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Interfacial stability and atomistic processes in thea-C/Si„100… heterostructure system
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We study the interfacial properties of thin amorphous carbon films grown on silicon~100! 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 processes.@S0163-1829~99!06507-8#
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I. INTRODUCTION

The quantitative description of amorphous thin film
which are usually grown on top of crystalline substrat
manifests a high level of complication introduced by t
presence of theamorphous/crystallineinterface. Because re
alization of such thin films is vigorously pursued for a wid
range of technological applications, it is very important
understand the interfacial properties of these systems
seems to be essential for the designing and developme
good-quality films. Until now, however, most studies ha
been restricted to exploring the properties of deposited fi
as a function of substrate conditions, neglecting the interf
factor.

The growth of highly tetrahedral amorphous carbon~ta-C!
films offers a good example in this respect. It is well know
that the substrate temperature and bias strongly influence
structural and electronic properties of such films. Howev
little is known about themicroscopicaspects of the problem
especially at the initial stages of growth. Thus, the inter
tion of the growing amorphous film with the underlying cry
talline substrate, and the atomistic processes taking plac
their interface, are not adequately investigated. We beli
that this interaction is important for the development
thicker films with the desired properties, and insight into t
issue is therefore essential to obtain.

Here, we address the stability problem and the fundam
tal question of whether or not there is interdiffusion of sp
cies at the interface of thin-layera-C films with Si~100!, one
of the most commonly used substrates. Such investigat
have been previously carried out only for crystalline sem
conductor heterostructures and superlattices.1 Our studies
were instigated after the characterization of severala-C ul-
trathin films grown with the rf magnetron sputterin
technique.2 Using spectroscopic ellipsometry~SE! and stress
measurements as the experimental probe, as well as the
ical Monte Carlo~MC! simulations, we have been able
show that indeed intermixing is taking place. We find tha
atoms diffuse into the substrate, occupying substitutional
sitions and forming SiC-like local geometries, while Si a
oms enter into the thin amorphous layer. We explain a
investigate the consequences of these findings.
PRB 590163-1829/99/59~7!/5074~8!/$15.00
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In the following sections, we outline first our experime
tal and theoretical methods of investigation. We then g
our experimental results regarding the dielectric and str
properties of the film/substrate composite structures, wh
indicate intermixing of species across the interface. Next,
describe theoretical simulations that confirm the experim
tal conclusions, and we discuss possible factors that lea
interdiffusion. Finally, we give our conclusions.

II. METHODOLOGY

A. Experimental details

The a-C films were deposited on Si~100! wafers from a
graphite target with the rf magnetron sputtering techniq
using the Alcatel SCM600 deposition system. The base p
sure of the main deposition chamber was as low as
31027 mbar. A phase-modulated ellipsometer attached
the deposition system at an angle of incidence of 70.4° w
used for real-time andin situ SE measurements in the energ
region of 1.5–5.5 eV. The Si substrates were cleaned in
with a standard surface cleaning procedure, whereas a
energy dry ion (Ar1) etching process was used in vacuum
remove the native SiO2 . The process was monitored wit
real-time ellipsometry. The discharge power at the graph
~99.999% purity! target was kept constant at 100 W, the A
partial pressure at 231022 mbar, and the substrate to targ
distance at 65 mm. During deposition, the applied bias v
age (Vb) onto the substrate was220 V. All films were
deposited at room temperature~RT!.

For the purpose of our investigations two series of m
surements were taken, both involving the sequential dep
tion of very thin a-C layers. In the first,in situ SE spectra
were obtained after each layer was deposited. This was
lowed by exposure of the grown layer to atmospheric air
order to perform stress measurements, after which SE spe
were taken again. The internal stress in the carbon films
derived from the curvature of the Si wafer, calculat
through the modified Stoney’s equation using a laser-ba
~Tencor Model 2320! instrument. The time interval betwee
deposition of two successive layers was about 20 m
which amounts to the time to obtain the spectra, to unlo
~load! the sample from~into! the main chamber, and to mea
5074 ©1999 The American Physical Society
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PRB 59 5075INTERFACIAL STABILITY AND ATOMISTIC . . .
sure the film stress. In the second series of experimentin
situ SE measurements were performed after each lay
deposition, without any exposure to air. Because of the A1

bombardment, the temperature of the structure is raised
ing deposition. For this reason, a time interval of at le
15 min was allowed between successive layers to keep
temperature close to RT.

Ellipsometry is a surface-sensitive, nondestructive te
nique that yields the complex reflection ratior5tanceiD,
through which the complex dielectric functione(v)(5e1
1 i e2) of a material is calculated.3 Analysis of the dielectric
function enables one to obtain the film composition as w
as to probe structural changes in the composite structure
focus on its individual parts. Photons with energies n
;4.3 eV~theE2 structure ofc-Si) have a small penetratio
depth (;80 Å) and are thus suitable to reveal changes
the thina-C layer and near the interface area. On the ot
hand, photons with energies near;3.3 eV~theE1 structure
of c-Si) have a larger penetration depth (;300 Å) and
probe changes deeper in the substrate.

B. Theoretical methods

The theoretical atomistic simulations of the interfa
equilibrium structure are performed using a recently int
duced by one of us state-of-the art Monte Carlo~MC!
algorithm4 that includes, in addition to the usual rando
atomic displacements and volume changes, identity switc
~from Si to C andvice versain the present case! accompa-
nied by appropriate relaxations of nearest-neighbor~nn! at-
oms. This effectively lowers the high barriers for diffusion
systems characterized by huge size mismatch between
constituent atoms. The statistical ensemble underlying
algorithm is the semigrand canonical~SGC! ensemble,
which allows fluctuations in the number of atoms of ea
species~but keeping the total number of atomsN fixed! as a
result of exchanges of particles within the system, driven
the appropriate chemical potential difference (Dm5mSi
2mC, for the problem at hand!.

The implementation of this ensemble for MC simulation
modified to include nn relaxations, is done through the M
tropolis algorithm in the following way: The change in th
potential energy of the heterostructure system at a given
step is a sum of three terms,

DU~sN!5DUdispl~sN→s8N !1DUflip~sN!

1DU relax~sN→s8N !, ~1!

wheresN is symbolic for the 3N scaled atomic coordinates i
the cell. The first term is the change due to random displa
ments, the second is due to identity flips, and the third is
to the accompanying relaxations. The traditional rand
atomic moves (sN→s8N ), and the volume changesV→V8
are accepted with a probability

Pacc5Min@1,exp~2bDW!#;e2DW/kBT, ~2!

where

DW5DUdispl~sN→s8N !1P~V82V!2NkBT ln~V8/V!,
~3!
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as in the more familiar isobaric-isothermal (N,P,T) en-
semble. For the trial moves that select one of theN particles
at random, and with equal probability change its identity in
one of the other possible identities of the system, the acc
tance probability is given by

Pacc
iden~ i→ i 8!5MinF1,

l i 8
l i

exp@2bDU~sN!#G
;ebDme2bDU~sN!, ~4!

wherel i5em i /kBT are the fugacities in the system.DU(sN)
denotes the change in potential energy due to the iden
( i→ i 8) flip and the accompanying relaxations, so it is t
combined effect of the last two terms in Eq.~1!. This can be
expressed more rigorously as

DU~sN!5EclusterS i→ i 8,(
k51

nn

(
j 51

3

Dsk
j ~r 0k

j !D 2Ecluster
0 .

~5!

The energy is estimated over the cluster of atoms affected
the move and the relaxations before and after the move. E
nearest neighbor is relaxed away or towards the central a
~which changes identity fromi to i 8 and is labeled 0! in the
bond directionrW0k . Futher details on how the relaxations a
performed can be found in a recent review article.5

For the present application it is desirable to work with
fixed composition in the composite structure. This
achieved by starting the simulation with the (N,P,T) en-
semble and including identity flips in the form ofmutual
particle interchanges~from Si to C at a randomly chosen sit
and vice versaat another site!. This is equivalent with re-
moving the chemical potential term in Eq.~4!. The inter-
atomic interactions are modeled via the empirical potent
of Tersoff for multicomponent systems,6 which have been
extensively tested and applied with success in similar c
texts, both in strained semiconductor alloys4,7 as well as in
simulations ofa-C systems.8

For the simulations we use (433)(100) supercells con
sisting of a 24-layerc-Si substrate, on top of which a thi
a-C layer is formed. The composite structures are perio
cally repeated in the two lateral dimensions that are c
strained to be those of the Si lattice. To generate the
amorphous films, an appropriate number of strained diam
layers are liquified at;9000 K, and subsequently cooled
300 K under pressure using the (N,P,T) ensemble. Pres
sures up to 200 GPa and cooling rates up to;25 ~MC steps!/
atom K are used. After quenching the pressure is remov
the density of the composite structure is equilibrated, and
atomic positions are relaxed. During this first stage of sim
lations, the temperature of the substrate is kept constan
300 K and intermixing of species across the interface is
allowed. In the second stage, we allow atom-identity flips
model possible interdiffusion. We equilibrate the compos
structures by allowing diffusion of atoms within the who
a-C layer and within 18 substrate layers. Successful fl
become considerable at;600 K and above, which is con
sistent with actual deposition conditions in magnetron sp



e
ce

is

e
ctr

e
m
h

no
, t

at
th
a
rm
a

n

nds

the

iO
y
he
nc-

n

the

his

lec-

ve

Å

e

re-

ich
no

b-
in
tw

s

5076 PRB 59P. C. KELIRES, M. GIOTI, AND S. LOGOTHETIDIS
tering experiments, where the intense argon bombardm
may raise locally the temperature in the thin film-interfa
region well beyond 1000 K.

III. RESULTS AND DISCUSSION

A. Experimental dielectric function and internal stresses

We first present our experimental findings. Figure 1 d
plays the imaginary part of the dielectric function~dotted
line! of the c-Si(100) substrate after the ion cleaning proc
dure, and before the film deposition, and the pseudodiele
function (̂ e&) of an ultrathina-C layer grown on Si, ob-
tained before~solid line! and after~dashed line! exposure to
air. The contribution of thea-C film to this spectrum is
clearly shown. It is also evident that the spectra obtain
after the exposure to air exhibit a degradation when co
pared with those obtained from the as deposited film. T
differences~shown in the inset! are mainly in the absolute
^e2& values, while the energy shift is below 1 meV. Since
other structural changes would lead to such degradation
phenomenon is attributed to bulk oxidation of thea-C film
and/or to the formation of SiO2 surface units~overlayer!.
This can only be explained if Si atoms from the substr
force their way into the bulk, and even the surface, of
thin amorphous carbon layer during growth. Oxygen c
then penetrate after air exposure into the film and fo
SiO2-like geometries, replacing weaker Si-C bonds. We
tribute the negativeD^e2& values below;3.2 eV to the
SiO2 overlayer, and to the fact that bothc-Si and SiO2 are
transparent, which provides an apparent increase in^e2& val-
ues. This increase is purely a phase or geometrical~multiple
reflections! effect,9 and not an actual optical contributio

FIG. 1. Imaginary part of̂ e& of a typical composite structure
~an 8-Å a-C film on c-Si). Solid line denotes the spectrum o
tained in vacuum, while dashed line shows the spectrum obta
after exposure to air. Inset shows the differences between the
spectra. Also shown for comparison is thee2 of the c-Si substrate
~dotted line! before deposition of thea-C film.
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from the Si-O or Si-C chemical bonds, since these bo
contribute in the IR region. The abrupt change inD^e2& from
negative to positive values above 3.2 eV occurs because
onset of the interband electronic transitions of thec-Si sub-
strate is at this energy region, and the effect of the S2
forms is to reduce thêe2& values. Especially in the energ
region of theE2 structure, where the penetration depth of t
light in c-Si is smaller, the measured pseudodielectric fu
tion is strongly affected by the existence of this kind of SiO2
forms either in the bulka-C film or as an overlayer.

In order to get more information about the film oxidatio
or the formation of a SiO2 overlayer, the measured^e& spec-
trum of each deposited layer was analyzed by means of
Bruggerman effective medium theory~EMT!, in combina-
tion with the three-phase model~air/composite film/c-Si sub-
strate! ~MI !, as well as with the four-phase model~air/SiO2
overlayer/composite film/c-Si substrate! ~MII !.10 In MI the
deposited layer of thicknessd1 consists ofsp2,sp3 and SiO2
components, and in MII ofsp2,sp3 bonds and voids,
whereas the overlayer of thicknessd2 is a mixture of SiO2
and voids. The reference dielectric functions used in t
analysis were taken from Ref. 11 and Ref. 12 forsp2 and
sp3 components, respectively. We note here that the die
tric function of graphitelike11 material cannot truly describe
the sp2 component and the error deduced from the abo
analysis is to overestimate its amount. Thesp2 andsp3 com-
ponents of thea-C film deposited with Vb5220 eV depend
on the thickness. The fractions at a film thickness of 345
are 51% and 42%, respectively.

Figure 2 presents the calculated SiO2 contents (f SiO2
) of

a-C film versusfilm thickness using the MI model, befor
and after exposure to air. Their differences (D f SiO2

) are pre-
sented in the inset of the figure and are monotonically
duced. The maximum SiO2 content appears at;25 Å.
Above this thickness there is a progressive reduction, wh
means that the interdiffusion mechanism is completed,

ed
o

FIG. 2. The calculated SiO2 contents ofa-C film vs film thick-
ness, obtained from SE data using the MI model, before~solid
circles! and after~open circles! the exposure to air. The inset show
their difference.
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PRB 59 5077INTERFACIAL STABILITY AND ATOMISTIC . . .
other SiO2 is formed and that the calculated SiO2 content in
the film is negligible compared to the volume fractions
sp2 andsp3 phases in the film. The physical meaning of t
negative SiO2 volume fraction (27.5%) obtained for the
first deposited layer in vacuum is due to the fact that
deposited layer is more dense than the references we us
sp2 and sp3 bonded phases.~Alternatively, it could mean
that the references are not the most appropriate to des
the Si-C phases that formed at the initial stages of fi
growth.!

Using the results obtained from the analysis with the M
model, we calculated the SiO2 mass thickness (dmass5d2
3 f SiO2

) of the overlayer. The evolution of SiO2 dmasswith
film thickness is plotted in Fig. 3 for the first seven deposi
layers. We can see a drastic reduction of SiO2 dmassabove
the first ;25 Å of a-C film thickness. The calculate
SiO2 dmass before exposure to air presents an equival
quantity that yields, when used in the fitting procedure alo
with the MII model, the mass of SiO2 trapped within the film
during the deposition of the lasta-C layer.

We should note here that our attempt to fit the experim
tal SE data assuming the formation of a SiO2 interlayer be-
tween thec-Si substrate and thea-C film was without suc-
cess, supporting the argument that Si atoms enter into
film or even reach at the film surface.

The measured internal stresses of thea-C film are shown
in Fig. 4 for the sequentially deposited layers to a total thi
ness of;345 Å. The first deposited layer caused stro
deformation of the Si wafer and the subsequently depos
layers lead to stress relaxation. The stress reduction is
served during the first;25 Å. This is the same thickness
which the maximum SiO2 volume fraction~Fig. 2! in the
a-C film and the maximum SiO2 dmass~Fig. 3! in the over-
layer occur. Above this thickness the compressive inter
stresses increase as it was expected, because the gro
film is rich in sp3 bonds.13 The measured internal stresses
thicknesses below 25 Å are due to the intermixing betw
thec-Si substrate and the incident C atoms. This reductio

FIG. 3. The calculated SiO2 mass thickness of the overlayer v
a-C film thickness, obtained from SE data using the MII mod
before~solid circles! and after~open circles! the exposure to air.
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concurrent with the stress relaxation predicted by the th
retical simulations, as will be discussed in the following.

From the above results obtained using the first deposi
procedure~growth in sequential layers followed with the ex
posure to air in order to perform stress measurements!, it is
evident that the energetic C atoms replace Si atoms in
substrate at the initial stages of growth, forming SiC-li
geometries. The replaced Si atoms force their way into
bulk and even the surface of the amorphous layer. After
exposure, the atmospheric O2 can penetrate through the film
surface and form SiO2-like geometries, replacing weake
Si-C bonds. It also gives rise to the SiO2 overlayer, since
oxidation mechanisms are more efficient at the surface wh
mobility is enhanced and Si atoms are even more wea
bonded. This overlayer seems to be resputtered during
deposition of the next layer. For film thickness exceed
;30 Å no formation of an overlayer takes place, becau
presumably Si atoms cease to diffuse up to the film surfa
This is related with the fact that when the film thickne
exceeds 25 Å the C atoms do not penetrate into thec-Si
substrate, and as a consequence we observe a reducti
the total volume fraction of SiO2 in the film.

To investigate alterations in the substrate layers, we
lowed the second procedure outlined in the methodolo
~growth of sequential layers with no exposure to air!. We
focus on the differences in the energy region of theE1 inter-
band transition ofc-Si (;3.3 eV), which are more pro
nounced in the second derivative (d2e/dv2) of the dielectric
function.14 Quantitative analysis provides the energy locati
~E! and the broadening (G) of theE1 transition.14 TheE and
G of the ideal case in this heterostructure system~perfect
c-Si substrate anda-C film on top, e.g., no compositiona
disorder at the interface! can be estimated by a fitting proce
using the Bruggerman EMT in combination with a thre
phase~air/composite film/c-Si substrate! model ~MIII !, in
which the compositea-C film at each thickness consists o
sp2,sp3 components and voids~but not SiO2 units!. The
results of this theoretical analysis, theE andG versusthick-

, FIG. 4. The evolution of compressive stresses of thea-C film,
deposited in sequential layers, with the thickness.
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ness, can then be compared with the actual experime
measurements to detect any deviations from the ideal ca

Figure 5 shows the energy locationE versusthe thickness
of thea-C film. We plot both the experimental (Eex) and the
theoretical-model (Em) results, as well as their differenc
DE(5Eex2Em). The latter shows a tendency to decrea
with film thickness. This is clear evidence that the growth
thea-C film induces progressively disorder and/or stresse
the substrate and shifts theE1 position.15 The reduction of
DE, especially up to;25–30 Å, cannot be considered as
temperature effect because we used the periodic depos
mode, in sequential layers, and we controlled the deposi
temperature over a narrow range. For the sake of clarity
mention that the reduction ofDE due to a temperature effec
~energy shift of theE1 transition to lower energies16! is only
approximately20.4 meV/°C. Typically, the raise in tem
perature for long deposition periods above film thickness
100 Å is of the order of few degrees.

More information about the actual origin of this depe
dence emerges from the analysis of the broadening of theE1
structure. Figure 6 shows in a similar fashion the variation
the broadeningsG with the thickness of thea-C film. The
differencesDG (5Gex2Gm) signify the presence of disor
der in the substrate. We observe an increase of the ex
mentalG for the first;25–30 Å, and after that a reductio
compared to that of bulkc-Si. The initial effect~broadening
increase! is related to incident energetic C atoms that pe
etrate into the substrate and replace Si atoms at substitut
positions. This nicely explains the simultaneous diffusion
Si atoms out and into the amorphous film. The growth
thicker films leads to the broadening reduction, which c
only be associated with the development of high uniax
stresses along the~111! direction of thec-Si substrate.17 We
should note here that even though the uncertainties in
calculatedG are <1 meV, and thus theDG uncertainties
are of the order of the absolute values, the trend of the
pendence ofDG on film thickness is obvious. Figure 7 dis

FIG. 5. Energy position~E! of theE1 transition ofc-Si vs thick-
ness of a-C film. Empty ~filled! circles show the experimenta
~model! results~see text!, respectively. Filled squares show the d
ferencesDE.
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plays the interrelation between the compressive stress o
a-C film and theDG of the c-Si substrate. The data clearl
indicate that the reduction inDG is caused by the increase
intrinsic compressive stress of the rich insp3 sitesa-C film.

B. Theoretical simulations

Our experimental observations and the accompany
analysis presented above suggest that interdiffusion of
cies across the interface during the initial stages of growt
taking place. To gain a deeper insight into the experimen
observations and verify this phenomenon, we performed
oretical simulations of the interface equilibrium structure u
ing the MC procedure outlined in detail in the methodolo
section.

FIG. 6. Broadening (G) of theE1 transition ofc-Si vs thickness
of a-C film. Empty ~filled! circles show the experimental~model!
results~see text!, respectively. Filled squares show the differenc
DG.

FIG. 7. Comparison of internal compressive stresses~left axis,
open circles! presented in Fig. 4, with the differencesDG ~right
axis, filled circles! shown in Fig. 6.
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We first examine the possibility for interdiffusion by con
sidering composite structures at an early stage of grow
Typical thicknesses of thea-C film studied range from 2 Å
~the first one or two ‘‘monolayers’’ of carbon on thec-Si
substrate! up to;15 Å. The structure with the thickesta-C
film (14.5 Å) contains 672 atoms, of which 288 are Si
oms in thec-Si substrate~24 layers of 12 atoms each; th
number remains fixed for all structures!, and 384 are C atom
in the a-C film. Expectedly we find that the average coord
nation z̄ of the a-C film rises as the thickness becom
larger. So, for the thinnest film (dthick.1.8 Å) we find z̄
.3.1, while fordthick.14.5 Å the film has already acquire
diamondlike nature withz̄.3.5. This trend can be unde
stood by realizing that the thinner the film, the more easy
relax the compressive stresses near the interface that ar
sponsible for promoting tetrahedral bonding~see discussion
below!.

Pictorial evidence for compositional disorder at the int
face is given in Fig. 8 which portrays a typical compos
structure at an initial stage of growth, both before and a
the particle exchange process. Atomic positions indicate
erage site occupancies.~a! shows the ideal interface that
highly strained~to be discussed below!. ~b! shows the result-
ing configurations after allowing interdiffusion. We mo
clearly see C atoms diffusing into substitutional sites in
substrate and forming SiC-like geometries. No C-C bon
are formed. Recently, Kelires and Kaxiras demonstrated7 that
the strain field induced by thesurface reconstructionand the
C-C interactions in Si12xCx(100) thin layers drive the
diffusion-in of adsorbed C atoms. Here, we show that
presence of thestrained interfacedrives a similar, but sim-
pler effect. In the case of the reconstructed surface, the s
field in the near surface region is strongly inhomogene
with marked site dependence.18 In the present case, there
no such dependence and as a result the C atoms do not
preference for specific sites in the substrate layers. Stil
atoms avoid each other as nearest neighbors, while they
a preferred third-nearest neighbor arrangement in the Si
tice, as found before.4,19

FIG. 8. Illustration of a 12-Åa-C film on top of thec-Si(100)
substrate,~a! before and~b! after interdiffusion. Atomic positions
are projected on the~010! plane of the tetragonal cell. Filled sma
circles are carbon atoms. Open large circles are silicon atoms.
interdiffused atoms are indicated by arrows.
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Si atoms are also shown to diffuse into the amorpho
thin layer. This is expected since diffusion in our approach
the result of mutual particle exchanges. Of course we
sampling the equilibrium configurations, atoms are found
the favorable end-of-diffusion state, we do not follow th
actual trajectories and intermediate states. The physical
ture is the following: an energetic carbon atom at the init
stage of growth~being close to the interface! enters into the
Si substrate, it diffuses a certain distance and kicks out a
atom from a substitutional position.~The possibility of inter-
stitial C is not examined; the ratio interstitial/substitution
carbon in Si becomes significant only at high C conten!.
The Si atom instead of staying interstitial in the substra
which costs energy, prefers to diffuse into the amorpho
carbon film to form Si-C bonds. We can see from Fig. 8 th
Si atoms can even reach the less energetically favorable
face environment. Thus, we arrive at a picture where
possibility of bulk oxidation and the formation of SiO2 sur-
face units, as suggested by our experimental observati
are accounted for by the MC simulations.

To obtain a more quantitative picture of the intermixin
process, we calculated the equilibrium depth profile of
atoms in the substrate layers. This is shown in Fig. 9 for t
dinstict cases, typical for the very early stages of growth.
study the effect of the amount of C in the substrate, we all
diffusion of the equivalent of 1/2 ML of C in the structure o
~a!, and 1 ML of C in the structure of~b!. We first compute
an average site occupancy in the 18 substrate layers, w
diffusion is permitted, and then we average in every lay
The C content is given relative to the value that correspo
to spreading 1/2 or 1 ML of C over 18 layers. The mo
interesting feature of the profile in both cases is an osci
tory behavior which separates C-enriched layers fr
C-depleted ones. The first layer at the interface is stron
depleted from C. Enrichement occurs away from the int
face, even in the case of~b! with more C atoms in the sub
strate, indicating a repulsion among diffused C and the am
phous film. A similar but more complex, due to the surfa

ew

FIG. 9. Equilibrium depth profile of carbon atoms~at 800 K! in
the substrate of two composite structures. Thea-C layer is;2 Å
thick in ~a! and;4 Å thick in ~b!. 1/2 and 1 ML of C atoms are
diffused, respectively. Carbon content is given relative to a hy
thetical average layer composition.
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reconstruction, oscillatory behavior has also been obse
in thec-Si12xCx(100) system.7 We attribute this behavior to
the repulsive interaction between nearest-neighbor C at
in the Si lattice,4 which prevents them from equally popula
ing adjacent layers.

To get a deeper insight into the driving force behind t
effect, we examine the strain and the energetics of the in
facial system. Strain plays a very important role in such m
matched systems. For this purpose, we utilize the concep
local atomic stresses that has been very useful in explo
the elastic properties ofa-C networks.8 Atomic level stresses
are a measure of the local rigidity of the network. They c
be thought of as arising due to local incompatibilities, a
they are present in networks with nonequivalent atoms an
any disordered structure. They are derived by considering
atomic compression~or tension! at each site given bys i

52dEi /dlnV;pVi , whereEi is the energy of atomi ~as
obtained by decomposition of the total energy into atom
contributions!, andV is the volume. Dividing by the appro
priate atomic volumeV i converts into units of pressurepi .
For each atom we compute the average atomic stresss ī ,
both before and after interdiffusion. Then atomic contrib
tions are summed up to give the average stress in the w
a-C layer, as well as in every individual substrate layer.

Figure 10 plots the depth profile of average stress for
two cases whose C profile is sketched in Fig. 9. Nega
values are for tensile, while positive values are for compr
sive stress. We find, for the ideal interface and in both ca
tensile average stress in the amorphous film because ca
atoms at the interface are stretched to make bonds with
topmost Si atoms of the substrate. The thinner the film
larger the tensile stress, as the interface contribution o
whelms stresses from the rest of the amorphous layer.~The
effect fades as the thickness increases, see below!. On the
other hand, the first substrate layer at the interface is un
compression to compensate for the stress conditions ab
The Si atomic volumes in this layer are shrinked compa
to the ideal value to accomodate for bonding with the sma

FIG. 10. Average local atomic stresses in the structures of
9. The layer numbered 1 denotes the whole amorphous film, the
are monolayers in thec-Si substrate. Filled~empty! symbols show
stresses before~after! intermixing, respectively.
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carbon atoms. The same effect enforces the second lay
the substrate to be under tension. Deeper layers have n
zero average stress.

The situation changes drastically after intermixing. It
obvious that diffusion is a strain mediated mechanis
Stresses are considerably relieved both in the thin amorph
layer as well as in the substrate layers near the interfa
which evidently tends to relax its strain. At the same tim
tensile stresses are generated at deeper layers in the sub
exactly where C substitutionals are introduced~compare
Figs. 9 and 10!. The interdiffused state, however, is energeti-
cally favored despite the induction of stresses in the s
strate, because these stresses are overwhelmed by the r
tion near the interface. We compute an average energy
of ;40610 meV/atom, compared to the ideal state.

When thea-C film thickness increases, the average str
in the film progressively acquires compressive values~after
;7 –8 Å), as the effect of the interface generating tens
stresses nearby cannot overwhelm the compressive stre
generated above. The important point is that in this case
well, as in the case of initially tensile amorphous layer, t
stress is partly relieved after the interdiffusion process.
example, thea-C layer with thicknessdthick.14.5 Å and
z̄.3.5 has after formation under pressure, without annea
at higher temperature, and before intermixing as̄a-C
.9 GPa. After intermixing, the compressive stress is
duced tos̄a-C.5 GPa. So, intermixing and stress relaxati
are closely associated in the early stages of growth, in ag
ment with our experimental observations.

Finally, let us point out that interdiffusion may bear si
nificance for the growth of thicker amorphous layers w
high sp3 content. It has been shown previously that a cor
lation exists at the local atomic level between stress con
tions and C hybridization.8 Tensile conditions favor the for
mation of sp2 sites, whilesp3 sites are most likely being
formed under compressive conditions. The important po
here is the reduction of tensile stress in the interface reg
at the very early stages of growth, following intermixin
This enhances the chance that further deposited material
acquire diamondlike nature. If, however, the experimen
conditions do not favor or inhibit intermixing, this woul
leave the interface in a stressed state and lead to the cre
of a thick graphitic layer near the interface. The control
the thickness of this interface layer might be crucial for t
successful fabrication of thin film transistor devices based
ta-C.20

IV. CONCLUSIONS

We showed in this paper that our complementary exp
mental spectroscopic ellipsometry and stress measurem
and theoretical MC simulations are powerful tools for t
investigation of the interfacial properties of thin amorpho
films. We apply the methodology toa-C films grown on
Si~100! substrates, where we monitor the interdiffusion
probing the compositional and stress profiles across the
terface and by identifying the relevant atomistic processe
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