@l ul-  were obtained after each layer was deposited. This was fol-
trathin films grown with the rf magnetron sputtering lowed by exposure of the grown layer to atmospheric air, in
technique? Using spectroscopic ellipsomet(@E) and stress  order to perform stress measurements, after which SE spectra
measurements as the experimental probe, as well as theorgiere taken again. The internal stress in the carbon films was
ical Monte Carlo(MC) simulations, we have been able to derived from the curvature of the Si wafer, calculated
show that indeed intermixing is taking place. We find that Cthrough the modified Stoney’s equation using a laser-based
atoms diffuse into the substrate, occupying substitutional pofTencor Model 232Dinstrument. The time interval between
sitions and forming SiC-like local geometries, while Si at- deposition of two successive layers was about 20 min,
oms enter into the thin amorphous layer. We explain andvhich amounts to the time to obtain the spectra, to unload
investigate the consequences of these findings. (load) the sample frontinto) the main chamber, and to mea-

A. Experimental details
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sure the film stress. In the second series of experiménts, as in the more familiar isobaric-isothermaN,P,T) en-

situ SE measurements were performed after each layer'semble. For the trial moves that select one ofkhparticles
deposition, without any exposure to air. Because of thé Ar at random, and with equal probability change its identity into
bombardment, the temperature of the structure is raised duone of the other possible identities of the system, the accep-
ing deposition. For this reason, a time interval of at leastance probability is given by

15 min was allowed between successive layers to keep the

temperature close to RT.

Ellipsometry is a surface-sensitive, nondestructive tech- pgifcn(iﬁir):Min 1,ﬂexp:—/3AU(sN)]
nique that yields the complex reflection rafic=tanye'®, Aj
through which the complex dielectric functios{w)(= €, _ ePug— ALY @

+ie,) of a material is calculatetiAnalysis of the dielectric
function enables one to obtain the film composition as well
as to probe structural changes in the composite structure anghere\;=e*i’s" are the fugacities in the systetil(s")
focus on its individual parts. Photons with energies neaflenotes the change in potential energy due to the identity
~4.3 eV(theE, structure ofc-Si) have a small penetration (i—i’) flip and the accompanying relaxations, so it is the
depth (~80 A) and are thus suitable to reveal changes incombined effect of the last two terms in H4). This can be
the thina-C layer and near the interface area. On the othefXpressed more rigorously as

hand, photons with energies neaB.3 eV (the E; structure

of c-Si) have a larger penetration depth-300 A) and nn 3 o
probe changes deeper in the substrate. AU(SN):EcIusteV( i—i’, > Asl(rh) | —ESuster-
k=1 j=1
5

B. Theoretical methods

The theoretical atomistic simulations of the interfaceThe energy is estimated over the cluster of atoms affected by
equilibrium structure are performed using a recently intro-the move and the relaxations before and after the move. Each
duced by one of us state-of-the art Monte CafMC)  nearest neighbor is relaxed away or towards the central atom
algorithnt that includes, in addition to the usual random (which changes identity fromto i’ and is labeled Din the
atomic displacements and volume changes, identity switchgg,,y girectiorr, . Futher details on how the relaxations are
(from Si to C andvice versain the present caj@ccompa- performed can be found in a recent review artcle.
nied by _approprllate relaxations O.f neare_st-nelgr(h_)ml) ?t' . For the present application it is desirable to work with a
oms. This effectively lowers the high barriers for diffusion in g, -4 composition in the composite structure. This is
SYSteF“S characterized by h'ug.e size mismatch betvyeen t.r?a%hieved by starting the simulation with th&l,P,T) en-
constituent atoms. The statistical ensemble underlying thig, e and including identity flips in the form ofutual

alﬁ_orr:thrlr; IS ]Elhe ‘ setmlgrqndthcanom(k:)aSG? tensem?le, hparticle interchanges$from Si to C at a randomly chosen site
which aflows fluctuations In theé number of atoms of €achy,q yice versaat another site This is equivalent with re-

speciesbut keeping the tOt‘."ll numpe_r of atorisfixed) as a moving the chemical potential term in E). The inter-
result of exchanges of particles within the system, driven byatomic interactions are modeled via the empirical potentials

the appropriate chemical potential differenc& (= usi  of Tersoff for multicomponent systerfiswhich have been

~ Koo fpr the problgm at h"’?f)d . . extensively tested and applied with success in similar con-
The implementation of this ensemble for MC simulations, o5 “hoth in strained semiconductor allbjms well as in

modified to include nn relaxations, is done through the Me-gimulations ofa-C systemé.
tropoh; algorithm in the following way: The change.m the For the simulations we use §43)(100) supercells con-
potential energy of the heterostructure system at a given M%isting of a 24-layec-Si substrate, on top of which a thin

step is a sum of three terms, a-C layer is formed. The composite structures are periodi-
cally repeated in the two lateral dimensions that are con-
AU(sM) =AU gigp(s"—s"™ ) + AUgip(s") stra)i/nedpto be those of the Si lattice. To generate the thin
FAU (SN —s'N ), (1) amorphous films, an appropriate number of strained diamond
layers are liquified at~-9000 K, and subsequently cooled to
wheresN is symbolic for the 3l scaled atomic coordinates in 300 K under pressure using th&,(P,T) ensemble. Pres-
the cell. The first term is the change due to random displacesures up to 200 GPa and cooling rates up-@b (MC step$/
ments, the second is due to identity flips, and the third is du@tom K are used. After quenching the pressure is removed,
to the accompanying relaxations. The traditional randonthe density of the composite structure is equilibrated, and the
atomic moves §'—s'N ), and the volume changa&s—V’ atomic positions are relaxed. During this first stage of simu-
are accepted with a probability lations, the temperature of the substrate is kept constant at
300 K and intermixing of species across the interface is not
Pac=Min[1,exg — BAW)|~e~ AW/kgT 2) allowed. In the second stage, we allow atom-identity flips to
model possible interdiffusion. We equilibrate the composite
where structures by allowing diffusion of atoms within the whole
a-C layer and within 18 substrate layers. Successful flips
AW= AU gisp(sN—s"N )+ P(V'=V) = NkgT In(V'/V), become considerable at600 K and above, which is con-
€)) sistent with actual deposition conditions in magnetron sput-
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FIG. 1. Imaginary part of €) of a typical composite structure circles and after(open circlegthe exposure to air. The inset shows
(an 8-Aa-C film on c-Si). Solid line denotes the spectrum ob- their difference.
tained in vacuum, while dashed line shows the spectrum obtained
after exposure to air. Inset shows the differences between the twW0m the Si-O or Si-C chemical bonds, since these bonds
spectra. Also shown for comparison is thgof the c-Si substrate ~ contribute in the IR region. The abrupt change\ife,) from
(dotted ling before deposition of tha-C film. negative to positive values above 3.2 eV occurs because the
onset of the interband electronic transitions of th&i sub-
tering experiments, where the intense argon bombardmestrate is at this energy region, and the effect of the,SiO
may raise locally the temperature in the thin film-interfaceforms is to reduce th¢e,) values. Especially in the energy
region well beyond 1000 K. region of theE, structure, where the penetration depth of the
light in c-Si is smaller, the measured pseudodielectric func-
tion is strongly affected by the existence of this kind of $iO
forms either in the bulla-C film or as an overlayer.
A. Experimental dielectric function and internal stresses In order to get more information about the film oxidation

We first present our experimental findings. Figure 1 dis->" the formation of a Si@overlayer, the measured) spec-

plays the imaginary part of the dielectric functig¢dotted trum of each deposited layer was analyzed by means of the

line) of the c-Si(100) substrate after the ion cleaning proce_Bruggerman effective medium theofigMT), in combina-

dure, and before the film deposition, and the pseudodielectriy:On with the three-phase modelir/composite filmg-Si sub-

. . . stratg (M), as well as with the four-phase modeir/SiO,
function ((€)) of an ultrathina-C layer grown on Si, ob- R . 10
tained beforgsolid line) and after(dashed ling exposure to overlayer/composne_ﬂlmAS| subs'grat)e(Mll). 3In Mi the
air. The contribution of thea-C film to this spectrum is dgrﬁ]oséfsn't"’s‘ye;r?;th:]Ck;‘A?fﬁo?SOSZS'SSti Ofofazpaﬁgd 59
clearly shown. It is also evident that the spectra obtaine&h P th ' | '  thick e’dp. it fVS.' '
after the exposure to air exhibit a degradation when comhereas he overlayer of thickneds IS a mixiure o '.Q .
pared with those obtained from the as deposited film Th@nd voids. The reference dielectric functions used in this

differences(shown in the insg¢tare mainly in the absolute analysis were taken from Ref. 11 and Ref. 12 @ and

3 . . _
(&) values, while the energy shift is below 1 meV. Since noSP components, respectively. We note here that the dielec

other structural changes would lead to such degradation, ﬂtﬁc function of graphitelik&' material cannot truly describe
phenomenon is attributed to bulk oxidation of theC film N sz_ component and the error deduced from 3the above
and/or to the formation of SiQsurface units(overlayey. analysis is to overgstlmate |t_s amqunt. B andsp’ com-
This can only be explained if Si atoms from the substratd’Onents Qf tha-C film depo_sned with \.‘g: _.20 eV depend
force their way into the bulk, and even the surface, of theon the thickness. The fractllons at a film thickness of 345 A
thin amorphous carbon layer during growth. Oxygen carf'® .51% and 429%, respectively. .

then penetrate after air exposure into the film and form Ti9ure 2 presents the calculated sicbntents {sio,) Of
S|OZ-||ke geometrieS, rep|acing weaker Si-C bonds. We ata-C film versusfilm thickness using the MI model, before
tribute the negative\(e,) values below~3.2 eV to the and after exposure to air. Their differencesfg;o,) are pre-
SiO, overlayer, and to the fact that bothSi and SiQ are  sented in the inset of the figure and are monotonically re-
transparent, which provides an apparent increagejnval-  duced. The maximum SiOcontent appears at-25 A.
ues. This increase is purely a phase or geomettinaltiple ~ Above this thickness there is a progressive reduction, which
reflectiong effect’ and not an actual optical contribution means that the interdiffusion mechanism is completed, no

Ill. RESULTS AND DISCUSSION
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FIG. 3. The calculated SiOmass thickness of the overlayer vs
a-C film thickness, obtained from SE data using the MIl model,
before(solid circles and after(open circleg the exposure to air.

FIG. 4. The evolution of compressive stresses ofdh@ film,
deposited in sequential layers, with the thickness.

other SiQ is formed and that the calculated Si€ontent in  concurrent with the stress relaxation predicted by the theo-
the film is negligible compared to the volume fractions of retical simulations, as will be discussed in the following.
sp? andsp® phases in the film. The physical meaning of the  From the above results obtained using the first deposition
negative SiQ volume fraction (~7.5%) obtained for the procedure(growth in sequential layers followed with the ex-
first deposited layer in vacuum is due to the fact that theposure to air in order to perform stress measuremeittis
deposited layer is more dense than the references we use f@¥ident that the energetic C atoms replace Si atoms in the
sp? and sp> bonded phasegAlternatively, it could mean substrate at the initial stages of growth, forming SiC-like
that the references are not the most appropriate to descrizometries. The replaced Si atoms force their way into the
the Si-C phases that formed at the initial stages of filmpulk and even the surface of the amorphous layer. After air
growth) exposure, the atmospherig ©an penetrate through the film

Using the results obtained from the analysis with the Mllsyrface and form SiQlike geometries, replacing weaker
model, we calculated the SjOmass thicknessdiass=d>  Si-C bonds. It also gives rise to the Si@verlayer, since
Xfsio,) of the overlayer. The evolution of SjOdmassWith  oxidation mechanisms are more efficient at the surface where
film thickness is plotted in Fig. 3 for the first seven depositedmobility is enhanced and Si atoms are even more weakly
layers. We can see a drastic reduction of Si),,c;above bonded. This overlayer seems to be resputtered during the
the first ~25 A of a-C film thickness. The calculated deposition of the next layer. For film thickness exceeding
SiO, dpass before exposure to air presents an equivalent~30 A no formation of an overlayer takes place, because
guantity that yields, when used in the fitting procedure alongoresumably Si atoms cease to diffuse up to the film surface.
with the MIl model, the mass of SiQrapped within the film  This is related with the fact that when the film thickness
during the deposition of the lastC layer. exceeds 25 A the C atoms do not penetrate into &

We should note here that our attempt to fit the experimensubstrate, and as a consequence we observe a reduction of
tal SE data assuming the formation of a Sidterlayer be- the total volume fraction of SiQin the film.

tween thec-Si substrate and tha-C film was without suc- To investigate alterations in the substrate layers, we fol-
cess, supporting the argument that Si atoms enter into thiewed the second procedure outlined in the methodology
film or even reach at the film surface. (growth of sequential layers with no exposure to).aiWe

The measured internal stresses of #R€ film are shown focus on the differences in the energy region of Bhenter-
in Fig. 4 for the sequentially deposited layers to a total thick-band transition ofc-Si (~3.3 eV), which are more pro-
ness of~345 A. The first deposited layer caused strongnounced in the second derivative®e/dw?) of the dielectric
deformation of the Si wafer and the subsequently depositeftinction* Quantitative analysis provides the energy location
layers lead to stress relaxation. The stress reduction is ofE) and the broadening) of the E; transition'* The E and
served during the first 25 A. This is the same thickness at I' of the ideal case in this heterostructure systgrarfect
which the maximum Si@ volume fraction(Fig. 2) in the  ¢-Si substrate an@-C film on top, e.g., no compositional
a-C film and the maximum Si©d, . (Fig. 3 in the over-  disorder at the interfagean be estimated by a fitting process
layer occur. Above this thickness the compressive internalising the Bruggerman EMT in combination with a three-
stresses increase as it was expected, because the growiplgase(air/composite film¢-Si substrate model (MIll), in
film is rich in sp® bonds!® The measured internal stresses forwhich the composita-C film at each thickness consists of
thicknesses below 25 A are due to the intermixing betweersp?,sp> components and voidébut not SiQ unity. The
the c-Si substrate and the incident C atoms. This reduction igesults of this theoretical analysis, tkeandI” versusthick-
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FIG. 5. Energy positiottE) of the E; transition ofc-Si vs thick- FIG. 6. Broadening[() of the E; transition ofc-Si vs thickness
ness ofa-C film. Empty (filled) circles show the experimental of a-C film. Empty (filled) circles show the experimentéinode)

(mode) results(see text, respectively. Filled squares show the dif- results(see texk, respectively. Filled squares show the differences
ferencesAE. AT.

ness, can then be compared with the actual experimentglays the interrelation between the compressive stress of the
measurements to detect any deviations from the ideal casea-C film and theAI" of the c-Si substrate. The data clearly
Figure 5 shows the energy locati@nversughe thickness indicate that the reduction iAI" is caused by the increased
of thea-C film. We plot both the experimentakE(,) and the intrinsic compressive stress of the richsp® sitesa-C film.
theoretical-model E,,) results, as well as their difference
AE(=E.—E,;). The latter shows a tendency to decrease
with film thickness. This is clear evidence that the growth of ] ] )
thea-C film induces progressively disorder and/or stresses in  OUr experimental observations and the accompanying
the substrate and shifts th®, position!® The reduction of analysis presented above suggest that interdiffusion of spe-
AE, especially up to~25-30 A, cannot be considered as a ¢1€S across the mte_rface during _the_ |n|t|_al stages of gr_ovvth is
temperature effect because we used the periodic depositid@king place. To gain a deeper insight into the experimental
mode, in sequential layers, and we controlled the depositioRPServations and verify this phenomenon, we performed the-
temperature over a narrow range. For the sake of clarity W_Qrencal simulations of the |lnterf§1ce qull_lbrlum structure us-
mention that the reduction &fE due to a temperature effect N9 the MC procedure outlined in detail in the methodology
(energy shift of theE, transition to lower energid is only ~ S€ction.
approximately—0.4 meV/°C. Typically, the raise in tem-

B. Theoretical simulations

perature for long deposition periods above film thickness of 525 F==—= ' N e
100 A'is of the order of few degrees. 5.00 | —O—Compr. Stss | L:ﬂ

More information about the actual origin of this depen- 1"
dence emerges from the analysis of the broadening dEthe 475 110
structure. Figure 6 shows in a similar fashion the variation of gf 450 ’
the broadeningd’ with the thickness of th&-C film. The 9 dos
differencesAl’ (=T ¢,—1I'},) signify the presence of disor- 2 425 s
der in the substrate. We observe an increase of the experiz ,,, doo 2
mentall" for the first~25-30 A, and after that a reduction 2 E
compared to that of bulk-Si. The initial effect(broadening ‘g 375 los 2
increaseg is related to incident energetic C atoms that pen- g 150
etrate into the substrate and replace Si atoms at substitutionag ’ 410
positions. This nicely explains the simultaneous diffusion of O 3.5
Si atoms out and into the amorphous film. The growth of 415
thicker films leads to the broadening reduction, which can 3'00_'
only be associated with the development of high uniaxial 275 e I

0 50 100 150 200 250 300

stresses along th@11) direction of thec-Si substraté’ We
should note here that even though the uncertainties in the
calculatedl” are <1 meV, and thus thI' uncertainties FIG. 7. Comparison of internal compressive strege$ axis,
are of the order of the absolute values, the trend of the despen circles presented in Fig. 4, with the differencad” (right
pendence ofAT" on film thickness is obvious. Figure 7 dis- axis, filled circle$ shown in Fig. 6.

Thickness (A)
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FIG. 8. lllustration of a 12-Aa-C film on top of thec-Si(100) Layer

substrate(a) before and(b) after interdiffusion. Atomic positions FIG. 9. Equilibrium depth profile of carbon atorfat 800 K) in

are projected on th@10 plane of the tetragonal cell. Filled small the substrate of two composite structures. Bh€ layer is~2 A
circles are carbon atoms. Open large circles are silicon atoms. Fepick in (@) and~4 A thick in (b). 1/2 and 1 ML of C atoms are
interdiffused atoms are indicated by arrows. diffused, respectively. Carbon content is given relative to a hypo-

) . o . o thetical average layer composition.
We first examine the possibility for interdiffusion by con-

sidering composite structures at an early stage of growth.

Typical thicknesses of tha-C film studied range from 2 A~ Si atoms are also shown to diffuse into the amorphous
(the first one or two “monolayers” of carbon on theSi thin layer. This is expected since diffusion in our approach is
substrateup to~15 A. The structure with the thickeatC the result of mutual particle exchanges. Of course we are
film (14.5 A) contains 672 atoms, of which 288 are Si at-sampling the equilibrium configurations, atoms are found in

oms in thec-Si substrate24 layers of 12 atoms each; this the favorable end-of-diffusion state, we do not follow the
number remains fixed for all structujeand 384 are C atoms actual trajectories and intermediate states. The physical pic-

in the a-C film. Expectedly we find that the average coordi- lUre is the following: an energetic carbon atom at the initial
tionz of th C film ri the thick b stage of growthbeing close to the interfagenters into the
hation z ot the a-L Tiim nses as the thickness beCOMES g; o pstrate, it diffuses a certain distance and kicks out a Si

larger. So, for the thinnest filmd(,ic=1.8 A) we findz  atom from a substitutional positiofiThe possibility of inter-
=3.1, while fordpick=14.5 A the film has already acquired stitial C is not examined; the ratio interstitial/substitutional
diamondlike nature witlz=3.5. This trend can be under- carbon in Si becomes significant only at high C contents
stood by realizing that the thinner the film, the more easy tdoThe Si atom instead of staying interstitial in the substrate,
relax the compressive stresses near the interface that are mehich costs energy, prefers to diffuse into the amorphous
sponsible for promoting tetrahedral bondifmpe discussion carbon film to form Si-C bonds. We can see from Fig. 8 that
below). Si atoms can even reach the less energetically favorable sur-
Pictorial evidence for compositional disorder at the inter-face environment. Thus, we arrive at a picture where the
face is given in Fig. 8 which portrays a typical compositepossibility of bulk oxidation and the formation of SiGur-
structure at an initial stage of growth, both before and afteface units, as suggested by our experimental observations,
the particle exchange process. Atomic positions indicate avare accounted for by the MC simulations.
erage site occupancie@) shows the ideal interface that is  To obtain a more quantitative picture of the intermixing
highly strainedto be discussed belgw(b) shows the result- process, we calculated the equilibrium depth profile of C
ing configurations after allowing interdiffusion. We most atoms in the substrate layers. This is shown in Fig. 9 for two
clearly see C atoms diffusing into substitutional sites in thedinstict cases, typical for the very early stages of growth. To
substrate and forming SiC-like geometries. No C-C bondstudy the effect of the amount of C in the substrate, we allow
are formed. Recently, Kelires and Kaxiras demonstratest  diffusion of the equivalent of 1/2 ML of C in the structure of
the strain field induced by theurface reconstructioand the (@), and 1 ML of C in the structure db). We first compute
C-C interactions in Si,C,(100) thin layers drive the an average site occupancy in the 18 substrate layers, where
diffusion-in of adsorbed C atoms. Here, we show that thaliffusion is permitted, and then we average in every layer.
presence of thetrained interfacedrives a similar, but sim- The C content is given relative to the value that corresponds
pler effect. In the case of the reconstructed surface, the strailo spreading 1/2 or 1 ML of C over 18 layers. The most
field in the near surface region is strongly inhomogeneousnteresting feature of the profile in both cases is an oscilla-
with marked site dependent&In the present case, there is tory behavior which separates C-enriched layers from
no such dependence and as a result the C atoms do not sh@depleted ones. The first layer at the interface is strongly
preference for specific sites in the substrate layers. Still, G@epleted from C. Enrichement occurs away from the inter-
atoms avoid each other as nearest neighbors, while they hatace, even in the case @b) with more C atoms in the sub-
a preferred third-nearest neighbor arrangement in the Si lastrate, indicating a repulsion among diffused C and the amor-
tice, as found beforé® phous film. A similar but more complex, due to the surface
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carbon atoms. The same effect enforces the second layer in
the substrate to be under tension. Deeper layers have nearly
zero average stress.

The situation changes drastically after intermixing. It is
obvious that diffusion is a strain mediated mechanism.
Stresses are considerably relieved both in the thin amorphous
layer as well as in the substrate layers near the interface,
which evidently tends to relax its strain. At the same time
tensile stresses are generated at deeper layers in the substrate,
exactly where C substitutionals are introducémmpare
Figs. 9 and 10 Theinterdiffused statehowever, is energeti-
cally favored despite the induction of stresses in the sub-
strate, because these stresses are overwhelmed by the reduc-
tion near the interface. We compute an average energy gain
of ~40+=10 meV/atom, compared to the ideal state.

When thea-C film thickness increases, the average stress
in the film progressively acquires compressive val(after

FIG. 10. Average local atomic stresses in the structures of Fig~7—8 A), as the effect of the interface generating tensile
9. The layer numbered 1 denotes the whole amorphous film, the restresses nearby cannot overwhelm the compressive stresses
are monolayers in the-Si substrate. Filledempty symbols show generated above. The important point is that in this case as
stresses befor@fter) intermixing, respectively. well, as in the case of initially tensile amorphous layer, the
stress is partly relieved after the interdiffusion process. For

reconstruction, oscillatory behavior has also been observeg@mple, thea-C Iayer_W|th thicknesipici= _14'5 A and _
in the c-Si;_,C,(100) systeni.We attribute this behavior to z=3.5 has after formation under pressure, without aﬂnealmg
the repulsive interaction between nearest-neighbor C aton® higher temperature, and before intermixing og.c
in the Si lattice} which prevents them from equally populat- =9 GPa. After intermixing, the compressive stress is re-
ing adjacent layers. duced too,.c=5 GPa. So, intermixing and stress relaxation
To get a deeper insight into the driving force behind thisare closely associated in the early stages of growth, in agree-
effect, we examine the strain and the energetics of the interment with our experimental observations.
facial system. Strain plays a very important role in such mis-  Finally, let us point out that interdiffusion may bear sig-
matched systems. For this purpose, we utilize the concept diificance for the growth of thicker amorphous layers with
local atomic stresses that has been very useful in explorinpigh sp® content. It has been shown previously that a corre-
the elastic properties @-C networks® Atomic level stresses  lation exists at the local atomic level between stress condi-
are a measure of the local rigidity of the network. They canfions and C hyprldlzatlo_ﬁ.Ter;5|I_e conditions favor the for-
be thought of as arising due to local incompatibilities, andMation of sp? sites, whilesp® sites are most likely being
they are present in networks with nonequivalent atoms and ifP'med under compressive conditions. The important point

any disordered structure. They are derived by considering a terti is the rEdUICt'OP of ten?IIe s\:\:tehssflr}lthe_ mte_:rf[ace region,
atomic compressiorfor tension at each site given by at the very early stages of growth, Tofowing ntermixing.

X . This enhances the chance that further deposited material will
= —dE; /dInV~pQ;, whereE; is the energy of atom (as

X o . . acquire diamondlike nature. If, however, the experimental
obtained by decomposition of the total energy into atomic g P

tributi dVis th | Dividing by th conditions do not favor or inhibit intermixing, this would
contribu |on.$, andv'is the volume. ividing by th€ appro- a4ye the interface in a stressed state and lead to the creation
priate atomic volume); converts into units of pressurg .

i of a thick graphitic layer near the interface. The control of
For each atom we compute the average atomic swess the thickness of this interface layer might be crucial for the

both before and after interdiffusion. Then atomic contribu-syccessful fabrication of thin film transistor devices based on
tions are summed up to give the average stress in the wholg-c2°

a-C layer, as well as in every individual substrate layer.
Figure 10 plots the depth profile of average stress for the IV. CONCLUSIONS

two cases whose C profile is sketched in Fig. 9. Negative h din thi h | .
values are for tensile, while positive values are for compres- W€ showed in this paper that our complementary experi-

sive stress. We find, for the ideal interface and in both casedn€ntal spectroscopic ellipsometry and stress measurements

tensile average stress in the amorphous film because carbgﬁd theor_etlcal MC_smuIa’qons are powerful_ tools for the
atoms at the interface are stretched to make bonds with tHVestigation of the interfacial properties (.)f thin amorphous
topmost Si atoms of the substrate. The thinner the film thdlIMS: We apply the methodology te-C films grown on
larger the tensile stress, as the interface contribution over2i(100 substrates, where we monitor the interdiffusion by
whelms stresses from the rest of the amorphous ldféee  Probing the compositional and stress profiles across the in-
effect fades as the thickness increases, see below the terface and by identifying the relevant atomistic processes.
other hand, the first substrate layer at the interface is under
compression to compensate for the stress conditions above.
The Si atomic volumes in this layer are shrinked compared This work was supported in part by the EU EPET Il 333
to the ideal value to accomodate for bonding with the smalleproject.
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