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We propose an approach to modeling the mismatch-induced residual thermal stress in microscopic film/
substrate systems using an atomistic simulation. Criteria for choosing model parameters necessary for success-
ful prediction of macroscopic stress-induced phenontgoantitatively characterized by a reduction in binding
energy are discussed. The model is implemented in a molecular-dynamics simulation of compressive thermal
stress at th€100) diamond/substrate interface. The stress-induced binding-energy reduction obtained in the
simulation is in good agreement with our model. The effect of sample size and local amorphization on obtained
stress values is considered and the maximum on the stress-strain dependence is explained in terms of the
“thermal spike” behavior. Similarly to results from plasma deposition experiments, the dominant stress-
induced defect is found to be the tetrahedrally coordinated amorphous daab@h At higher film continu-
ities these defects are partially converted ig1®0) split interstitials; at lower stresses transformation of a
small fraction ofta-C into the graphiticsp? configuration takes place. The penetration depths and the distri-
bution of the stress-induced defects are determined. The influence of residual stress on diamond thermal
conductivity is studied; defects formed due to stress are shown to reduce the thermal conductivity, this effect
being partially offset by the counteracting influence of stress on the phonon density of states.

[. INTRODUCTION erties of diamond, is crucial for predicting reliability and
wear resistance of CVD diamond films.

The remarkable properties of diamond that include its ex- In spite of a large number of experimental analyses of
treme hardness, high thermal conductivity, transparencytesidual stress in CVD diamond filmis!® this topic is still
semiconductivity, low coefficient of friction, and chemical not well understood; many questions remain open. For ex-
inertness make it attractive for a variety of applicatibfie  ample, not much is known regarding the evolution of defects
potential of diamond as an engineering material has considarising in diamond during the CVD process under conditions
erably increased in the last two decades with the developef residual stress. Though it is generally known that the ap-
ment of advanced chemical vapor depositig@VD) plication of stress may lead to considerable structural
technique$producing polycrystalline diamond of quality ap- changes in the crystal, such as the formation of defects and
proaching that of the best single crystilbloreover, CVD  other local inhomogeneiti¢d, experimental evidence con-
makes possible a wide range of products not accessible usirgrning the nature of stress-induced defects in diamond films
bulk diamond*-® is still lacking.

The quality of CVD films is often limited by residual The problem of defects arising as a result of stress is
stresses, arising during the growth process. These stresseesely related to phenomena observed in Raman spectra
have been ascribed to the mismatch between the thermal eduring the film deposition process. Stress-induced shifts and
pansion coefficients of diamond and of the underlying subsplittings of the zone-center optical mode of diam$nen-
strate(the so-called‘thermal stress™)’® and to several fac- der Raman spectroscopy a technique well suited for the char-
tors leading to ‘intrinsic stress’ such as the incorporation acterization of the developing stress@sSeveral empirical
of nondiamond phases at grain boundaries and the presena®dels relating either shifts 2 or splittings® to stress val-
of hydrogen and the porosity arising during the growth.  ues have been derived. However, the behavior of Raman
In films obtained by the CVD technique, thermal stress hapeaks associated with nondiamond phases and defects re-
been shown to be the main component90%) of the re- mains unexplained. In particular, it has been observed that
sidual stres$.A detailed understanding of microscopic pro- the intensity of the amorphous carbon peak, initially present
cesses induced by residual thermal stress, the mechanism forthe deposited film, first increases and then decreases with
its relaxation, as well as its effect on the structure and propthe deposition time in correspondence with the evolution of
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film continuity.”®24 This observation, apparently connected mechanism, and the penetration depth of arising defects, and

to the nature and evolution of defects, has not yet been exthe thermal conductivity of diamond obtained with residual

plained. stresses. The conclusions are summarized in Sec. V. The
The influence of residual stress on thermal conductivity ofdependence of the mismatch influence on sample size and

diamond is of great technological importance. Many applicainismatch factor is analytically derived in Appendix A, and

tions of CVD diamond are based on its ability to effectively the Rayleigh coefficients for the defects considered here are

dissipate hea? The influence of stress on thermal conduc-€valuated in Appendix B.

tivity can be inferred from the known effect of stress, due

both to the change of lattice parameters and as a result of Il. MODELING OF THERMAL STRESS

induced defects, on the vibrational spectrum. The relative IN'A MICROSCOPIC SYSTEM

importance of these two mechanisms can be investigated us- There are two principal approaches to the MD simulation

ing the phonon spectruiPS method for the calculation of ot stress. In the first“formalistic” ) approach the Hamil-

thermal conductivity, discussed in our earlier stdfiywhich  yonian of the system is modified with either stress or strain

establishes a direct connection between the phonon Spect'yBing introduced into the equations of mot®A®® In the

of a dielectric and its thermal properties. _second group of methodseferred to below as the “physi-
Atomistic simulation in general and molecular dynamics g approach the particular physical processes that cause

(MD) in particular is a powerful technique for investigating e stress are simulated at the atomic leesd)., the applica-
thermal stress with very fine spatial and time resolutiongjon of an external fordé28 or the ion bombardment in-

thereby providing information that is difficult or impossible \5ved in plasma depositié? 9. This second way is pref-
to obtain experimentally. To date, several authors have adsraple either when the particular mechanism leading to the
dressed the behavior of diamond under stress using atom'svafppearance of stress is expected to be important, or when the

simulatic;r;stechr}iques. Two studies are of special relevance,roquced stress is inhomogeneous and hence cannot be well
Uemurd”*® studied the behavior of theulk diamond under modeled by a single general variable. In the case of thermal

uniaxial tensilé’ and compressiv& stress using a modified stress both these factors are relevant.

tight-binding approximation; in particular, the critical We describe a model for the “physical” simulation of

strength of perfect diamond was d%e?t_eSerined. The papers Qhismatch-induced thermal stress, and discuss important
the group of Pailthorpe and McKenzie™'are more relevant  yodeling issues related to the small size of the simulation

to the present paper. They studied the process of plasmgstem. Note that this size problem is relevant for all atom-

deposition  of (gi_%gnond films using ei3t7her a modified istic simulations thereby suggesting that our approach may
stillinger-Webef®~**or the Lennard-Jon&*’ potential, and e applicable to other systems.

investigated phenomena that produce compressive stress andg,r model also addresses the simulation of the increase of
allow it to be relieved. In particular, a “thermal spike,” de- fjim continuity that is observed during the deposition pro-

fined as a molten zone or simply as the region in which thgess The straightforward approach would be to consider dis-
local structure is significantly distortéwas shown to form  ¢yee grains with a realistic and continuously increasing size;

following ion bombardment. Above sorr315e_3(;r|t|cal size this however, at present such a simulation is impossible for sys-
spike causes the relaxation of stresS€S:**"*"Another im-  tems with nontrivial potentialé] in which sample sizes are
portant result is that the compressive stress generated by iQBstricted to tens of angstroms, whereas the realistic grain
impact induces the forgrg%tzigngé)f tetrahedrally coordinatedsize js much largef.To avoid this problem, we propose an
amorphous carbofta-C).**3% _ _alternative method for modeling the increase of film conti-
The above studies, however, are concerned with the ins ity A qualitative presentation of our model is given be-

trinsic_qomponent of residual stress preva@ling_v_vhen plasm@bw; the corresponding equations are derived in Appendix A.
deposition is usetf Recall that when CVD is utilized, ther-
mal stress plays the major réland the aforementioned phe-
nomena, which are likely to result from ion bombardment,
may be of little relevance. Here, we present a study based on The simulated diamond crystal consisted of 512 atoms
various experimental results obtained for the CVD diamond4X 44 unit cell§ interacting via the Brenner potentfal
films (in particular those of Hoffman and co-workéfs®24,  (see Sec. lll for more detajls Biaxial thermal substrate
thereby placing an emphasis on the thermal component dtress in the100 plane was simulated by compressing the
stress. two bottom (100 layers(the “substrate’) by a “mismatch
We report on MD simulations of diamond deposited on afactor” f, in two directions,[010] and [001], coinciding
substrate with a thermal expansion coefficient larger thamith thex andy axes, respectivelyFig. 1). Accordingly, the
that of diamond(e.g., silicon, hence producing a compres- mismatch factor
sive mismatch-induced thermal stress. Throughout our paper
the Brenner potentidl is used. The paper is structured as fm=as/aq 2.9

follows: in Sec. Il we present the model used for the simu-s the ratio of the lattice parameters of substradg) (and

lation of thermal stress, film continuity, and experimental jiamond &), and the strain tensor in the principal axes is
conditions. In Sec. Il we briefly describe our simulation

method and the details of its implementation. In Sec. IV we e, 0 O
discuss the reduction of the binding energy due to thermal
stress, the effect of sample size, and amorphous inclusions E=| 0 ¢ OF, (2.2)
on the value of obtained stresses, the nature, formation 0O 0 O

A. Modeling of stress
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FIG. 1. The(100 diamond surface at which the biaxial com- 0.992 | 7 -~ diamond/silicon ]
pressive stress is appli€dnit cell). Numbers indicate the coordi- —— diamond/chromium carbide
nate along th¢100] (2) direction in units of the lattice parameter of
iamon itivez direction is into th Bonds with atom 0.990 : . . :
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of the deepest plare= a4 (underlying those at=0) are shown by

T ture (°C
dashed lines. emperature ('C)

FIG. 2. Mismatch factoif,, as the function of temperature for
wheree,= Ey=—6= fm—1. two substrates calculated by H.3). Dependence of diamond and
The substrate atoms were immobilized to prevent expansilicon thermal expansion coefficients on temperature, used for the
sion by making their masses very largéequal to calculation, was taken from Ref. 48; the coefficient of chromium
10" Mcamon- The interactions within the substrate and be-carbide, which is weakly dependent on temperature, was taken
tween the substrate and the diamond film were described bgqual to 11.%10°® K~ for the entire temperature rangRef. 7.
the same Brenner potentiaused for the bulk diamontsee

Sec. lll), thus simulating a diamondlike substrate, such adarge, the mismatch factor is not smaller thgn 0.99. .
silicon? In order to reproduce the influence of mismatch seen in

d experiments, it would seem appropriate to accept the above
value of f,,, for our simulations. However, if we quantita-

yz and xz planes and subtracting the reference values Opvely c:jeflr)et_thef |nfluenqﬁbqf mlsrfnatgh degh?r as t?he Z\{'
ideal nonstressed diamond. The reported values of stress aykpge deviation from equriibrium of-a bond between the dia-

the average of these quantities over thendy directions. mond and the nearest substr_ate_ atol,), or_alternatively,
as the degree to which the binding energy is reduced due to

a mismatch(AU), such a choice of ,, turns out to be in-
correct. This is a result of the fact that our simulation system
iS microscopic in size; contrary to macroscopic systems,
At the deposition temperatureT ;=800 °Q it is as- where the influence of mismatch is completely determined
sumed that there is no mismatch between the diamond filrhy the mismatch factaf,,,, for microscopic systems it is also
and the substratea(‘=a".” At a lower temperaturd, ~ dependent on the sample size
the mismatch factof,,, which is a result of the difference ~ The general analytical expressions foAr)="f(L,f)
between linear thermal expansion coefficients of diamondnd (AU)=f(L.fy) are derived in Appendix A with a

(ag) and substrated), can be calculated using the defini- graphical presentation of thg_se ergndencie_s given in Fig. 3.
tion of a*® The behavior of both quantities is highly oscillatory at small

L and converges to size independent valuek-as~. These
large-sample values vary with the mismatch factor in a non-
monotonic mannefsee Appendix A however, in the range
of f,,=0.90-0.99, this variation is small and corresponds to
to be approximately the same maximal-(L0%) weakening of the
binding energy for all values df,, [Fig. 3(b) and Eq.(A36)].
aToe oy fT odT This (10%) is the magnitude of the mismatch influence ex-
a s Taep s pected in experiment&at f,,~0.99), where the samples are

The lateral normal stresses |, ando,) were calculate
by summing forces across an imaginary vertical $aethe

B. Choice of the mismatch factor: Microscopic correction
to macroscopic mismatch factor

~1ldas dlnag ~1day dlnay
“TadT dr v “Ta dr dT

fn(T)= 2 T not smaller than hundreds of angstrotpsint A in Fig. 3.
d agdep ex;{f addT) However, applying the same “experimental” value of
Tdep mismatch,f,,=0.99, to our small sample size~15A, we
T T emerge at the highly oscillatory part of the curypsintB in
=exp( f (ag—ag)dT|~1+ f (ag— ag)dT. Fig. 3). At this point the mismatch-induced strain of the bond
Tdep Tdep and the corresponding weakening of the interaction are close
(2.3 to zero—either initially[Fig. 4(a)], or after an easy shift of
all atoms, which pushes the nonmatching one out of the
The dependence off,, on T for two substrates, one very sample[Fig. 4(b)]. This cannot happen in large samples,
similar to diamondsilicon) and another very differerithro-  where too many “internal” atoms have to be shifted, and the
mium carbidg, as calculated with Eq2.3), is presented in  freedom of their movement is too small to enable such “free
Fig. 2. This figure shows that even when—aq4 is quite  surface” relaxatior{Fig. 4(c)].
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030 density of diamond particles grows as time advances and
_025 | reaches a maximum value after 30 min of deposition. A con-
E 0.20 tinuous film is obtained after 60 min and, for longer deposi-
Yoo L tion times(120 min, secondary nucleation takes place. This
§ 0.10 increase of film thickness and continuity leads to the buildup
g of residual stresses, which has been explained in Ref. 7 as
= 005 follows. In the case of noncontinuous films, partial stress
0.00 | relaxation is enabled by the relatively large freedom of
g movement of different parts of the film, presumably the free
v _oa10 crystallites surfaces, while in a continuous film the stress
£ cannot relax this way and therefore builds up.
§ As explained abovéSec. Il B), this is similar to what
g 020 . I happens(Fig. 4 when the(Ar) and (AU) curves achieve
g C the saturation limit, either by increase in the sample size or
£ 030 s ‘ 0 . by decrease of the mismatch fact@nsets in Fig. 3. We
0 100 200 300 400 500 used the latter method to approximate the effect of increasing
Sample size L (A)

film continuity (leading to the buildup of stresby varying
FIG. 3. Dependence af) the average bond straiin units of the mismatch factof,, from 1.0 to 0.9; the latter value is
the diamond bond lengthy=1.54 A), calculated using E¢A23), ~ €XPected to give results, qualitatively similar to those of a
and of(b) the reduction of the binding energy per atéimunits of ~ Macroscopic, continuous film with the maximal thermal
the well deptiD), calculated using EqA25), on sample size, for ~ Stress. Although this approach appears artififiials based
different values of the mismatch factof;,=0.90 (solid line), f,,  On themathematicakquivalence between the impact of de-
=0.96 (dotted ling, andf,,=0.99 (dashed ling Insets show mag- creasing mismatch factor and increasing sample) sising
nification of the small-sample part of the curves. Arrows on insetdhe more realistic approach of varying sample size is non-
indicate the increase of the “film continuity,” corresponding to the practical due to the large increase in demands on computa-
decrease of the mismatch factiy. See Sec. I B for the explana- tional resources.
tion of the A,B, andC notations.

Consequently, if we would apply the “experimental”
mismatch factorf,,~0.99 to our small sample, we would
obtain a mismatch influence much smaller than that obtained
in experiment. As shown in Fig. 3, this “small size effect”  In order to mimic the experimental conditions of diamond
can be compensated by decreasing the mismatch factor witBVD, our “computer experiment,” unless stated otherwise,
an effect similar to that of increasing the sample size. If, forincluded three stages:
examplef,=0.90 is taken, even the small system is located
at the saturation limifpoint C in Fig. 3) and the interaction
is weakened to the same degreel(0%) as in experiment.
Thus, in order to obtain the same “mismatch influence” as At this first stage the diamond/substrate system was
the factorf,~0.99 produces in experiment, in our simula- equilibrated for 2.5 ps at the deposition temperataréypi-
tion a smaller mismatch factor such fg~0.90 is applied.  cal valué=>*’of T4.;=800°C was used Someinitial “lo-
cal” amorphization of diamond near the diamond/substrate
interface, caused by thermal fluctuations and facilitated by

Scanning election microscopy and micro-Raman studiethe attachment of the diamond to a rigidly fixed substrate
of the evolution of deposited films have shdWfirthat the  resulting in the “growth strain,** was already present in our
sample before any mismatch was introduced. This repro-
duces experimental CVD conditions, where such nondia-
mond phases were detected immediately after the deposition,
in the “as-grown” film."°

D. Modeling the experimental set up(temperature regime
and initial amorphization)

1. “Deposition”

C. Modeling the increase of film continuity

no mismatch

2. “Cooling” and equilibration

The system was then “cooled” to room temperat(?é
°C) at which the experimental measurements are made. At
this stage the whole lattice was compressed in accordance
with the thermal expansion coefficient of diam&httooling
from 800 to 25 °C results in the change of the lattice param-

FIG. 4. Scheme of the average bond strain and its relaxatiofter from 3.576 to 3.567 )&_The substrate part was addition-
abilities for a small samplé‘isolated particle”—a,b and a large ~ &lly compressed by the mismatch facfgy, thus simulating
one (“continuous film”"—c). Diamond atoms are shown by light the difference in thermal expansion coefficients of diamond
gray, substrate atoms in general by dark gray, and substrate atora§d substrate. An appropriate choice fpf is discussed
with the maximal mismatch are black. For clarity, in this figure the above (Secs. 11 B and Il ¢. The cooled system was then
close packing is shown. equilibrated during 2.5 ps.
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3. Data collection

. . . . . 0.6
During this stage various properties of the equilibrated

system(phonon spectrum, radial distribution function, ther-
mal conductivity, etg. were “measured” during 5 ps$this
time has been shown to be appropriate for obtaining the pho
non spectra with sufficient resolutiti

0.5

04

IIl. SIMULATION METHOD 0.3

g energy reduction (eV/atom)

The evolution of the diamond/substrate system was simu-8 g2
lated using the MD technique efficiently implemented on a:§ ¢
parallel high-performance computer as described in Ref. 495 o1

We used 16 processors of an SP2 for 20 h for each run =% \x——X’K\X_,x_
making some 25 runs in the course of the project. The equa — AT x , ,

tions of motion were integrated for 10 ps by the “leap-frog” “1.00 0.98 0.96 0.94 0.92 0.90
algorithn®®! with an integration time step ofAt=5 Mismatch factor £, (film continuity increases —>)

X10°° ps.

The simulated system consisted of 512 carbon atoms (4 FIG. 5. Reduction of the binding energy due to mismatch: im-
X 4x 4 unit cells, 16 monoatomic layers in each [aD0], mediately after the d_eposmon stage, “as-grown” fl(mrcles_), and
[010] and [001] directiong with minimum-image periodic after the relaxatlor(trlangles). M(_)del values(calgulated using Eq.
boundary condition2051 The periodic boundary conditions (A25) and divided by 8 to consider that the mismatch located in 2

allow us to overcome the effect of surface on the calculate(!layers acts over 16 and not 2 layers, as was assumed in the)model

properties’ They do not increase the size of the system e also shown for comparisgorosses

(rjneankseitlt wg\?ggov?/ictﬁp;w;:/r;gr:hti p?ggg;':z;‘nu?ﬁéessifnej;irg%malIer since the system has time to adjust itself to the opti-
50y gt g . . ,, mal structure. The agreement of these simulation values of
box>" The fact that an atom relaxing via a “free surface

g : . . the binding energy reduction with those predicted by our
[Fig. 4@)] ente_rs through the o_ppogte fa_ce of 'ghe SlmuI‘rj‘tlontheoretical model[crosses; calculated using EGA25)] is
box does not influence relaxation; the simulation system re-

N Y - very good considering the roughness of the model and the
mains “small,” and the above model holds. Similarly, thef hat th deled val d h |
“grain size” in the calculation of the thermal conductivity act that the modeled values were averaged over the sample
(See Sec. IV E should be considered to be equal to thethlckness under the assumption that the mismatch influence

: . . q distributes uniformly over the entire sample, while in reality
length of the simulation cell.

L : : . his is not so(see Sec. IV D For high mismatchesf(,
Interatomic interactions were described by the potential oF ; S .
Brenner®® which is believed to accurately r)1/1odelpdiamond <0.94) the reduction of binding energy is due not only to the

and various carbon forms intermediate between diamond angjnsmatch itself, but also to the stress-induced formation of

graphite, as well as defects with various types of hybridiza- efects(Sec. IV § not taken into account in the model but

tion; this is important for the study of stress, which producesaCCOunteOI by the simulation; hence a larger and a more mo-

a variety of defects. The details of our implementation of thisnotonous reduction of energy in the simulation compared to

potential are given in Ref. 26. that given by the model.
The required temperature regimeee Sec. Il D was

maintained by the periodic rescaling of all atomic velocities B. Effect of sample size and local amorphization
followed by equilibration of the systeth (the reasons for on obtained stresses
such a choice of temperature maintenance method are ex- To single out the “pure” dependence of measured stress
plained in Ref. 52 on the value of substrate strain, we considered the samples
subjectednly to a mismatchwithout preliminary deposition
IV. RESULTS AND DISCUSSION stage heating resulting in initial amorphizatiohe initial

substrate layer stress in these samples is presented in Fig. 6
(solid ling). As expected, the mismatch-induced thermal

As defined above, the influence of thermal stress can bstress is compressive. The slope of a linear fit to the curve
quantitatively characterized by the reduction of binding en-allows us to evaluate the biaxial Young modulti€:>®
ergy caused by stress-induced mismatch. This quantity, mea-
sured immediately after the mismatch was introdu¢ts- E
grown” film) and again after the relaxation, is plotted in Fig. 1—
5.

Initially (circles in Fig. 3, the reduction of the binding whereE is the Young modulus and is the Poisson ratio.
energy is rather large and reaches approximately 0.6 eVFhis result is almost three times smaller than the value from
atom for the largest considered mismatéh,=0.90. This the literatureg{1345 GPaRefs. 7 and 18, corresponding to
reduction is due both to mismatch and to a small number oE=1050 GPa(Ref. 59 and »=0.219. This discrepancy is
defects, present already after the deposition stage. most probably the result of the decrease in the influence of

When the sample is allowed to reléxiangles in Fig. 5, mismatch in the case of small samples, discussed in Sec.
the accounted reduction of the binding energy become# B. The literature value of the elastic modulus, suitable for

A. Reduction of binding energy as a result of thermal stress

= ole=469 GPa, (4.7
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FIG. 6. Initial lateral stress in the substrate layer as a result of
the straine for an ideal crysta(solid line) and for defect-containing FIG. 7. Evolution of defects concentration with the increase of
samples obtained by the simulated CVbtted ling; the thin line ~ Mismatch(corresponding to the increase of the film continkitsl-

with arrows indicates the stress below which the graplsii¢ de-  culated based on coordination numbers. This figure does not reflect
fects can be formed. the difference between the “intermediate tetrahedrally coordinated

amorphous carbons ta-C, and thesp? atoms in graphitic configu-

the bulk, was determined experimentally for large samplesration (see the text both these defects are classified as “isolated
located in the “saturation” regioipoint A in Fig. 3, while  three-fold atoms.”
the stress-strain relationship irtfan film (or amonoatomic
substrate layer for which our estimations were maddenot ~ without this amorphization is positive; hence in our case the
as straightforward>®® and the influence of mismatch pro- intrinsic stress is compressive. However, due to the presence
duced by the same strain is expected to be much smallef some defects already at zero mismatch, the apparent criti-
(point B in Fig. 3). This phenomenon is similar to an experi- cal concentration of defects necessary for a stress to relax is
mentally known fact that smaller diamondi® which the achieved much earlietat e=0.04, f,=0.96) than in the
ability to relax is higher exhibit greater strength than larger perfect crystal, and the reduction of stress is considerably
ones® and yield when larger samples would have larger due to its more efficient relaxation. As seen in Fig. 7,
cracked®” 8 Additional confirmation is given by the results the apparent critical concentration of defects is equal to
of other simulations of diamond, e.g., those of Uerfiira ~3.3 at. %(the value corresponding tig,=0.96). The dis-
who obtained elastic constants underestimated by a factor ebrted crystal withf,,=0.96 is visualized in Fig. 8 which
1.34 even for a relatively large samd#000 atomgs shows that, in addition to the near-substrate layers, a signifi-
The maximum in the stress-strain dependence can be egant internal region is distorted.
plained in terms of a “thermal spike” behavior, observed in  After passing the maximum, dt,~0.92 (e~0.08), the
ion bombardment(plasma deposition experiment®® and  concentration of defects reaches saturation and stops grow-
substantiated theoreticalfy:>>~3"%°The thermal spike is de- ing with mismatch(Fig. 7). For a further increase of mis-
fined as a zone in which lmcal melting followed by rapid
chilling had occurred due to a highly energetical ion
impact3®*® roughly speaking, it is the region in which local
structure is significantly distorte.With increasing impact
energy the thermal spike region grows; starting from some
critical value of energy, it becomes large enough to allow the
relief of stresses, thus giving rise to a maximum in the de-
pendence of stress on impact enefgs” A similar phenom-
enon can be expected also for thermal stress resulting fron
the mismatch. The larger the mismatch, the more defects ar
formed(see Sec. IV ¢ when some critical concentration of
defects is achieved, a partial relaxation of stress on thes:
defects becomes possible. According to Fig. 6, this happens

when the straire achieves a value of 0.07f{=0.93). FIG. 8. Distortion of the diamond crystal obtained at 800°C

In a realistic system produced by the deposition at 800 “Gyegyiting in initial amorphizationwith mismatchf,,=0.96 (strain
and then cooleddotted line in Fig. 6, some initial amor-  ¢— 04): the whole crystafleft) and the distorted regiotright).
phization is present in addition to mismattsee Sec. Il . Nondistorted four-fold diamond atoms are shown by white, while
Such nondiamond inclusions are known to cause an intrinsigi| atoms with coordination different from four, as well as the com-
stres§*°which can be either compressiler tensile? At pressed substrate atoms, are shown by black. The distortion appears
small strains(before the critical concentration of defects is not only in the lower, but also in the upper layer of the sample, due
obtained the difference between the stress value with ando the use of periodic boundary conditions.
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FIG. 10. Evolution of phonon spectrum with the increase of
mismatch (corresponding to the increase of the film continuity
Notation of peaks: A—ideal diamond, B—tetrahedral amorphous
carbon,ta-C, C—three-fold graphitisp? atoms, and D—split in-
terstitials; a broad feature attributed to both kinds of isolated three-
fold defects,B and C, and referred to as an “amorphous carbon
geak” is marked by “a.c.”

FIG. 9. Evolution of radial distribution function with the in-
crease of mismatckrorresponding to the increase of the film con-
tinuity). Notation of peaks: A—ideal diamond, B—tetrahedral
amorphous carborta-C, C—three-fold graphitisp? atoms, and
D—split interstitials.

match, the relief of stress due to this concentration of defect
becomes insufficient to overcome the buildup of stress due to

a larger strain; hence, in this case, stress again increases wRMidence will be used. The radial distribution function was
increasing strairgFig. 6). used to extract information both on the bond len¢given

by the nearest-neighbor distarcgg and on the bond angle
obtained from the ratio of the first- and second-neighbor
distances® #=2 arcsin¢,/2r;). In summary, the results

Three types of defects were found to form as a result ofyresented in Figs. 7-10 allow us to suggest the following
the thermal stress(l) isolated atoms with approximately mechanism of defect evolution.

three-fold coordination, intermediate between the diamond
sp® and the graphitep? configurationgreferred to as “tet-
rahedrally coordinated amorphous carbonsg”C.*° or as
“intermediate carbons®), (2) isolated three-fold atoms pos-

C. Formation of defects as a result of thermal stress

1. Breaking of diamond bonds—formation of “intermediate
tetrahedral amorphous carbons,” ta-C

sessing the graphitisp? configuration, and3) split intersti- First, when the mismatch is smdlbosely corresponding
tials, which can be defined as dumbbell pairs of three-foldo a low film continuity, the dominant defects are atoms
atoms®? with an approximately three-fold coordinatidfig. 7), re-

The formation and the evolution of these defects withsulting from the breaking of one of the diamond bonds. For
increase in mismatctrorresponding to the buildup of stress these defects the formation energy is relatively low: accord-
and to increase in film continuitywvere followed using sev- ing to Ref. 17, the energy of a single C-C bofid be bro-
eral quantities: the concentration of each type of defieict. ~ ken) is equal to 3.6 eV.

7), the radial distribution function§RDF) (Fig. 9), and the As noted above, in order to decide whether this defect is
phonon spectra(density-of-states calculated by Fourier the tetrahedral amorphous carb@aC) whose coordination
transformation of the velocity-velocity autocorrelation number is 3.7(Refs. 30 and 3Bor the “true” three-fold
function$? (Fig. 10. The concentration curves were calcu- atom with the graphiticsp? configuration, additional evi-
lated based on atomic coordination numbers; these numbedgnce is obtained from the radial distribution functions and
are integef and hence do not allow us to exactly distinguish phonon spectra. Based on the R[éakB in Fig. 9) analy-

the tetrahedral amorphous carbevhose coordination num-  sis, the defect in question corresponds to the bond length
ber is 3.7(Refs. 30 and 38 from the perfect four-fold dia- r;=1.525 A and the bond anglé=111°; these values are
mond, on one hand, and from the three-fold atoms irsfpfe  almost identical to those reported for the tetrahedral amor-
configuration on the other hand. For the following, we will phous carbony;=1.53 A and §=110°3° In the phonon
refer all atoms having less than four neighbors inside thespectrum, this defect gives rise to the local mode vibration
cutoff radius[r.=2 A (Ref. 39] and hence considered ~ 1450 cm * (peakB in Fig. 10); similar peaks in the 1400—
“three-fold” to the class of intermediate carbons. However, 1500 cm'! region were observed and attributed to various
we will bear in mind that their coordination is nekactly — C-C vibrations in amorphous diamofitlin particular, to the
equal to 3 and their configuration is noeécessarily sfi in stretching vibrations between the four-fold and three-fold
order to decide whether this is the case or not, additionahtom$§? accounted, e.g., in case of a vacafit§f
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The formation ofta-C defect as a result of compressive
stress was experimentally and theoretically proven for
plasma deposition experimeffts®in which the dominating
component of stress is intrinsit.The above data, obtained
from our simulation, serve as an unequivocal evidence of the
compressive-stress-induced formation of this defect also un-
der CVD conditions promoting the development of thermal
rather than intrinsic stress.

The presence of a small concentration of this defect even
in samples with no mismatchf ((=1.0) is accounted for by
an initial “local amorphization” resulting from the deposi-
tion at high temperature.

partial conversion to
split interstitials begins

2. Conversion of a part of the shta-C to the graphitic sp
configuration

Relative intensity of amorphous carbon peak

1.00 0.98 0.96 0.94 0.92 0.90
Stabilization of the diamondlikéa-C defect compared to Mismatch factor f;, (film continuity increases —>)

the sp? graphitic defect under the conditions of compressive _ . . _

stress is consistent with the phase diagram of cafbon, FIG. 11. Intensity of the “amorphous carbon” peak with re-

showing that at higher pressures the diamond state is favopPect 10 the main diamond peak {n Fig. 10, calculated based on

able. However, when the stress is not too large, the convef9- 10

sion of somesp® ta-C defects to the graphitisp? configu-

. 73,74 . . . .
ration becomes possibf.The presence of the small 1.41 A diamond-*™" As shown in Appendix B, this new defect is
peak and of the bond angie=126° in the radial distribution More compact than both types of |solateq three-fold co_ordl—
function, as well as of the 1533 crh feature in the phonon Natéd defectsps~0.157<p;a.c<ps2) and is hence consis-
spectralpeaksC in Figs. 9 and 1Pindicate that the graphitic tent with the more continuous system with less degrees of
sp? configuration exists approximately fér,>0.975 and for freedom. . o
f, <0930 (compare to the corresponding values The formation energy af100) split interstitial, 16.5-16.6
1.45 A,120°(Ref. 69 and 1582 cm’ (Ref. 62 for graph- eV,”>"®is higher than that of the isolated three-fold atom,

ite). This can be explained based on the nonmonotoni@Xplaining the absence of these defects at low stresses, i.e., at

stress-strain relationship, discussed in Sec. IV B. When th&Mall mismatchesf(,>0.960) (Fig. 7). When the split inter-

strain is small {,,=0.975, e<0.025) the stress is rather stitial Qefect is formeq, the radial distribution function starts

low, and thesp? configuration can form. When the strain is to exhibit new, nondiamond, peaks, such as that located at
out 2.425 AlpeakC in Fig. 9). As the compressive stress

large enough, the concentration of defects approaches the’. . .
critical value enabling a partial relaxation of stress, and aPUllds up, the defect stabilizes, and this peak evolves towards
maller distances; its value 2.268 A fat=0.90 is close to

fn=0.930 €=0.070) the stress again becomes low enougf‘?

to make the existence of thep? configuration possiblésee the distance 2.129 A between one of the central atoms of the

Fig. 6 where the stress below which the graphitic defect ex§100> split intgrstitial and t_he_ terminating d_umbb_ell atom
ists is showi farthest from it for the split interstitial configuration pre-

dicted in Ref. 26.

Conversion of a part of the isolated three-fold atoms into
split interstitials becomes apparent also when looking at the
phonon spectréFig. 10: as the film continuity increases, a

The predominantta-C defect is stable enouhand new local peak D), evolving towards 1607 cm' and most
present up to the highest considered mismatches. Howeveikely attributed to the(100) split interstitial®® appears.
this defect, being intermediate between the diamond and the The proposed mechanism of defect evolution provides an
(less densegraphite configuration, requires more volume explanation for the experimental behavior of the amorphous
than the perfect diamond atom would require; indeed, itgarbon peak in Raman specfrdin our case, as the fim
fractional volume difference relative to diamond is positive, continuity increases, the intensity of the broad “amorphous
Pra.c~0.166(see Appendix B Yet more considerable is this carbon” feature, located at 1420—1560 cm® and attrib-
volume difference for the second defect, thg? graphitic  uted to two kinds of isolated three-fold defe¢sg. 1), first
carbon p,»~0.552). Therefore, accumulation of ba#C  increases with the growth of the total concentration of these
and sp? graphitic carbon defectévhich can be commonly defects €,,=0.960, Fig. 7, and then decreases, when some
referred to assolatedthree-fold atompwith the increase of of these defects convert to split interstitials and their concen-
mismatch requires a volume expansion of the crystal, experiration reducesf(,,<0.960, Fig. 7.’ a similar behavior was
mentally known as “swelling.”*="2 observed in experimental Raman speéfta.

As the continuity of the film increases, it becomes more Finally, two additional features of the evolution of the
difficult to gain the required additional volume. This causesRDF and phonon spectrum with the increase of mismatch
combining of some of the isolated three-fold atoms into pairsshould be mentioned. First, the higher the compressive
with a stabilization corresponding to the formation of split stress, the smaller the stable lengths of all bdmge, for
interstitial defectgFig. 7). These are presumab{{t00 split  example, the downward shifting of the aforementioned split
interstitials, known to be the most stable point defects ininterstitial line, initially located at 2.425 AFig. 9)]. Increase

3. Additional stabilization of above configurations at higher
stresses—formation of split interstitials
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15 E. Thermal conductivity of diamond with residual stresses

As demonstrated in Ref. 26, the direct MD calculation of
thermal conductivity is considerably affected by the size of
the simulation system and by the method of temperature
maintenance. Contrary to this, the PS method developed in
Ref. 26 is practically insensitive to these factors and gives
the correct values of thermal conductivity in the whole tem-
perature range for which experimental data are available.
This method is based on the following expression for the
thermal conductivity of dielectrics®’’

15

10

w2ehw/kT

" | +w1p(@) do, (4.2
e e— T () ) R ——— , .
K 3kT2Vmo| 0 ® (eﬁw/kT_ 1)2 ®

Number of corresponding defects

where T is the temperaturey is the average velocity of
sound in the crystalV,,, is the molar volumegwg is the
maximal frequency up to which the integration is accom-
plished (it corresponds to the wave vectkr=0), D(w) is

FIG. 12. Penetration depth of stress-induced defects: number ¢he normalized mode density at frequengyandr(w) is the
isolated three-fold atoms—"intermediate carbonsblid line) and  relaxation time comprising all mechanisms participating in
split interstitials(dotted line—as a function of the layer number. the phonon scattering:’”® Under the assumption that the
The numbering of layers starts from substrate. scattering mechanisms are independent one from another, the

scattering rates of individual mechanisms are additiaed

of the compressive stress also causes the upward shift amgclude (in our casg relaxation due to Umklapp processes
splitting of the diamond* A" ) peak in phonon spectrum (7;%), grain boundaries ), and point defects, earlier
(Fig. 10. Second, as the stress builds up, stress-induced dghown to include the tetrahedrally coordinated amorphous
fects develop, and the order of the structure decreéises carbon atomsta-C (2%, the split interstitials ¢;'), and
becomes more amorphguas a result, the RDF peaks be- the isolateds p? graphitic carbons{l):
come broader and more “grassyFig. 9). sp?

Layer number

D. Depth of the defects penetration T Ho)=75 w)+ Tg;bl(w)JF Tac( ®)

The penetration depth of various defects can be obtained + 1o N )+ 15 w). 4.3
by mapping their concentrations along the direction normal * s
to the diamond/substrate interfadgég. 12). This figure dem-
onstrates that the effect of substrate stress on the crystal Based on the intensity of those RDF and PS peaks, which
structure is very deep: when allowed to relax, the defectsgorrespond to the latter defe@igs. 9 and 1§ its concen-
initially located near the substrate/diamond interface, expantfation is rather low, and the concentration of the “isolated
over the whole crystal, though their distribution remains non-three-fold” atoms can be attributed to tteeC defect alone;
uniform. At small mismatches the defects are the “interme-hence
diate carbons’{isolated three-fold carbon atoimshe further
from substrate, the smaller is their concentration. At larger 1 N -1 1 1 1
mismatches, a considerable proportion of these defects turn T (@)= 1y (0) T 15 (0)F Tac() F g (@), 4.4
into split interstitials(see Sec. IV € In this case, the split 4.4
interstitials form predominantly near the substrate/diamond
interface where the stress is maximal, while the remaining The phonon densit) (w) was extracted from the phonon
“intermediate carbons”(requiring more volume concen-  spectra(Fig. 10. The expressions for each of the relaxation
trate in deeper, less compressed, layers. mechanisms present in E(l.4), as well as the parameters
In experiment the presence of defects can be analyzedecessary for Eq$4.2—(4.4), were taken from Ref. 26. The
using the full width at half maximuntFWHM) of the band-  Rayleigh coefficients for the three types of defects not con-
center phonon peak in Raman spectra: a decrease in the dadered in Ref. 26 are evaluated in Appendix B.
gree of crystallinity (increasing defects or amorphicitys The above expressions show that, in principle, the influ-
known to increase the value of FWHM Unfortunately, the  ence of residual stress on thermal conductivity can be in-
penetration depths deduced experimentally based on FWHNerred in three possible mechanisni$) effect of stress on
cannot be quantitatively compared to our results, since théhe phonon density-of-statd3(w), due to the change of the
former are extremely sensitive to the deposition conditiondattice parameterq2) appearance of the stress-induced de-
and to the film thickness and orientation. However, the meafects serving as an additional mechanism of phonon scatter-
surements of Sailst al. for the (100) oriented filmt3 quali- ing [appearance or increase of the point defects terg
tatively confirm our conclusion about the defects propagatin@nd 7; in Eqg. (4.4)] and (3) modification of the density-of-
deep enough and affecting the whole film. statesD (w) by defects.
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0.5 ' . ligible, so that the resulting degree of the thermal conductiv-
ity reduction by point defectsi-«pq4, grows with their

5 e with excluded p.d. concentration, i.e., with the increase of mismatdashed
> 04T e 1 line in Fig. 13.
§ [ Kideal diamond The obtained numerical values of thermal conductivity
3 03 E - — . cannot be directly compared to experiment since, to the best
; ' diamond with residual stress of our knowledge, conductivity of such small samples
z (~14 A), as well as that measured under stress, was never
202 1 reported in the experimental literature. However, the good
g agreement exhibited when the applied method was tested on
= —K =K, S large ideal sample® suggests that the results presented here
E 01y pd. Twith pd. " diamond willresidulses are also correct.
R

0'0 1 L L L
1.00 0.98 0.96 0.94 0.92 0.90 V. CONCLUSIONS

Mismatch factor f,, (film continuity increases —>) (1) A model for the atomistic simulation of macroscopic
thermal residual stress in microscopic film/substrate systems
FIG. 13. Thermal conductivity of diamond with residual stress,yag presented. In this model the mismatch between the film
at room temperaturesolid line), and its components resulting from and underlying substrate, resulting from the difference in
point defects(“p.d.” ) (dashed ling and from the rest scaffering heir thermal expansion coefficients, was simulated using
gﬁﬁ?ﬁ?ﬁfg;g‘&; t_wseglrir:ja:iggnductlvny ofideal diamond is -\ |hqtrate compression by a factqy. The dependence of the
P ’ mismatch influencéquantitatively defined as the binding en-
ergy reduction due to mismatcbn the mismatch factof,,
Of these mechanisms, the third does not occur: as showand sample sizé was derived analytically.
in Fig. 10, the defects in question do not noticeably affect the Using the dependence of the mismatch influencé. oit
spectrum in the quasilocal frequency regian<{wg), while  was demonstrated that in smaslimulated systems the in-
the local vibrations with frequencies lying above the maxi-fluence of a given level of mismatch is considerably less than
mum possible frequency of pure diamond are unable tahat produced in largéexperimental samples by the same
propagate through the crystnd hence have no effect on value of mismatch. The reason for this lies in a larger free-
its thermal properties. The influence of two other mechadom of movement in the small sample, which enables free-
nisms is analyzed in Fig. 13. surface relaxation of stress. This freedom can be reduced
Change of the thermal conductivity due to the “pure” either by increasing the sample sizkis happens, e.g., when
first mechanisnfeffect of stress ol (w) | can be isolated by the film continuity grows with the deposition timer by
omitting the terms resulting from the relaxation on point de-introducing a decrease in the mismatch factor thereby pro-
fects, i.e., accepting '=7,1+ rgbl (dotted line termed ducing effects similar to those obtained when increasing the
Kuiith excluded p.d.IN Fig. 13. The figure demonstrates that in sample size.
this case(if there were no scattering on point defecthe Two conclusions can be drawn from the similar effect of
thermal conductivity of diamond under residual stress wouldncreasing the sample size and that of decreasing the mis-
be higher than that of ideal diamonéqe giamong(thin-solid ~ match factor. First, in order to produce the same influence of
line). This would-be increase is accounted for by the fact thatnismatch as is obtained in a macroscopic experiment, in a
compressive stress shifts the maximum frequency upwardspicroscopic system one should use mismatch factors consid-
thus enhancing the frequency region in which the phononsrably smaller than the realistic ones. Second, the increase of
can propagate. the film continuity, corresponding to reduction in free-
However, the true thermal conductivity of diamond with surface relaxation and increase in compressive stress, can be
residual Stress « giamond with residual stress thick-solid line is  semiquantitatively modeled using the continuous decrease of
lower that that of ideal diamond. This reduction is due to thethe mismatch factor. This approach is favorable compared to
second route of the stress influence, namely, to the appedhe direct increase in size of a simulated system; such an
ance of defects serving as an additional mechanism of thimcrease is limited by computer resources that currently ren-
phonon scattering. The extent to which these defects reduaer realistic sample sizes unachievable.
the thermal conductivity results from the interplay of two (2) The model was applied in the simulation of compres-
factors: the type of prevailing defects and their concentrasive thermal stress at €100 diamond surface using the
tion. On one hand, as the mismatch increases and the stres®lecular-dynamics technique; the resultant binding-energy
builds up, the concentration of defects gro@#g. 7), and  reduction was calculated. Initially, when mismatch was in-
the defect-induced reduction of thermal conductivity musttroduced, the energy reduction amounted to 0.6 eV/atom for
become stronger. On the other hand, the buildup of streghe largest mismatch studied, and became almost five times
was shown to cause the conversion of some of the “intermesmaller when the system was allowed to relax. The value of
diate carbon” defects to more compact split interstitials, posthe binding-energy reduction in the relaxed system agrees
sessing the lower Rayleigh coefficient per single def@@&1  well with that predicted by our theoretical model except
instead of 9.84, see Appendix),Band hence scattering the when applying large mismatches that lead to the formation of
phonons less intensively. However, the difference in Raymismatch-induced defects, not accounted for in the model;
leigh parameters is rather small, and the latter effect is neghese noticeably contribute to the binding-energy reduction.
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(3) The biaxial Young modulus, determined from the ob-ity was studied by the PS meth88The residual thermal
tained stress dependence on strain, was found to be smallgtress was shown to reduce the diamond thermal conductiv-
than the corresponding literature value. This was explaineéty, this reduction being due to the formation of stress-
in terms of the smaller size of the simulation system, whichinduced defects, leading to additional phonon scattering.
causes a reduction in the mismatch influence thereby favorthis effect, growing with the concentration of defects, coun-
ing stress relaxation and making the macroscopic literaturéeracts the effect of stress on the phonon density-of-states,
value inappropriate for microscopic simulation. This conclu-namely, the enhancement of the region of phonon propaga-
sion is consistent both with our theoretical model and withtion with the stress buildup. As a result, the degree to which
the results of other simulatioR& Though, to the best of our COMPressive stress reduces the thermal conductivity is ap-

knowledge, experimental values of elastic moduli for suchProximately independent of the stress value for the entire

. _ : f mismatches considered here.
small samples are unavailable, the existing experimental dafg"n9¢ © e . . .
(e.g., a lower strength of large diamonds compared to the (7) Two directions in which this study could be extended

smaller ones in which the ability to relax is high@rdirectly are as follows. The investigation of thermal stress on other
confirm this resulf®-8An underestimation of elastic moduli diamond surfaces should enhance understanding of the de-

should be taken into account in all small-system size Simupender_u_:e of the al_)ove phenome_ng on the sgrface orientation.
lations In addition, modeling more realistic films with a columnar

A maximum was observed in the stress-strain re|(,:1.[ion_structure and a grain size varying in the direction of film

0,81 ; H :
ship. This phenomenon was explained by the fact that fo rowtHf%8L is of interest. However, the latter option could

large mismatches the concentration of defects achieves so d tlo r::_olr<13|derable fcompk)]utfﬁtmnal d|ff|cglt|es, smé:g Zz)%
critical value allowing a partial relaxation of stresses, simi-yPical thicknesses of such films range between 50—

81 \p i ; ;

larly to the “thermal spike” behavior observed in ion bom- pm, while th.e maximum s_ample size that we can reach

bardment experiments in which a maximum of the stressith the MD simulation of diamond using the Brenner po-

: 3021 3537 - tential on a parallel 16-processor supercomputer is about 40

impact energy dependence was obtaiffeth:*>~%" This A P P P P

suggests that, although the origin of stress is different in two™

cases(the mismatch-induced thermal stress in our “CVD

experiments” and the impact-induced intrinsic stress in ACKNOWLEDGMENTS

plasma depositiofd), the mechanism of stress relaxation is ] )

the same. Amorphous inclusions and internal defects, arising 1he authors would like to thank O. Glozman, A. Reznik,
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sive intrinsic stress. mental measurements of residual stress and swelling. The
(4) The evolution of crystal structure with increasing film Support of Israel Ministry of Scienc&esearch Grant No.

continuity was investigated. Three types of defects werd608-2-96 in the early stages of this calculation and the
found to form as a result of stress. support of the German lIsrael Foundation in the later stages

At low film continuities the prevailing defect was shown &€ gratefully acknowledged. The c;alculations were carried
to be an isolated atom with an approximately three-fold co-0Ut on the SP2 of the Inter-University Computer Center and
ordination. In agreement with plasma deposition©" severa! computers pf the Computational Phy_sws Group
experiment®38in which defects originated from dntrinsic ~ a@nd the Minerva Non-Linear Center at the Technion.
compressive stress, in our simulated CVD experiment, re-
sulting mainly inthermalstress, this defect was shown to be APPENDIX A: INELUENCE OF MISMATCH AS A
the tetrahedrally coordinated amorphous carts@ whose FUNCTION OF THE SAMPLE SIZE L
configuration is intermediate between diamond and graphite, AND THE MISMATCH FACTOR f,,
rather than the graphitelikep? carbon. Interestingly, for low
enough stresses, an insignificant concentration of the graphi- In this appendix we calculate the “influence of mis-
telike sp? carbon defects was also found. For large film con-match” as a function of the mismatch factér, and the
tinuity values, both of these defects were shown to be parsample sizé.. The “influence of mismatch” can be defined
tially converted into(100 split interstitials. quantitatively as the average deviation from equilibrium of a

These transformations were interpreted in terms of phaseond between a diamond atom and the nearest substrate
diagrams and relative volumes and were found to be consigtom, (Ar), or, alternatively, as the degree to which the
tent with experiment. In particular, the proposed mechanisnpinding energy is reduced due to a mismaichlJ). For the
explains the time evolution of the “amorphous carbon” peaksake of clarity, in this appendix we deal with a simple cubic
in Raman spectra, observed during the CVD of diambnd. lattice, and use the Morse potentfaior carbon, with param-

(5) The penetration depth of the stress-induced defectgtersD=4.006 eV angs=1.5 A 1%
was studied. It was demonstrated that the effect of stress on Let us consider the diamond/substrate interface with the
the crystal structure is long ranged: when allowed to relaxmismatch factorf,, previously definedEg. (2.1] as the
the stress-induced defects, initially located near the substratédtio of the lattice parameters of substrasg)(and diamond
diamond interface, propagate over the whole crystal. Whefag), and, obviously, equal to the ratio of the corresponding
both split interstitials and “intermediate carbons” are interatomic distanced, andly, in the plane parallel to the
present, the former concentrate near the substrate/diamom@mpressior(the substrate is compressed, hehgely and
interface where the stress is maximal, and the latter remaif,<1). To illustrate our notations geometrically, in Fig. 14
predominantly in deeper layers. we present a sample with the mismatch factor equdito

(6) The influence of residual stress on thermal conductiv=1/l4=4/5. For the simple cubic lattice considered here the



PRB 62 MOLECULAR-DYNAMICS SIMULATION OF THERMAL . .. 2931

las=nyl; =ngls (a) Al=ly—Ilg=l4(1-f)=1(1—f ) /. (A5)
la We start by deriving an expression for the displacement
A Ad,=2Al of atom starting théth bond in thefirst periodl 45 (in Fig. 14
o only this period is shownfrom its location in the absence of
mismatchAd! . For the case afig odd, illustrated in Fig. 14,
it these displacements are
¢ e Adi=0, Ad,=Al, Ads=2Al, Ad,=2Al,

Ads=Al, Adg=Ad|=0.
(b)
The general expression fog odd reads

n ng+2
Adl=All = —|i— =
s 3=
FIG. 14. Notation for Appendix A:(a) shows part of the . .
diamond/substrate interface affo) illustrates details of one bond. _ (i—DA for i<(ns+2)/2 (A6)
Color code: light gray—diamond atoms, black—substrate atoms. (ng+1—i)Al for i>(ng+2)/2.

interatomic distances in the layer are equivalent to interSimilarly, for ns even
atomic bond lengths; we use the value of the bond length in
diamond,l4=1.54 A.

We define the absolute mismatath=1,—14 and the least
common multiple ofiy andlg, |4s=ng4lgq=ngls. This is the . .
length at WhinFl) a co?npleteS sul()j;tratdedcellsfitss into a multiple _|(=DAl for i<(ns+3)/2 (A7)
of Iy (in Fig. 1414,=4l4="5I;). The numbers of diamond (ng+2—i)Al for i>(ng+3)/2.
(substratg bonds in the lengthlys are denoted byngy ) i i )
—14¢/l4 andng=14s/15, respectively; according to the defi- Applymg the notatiorks, we obtain the general expression
nition of I4s, Ne=ng+1 (in Fig. 14ng=4, n=5). Acom-  for arbitraryng:
bination that will be used frequently below is

Adi=Al

ng+1 | ng+3|
2 | 2|

ks | ket2
. anuoy|™ if ng is odd ) Adi=Al| 5 —li-—
=Nngt1-—modng?2)= . . Al
ns+1 if ns iseven. (i—1)Al for i< (ke+2)/2
The length of the whole sampl@ot shown in Fig. 1%is T (ke+1-)Al for i>(kgt2)/2. (A8)

denoted byL.

librium and stressed configurations. If the equilibrium lengthstarting theith bond is equal to that of its image in tfiest

of the bond between atoms in different layéesjual to the  perjog:

interlayer distance, 0.89 A in case of diampigidenoted by

re, and the realstrained length of this bond by, then the Ad:nodﬁ—ln ) for ng odd

deviation of the bond from equilibrium is given hyr=r Adi:[ e

—re. We will also refer to one-dimensional deviation of the

atom starting this bond from its position in a noncompressed

ideal sampleAd. Another quantity characterizing the “in- Using Ed.(A8), we get the general expression bd; :

fluence of mismatch’(see abovg is the per atom reduction

of the binding energy of the real stressed sample comparedAd_:Ad| — Al E_ mod(i — 1K) — Ks+2

to the nonstressed case; we denote itAHy. ! mod(—1kg) 2 s 2 |
The following additional relationships can be derived us- (A10)

ing the above definitions, in particular, that bfs=ngylqg

=ngs=(ng+1)lg:

(A9)
Ad'rnoda_l,ns+1) for ng even.

This function is periodic iri, with the period equal td.
For a sample containinly bonds the sum of all displace-

. s _ foolg _ fo a2) ments,s(N), is given by the series
A lg=ls lg—flg 1—f, N Nk Kt 2
. L s(N)= >, Ad;=Al, (f—‘modi—l,ks)— 52 )
=1 =1
Ne=Ng+l=-—1" +1= , A3 '
s=Mg+l= g +1l=g (A3) (A11)
P 1 To calculate the sum of this series, let us divide it into two
K= _ ™ mo 2 (A4) parts. Assuming that thidth bond lies in thelth periodl 4,
S . . L 1
1-fn 1-fn we get
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-1 The numbed of the period to which the last bond numbr
s(N)= >, sl+Asy, (A12)  belongs is given by
=1
wheres! is the sum over a complete peribg numberj, and J=[(N=1)/ks]+1, (A15)

Asy is the sum over the last, incomplete period ending byand the sum over the lastth, incomplete period is
the bond numbeN.

Considering the aforementioned periodicity, the sum over

. Al iast 2
any complete period is equal to that over the first ose, AsN:§ A(ijaer )i jpert % (4ias( 2ks+ 1)
=s'. Hence, s
S(N)=(J—1)s'+Asy. (A13) —4igst—1—4ks—3k§)), (A16)

It is easy to see that
where ij,s=mod(N—1ks)+1 and ijg=mMinijas, (Ks

ks K ke+2 +1)/2]. The final expression fag(N) is obtained by substi-
I_ .
s =Zl All = = |modi—1ks) ~ —— tuting Eqs.(A14)—(A16) into Eq. (A13).
= The next step is to convert the dependence on the number
Ks+1 of bondss(N) to that on the sample siZL). For an oddhg
2 ks the number of bonds in a sample of lendiths equal to the
=> Al(i—-1)+ > Al(ke+1-i) number of atom&/I¢+ 1 in the substrate layee.g., in Fig.
i=1 - ket3 14 ng=5, and the sample of length=1,4,=5Il¢ contains
=2 l4s/ls+1=6 bonds. If ng is even, one additional bond
2 2 2 builds in into each periodys, i.e., for the whole sample
_Alte—D) A=) Allk—1) (A14)  L/les additional bonds buid in. Therefore, the number of
8 8 4 bonds in the sample of lengthis
L/1g+1 for ng odd
= (A17)
L/Ng+1+L/gs=L/g+1+L/(ndg)=L(ng+1)/(Igng)+1 for ng even
|
and the general expression for arbitraiyreads r=ri+2Ad%~r+Ad?r,. (A21)
N=LKkg/lsng+1. (A18)  The bond straimr is then
The sum of all displacements for a sample of lerigik then Ar=r—r~Ad%r,. (A22)
equal to
Using Eq.(A20), we obtain the average strain for the sample
where the expression fa(Lk/Ing+ 1) must be taken from _ 2
Eqgs.(A13)—(A16), (Ar(L,f))={(Ad(L,f))re

Dividing by the number of bonds in the sample, we obtain

AI2(k2—1)212nZ[ L/ ng)?
the average displacement of a bond in the sample of length = (ks = DAsnSlL/Isng]

L: 16re(|-ks+|sns)2
2
Al(K2— 1)l L/Ign ASik g+
(AL fy = X Al DIsnd L/lsn] PO (A23)
N 4(Lkg+14ng) re(Lkg/Igng+1)2
ASik ing+1 Again, the dependence on the mismatch fa€tpis inferred

(A20)  from the dependencies of, kg, andAl on this parameter

[Egs.(A3), (A4), and(A5)], and the complete expression for
[the nonexplicit dependence on the mismatch fadtgris AstS,,SnS+1 can be substituted from E¢A16).

+—
Lke/lne+ 1

inferred from the dependenCies Og,ks, and Al On. this The derived dependence@r) on Samp|e sizé and on
parameter, Eqs(A3)—(A5)]. The complete expression for mismatch factorf,,, Eq. (A23), is plotted in Fig. 8a). The
Asi 1 n+1 Must be substituted from E¢AL6). behavior of this quantity appears to be highly oscillatory at

Since the mismatch we are considering occurs in two dismallL [ ~14s=14f/(1—f,)] and saturates to a limit &t
rections(Fig. 14, lower pang| the bond length is related to —o (see below. A qualitative explanation of such depen-
the deviationsAd by dence is given in the main texBec. Il B).
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0.20

The obtained mismatch-induced deviation from equilib-
rium of the bond length can be used to estimate the binding-
energy reduction caused by mismatch. For a rough estima
tion some simple pairwise interaction potential, like that of
Morse® U, {Ar)=D[1—exp(—BAr)]>, can be assumed.
Considering that in diamond there are two bonds per atonr
(each atom is connected by four bonds, and each bond i

Bond strain <Ar_>/l,

shared by two atomsthe reduction of the binding energy 0.00 . '
per atom can be estimated to be % (b)
bl
AU(AN)=2[Upond 0) = Upond AT)] v 005y
B
=2D[—1—exp —2BAr) g ~0.10 - i
+2 exp — BAD)]. (A24) %
5
3 _0.15 1 1 L 1 1 1 1 ]
0.55 060 065 070 075 080 085 090 095 1.00

Averaging over bonds with various straifi., substituting
(Ar) instead ofAr), we get the average weakening of the
binding energy of the sample of sizedue to mismatch,,:

Mismatch factor f,,

FIG. 15. Large-sample limit&) of the average bond straim
units of the diamond bond lengthy=1.54 A) and(b) of the re-
duction of the binding energy per atofim units of the well depth
D); drawn according to Eq$A31) and (A32).

(AU(L,f))=2D{—1—ex —2B(Ar(L,fy))]
+2 exd — B(Ar (L, f )1}, (A25)

where the expression f@ar (L, f,,)) must be taken from Eq.
(A23).

The function Eq(A25) is plotted in Fig. 8b). Again, the
behavior is oscillatory at small and saturates to a limit at
L—o0. This means that for large enough samples the reduc-
tion of the binding energy is independent lof and only a
(rather weak and nonmonotongudependence orf, re-
mains. A qualitative explanation of such behavior is given in
the main text(Sec. Il B.

As shown above, for large sample sizeshe quantities
(Ar(L,f,)) and(AU(L,f,)) converge to some asymptotic
values. Let us find these “saturation limits.” Using Eq.
(A20), we find the limit of(Ad(L,f,,)) to be

fr(2— F)
(Ad. () =Mod (1~ Tr) 2l g~

3-2f,
+moc{1/(1—fm)+1,2]ldm.
m

(A29)

Two features of this result should be noted. First, the de-
pendence of the saturation limit di, is nonmonotonic: for
an oddng it grows with f,,, while for an evenng it de-
creases. In realityng does not have to be an integer, and,
although the general tendency fakd..) is to decrease with
fm, the dependence still remains nonmonotonic. Second, for

(Ad(fm))= lim (Ad(L, ) f., close to 1(as it is in reality, for both ng either odd or

L—oo

) even
Al(kE—1)Igng[ L/1gng]
= |lim , A26 ~
s A(Lkgtlgng) (A26) (Ade s —1)~l4/4. (A30)
since Using the relationshipgA23) and (A25), we finally ob-
tain
ASik nng+1
Ckollgng1 0 (ATL(f)=(Adu(f)?re, (A3D)
atL—oo. Considering that (AU (f))~2D{— 1—ex — 2B(Ar..(fm)]
Isng[L/lsns] 1 (A27) +2 exd — B(Ar.(f)]}. (A32)

m _———
L—oo LkS+|SnS ks
These functions are plotted in Fig. 15, where we observe

and substituting expressions E¢A3)—(A5) for ng, kg, and
Al, we get

lgfm(2—f
afm@7T0) g = 1/(1-F,) odd
(Ad..(f)= ly3—2fm) =1/(1—f,) even
= T

(A28)
or, expressing this by one equation,

that, in accordance with E¢A30), for a realistic value of
close to unity, these limits are

(Ar. g _1)=~Ig/16re, (A33)
(AU ¢ _1)~2D[~1—exp—2pI§/16r)
+2 expg — Bl3/16r,)], (A34)

or, using the numeric values of parameters given above,
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<Arm’fm,\,1>m0.108 lq, (A35) Upd~VUd

p g (B3)

AU, ¢ _1)~—0.1D . .
{ 1) wherev, 4 andv 4 are the atomic volume of point defect and

(10% weakening of the interactipn (A36)  ©f ideal diamond, correspondingly.
Let us now estimate the values pfand| for the three

Summarizing, we can note that, though all above estimadefects relevant to the present study, namely, for the graphi-
tions are rough(containing many approximations and not telike carbon atom irsp? configuration, for the tetrahedral
considering the specific structure of the latjichey still amorphous carbota-C, and for the(100) split interstitial.
allow us to understand how the “influence of mismatch” First we consider the isolated graphitelike three-fold car-
depends on sample siteand on mismatch factof,, (Fig. bon atom in thesp? configuration. The configuration of this
3): for small samplegL~14=14fn/(1—f)] it is highly ~ defect is equivalent to that of a carbon atom in graphite.
sensitive to both sample size and mismatch factor, while forl herefore, its atomic volumes» is equal to the atomic vol-
large samples only the dependence fon remains[Eqgs.  umeug of graphite, and the fractional volume difference for

(A31) and(A32)]. this defectps is given by

Moreover, for large samples, if the mismatch factor is
close to 1(as it is in reality, also this last dependence is Dep= Uspp” Ud_Ug~ Ud (B4)
almost eliminated: for all values df,, the influence of mis- s Vg vg

match is nearly the same and corresponds to approxima\tely\,@h a2 :
. . : ere the subscript $p?” stands for the “isolated graphi-
10%. weakening OT the mteractldlEqs.(ASS)—(A36?J. __telike three-fold carbon defect in thep® configuration.”
Finally, the period necessary to achieve the “saturatio

limit” at which the influence of mismatch becomes insensi-rWith the valuesvq=5.65< 10 ** cm/atom andvg=8.77
|2l<10*24 cm®/atom?’ pgz and, consequentlylsz take the

tive to the sample size depends on the value of mismatc

factor: the smallerf,, (i.e., the larger the mismatghthe values
sooner(for smallerL) this “saturation limit” is achieved Pe2~0.552, | p~114.48 K 451, (B5)
(Fig. 3. e | |
¢ being the dimensionless atomic concentration of defects in
APPENDIX B: EVALUATION OF RAYLEIGH question. . .
COEEFICIENTS FOR THREE DEFECTS: Next, we estimate the values pfand| for the interme-
GRAPHITELIKE CARBON ATOM diate tetrahedral amorphous carbon defedf. The configu-
IN sp? CONFIGURATION ration of this defect is intermediate between graphite and
TETRAHEDRAL AMORPHO'US diamond; according to Refs. 30 and 38, its coordination
CARBON ta-C, AND (100) number is equal to 3.7. This means that this defect can be
SPLIT INTER’STITIAL considered to be 70% diamondlike and 30% graphitelike in

character, and its atomic volume to be approximately equal
According to Ref. 84, the Rayleigh coefficiehffor the to
scattering on point defects is given by

Viac~0.704+0.3,. (B6)
31,4 2
_ cak® [AM This gives the fractional volume difference of
= +2yp| , (B1)
Amv3pt\ M
_Vtac— Vg 0.3vg—vg)
wherec is the concentration of defects® is the volume per Pta-c= =~ . (B7)

atom (for diamond equal to 5.6710 2 cm’/atom at RT, vd v
v is the velocity of sound in the material, For the above values of; andu 4 this volume difference and
1.195<10° cm/s2® AM is the mass change due to replace-the corresponding Rayleigh coefficielpf.c take the values
ment of the parent atom of mass by the defect atom of 4
massM +AM, y is the Grineisen parameteiequal to 1.1 Piac~0.166, lia.c~9.84 K™ s, (B8)
for diamond®), and p is the fractional volume difference wherec is the atomic concentration ®é-C defects.
accounted due to the defect. Finally, we consider th€100) split interstitial. It would

In our simulation all defects are local inhomogeneitiesseem reasonable to determine the effective volume of a split
and have the same mass as the parent atoms. Hence, §fgerstitial v from the experiments on diamond implanta-
point defect scattering is due only to the difference in thetion, provided tha(1) it is known that the produced defects
volume occupied by an ideal diamond atom and that of are split interstitials(2) their concentration is known, ari@)

defect. Therefore, EqB1) simplifies to the swelling of the diamond lattice due to these defects is
known (e.g., from the step height measurem&ts
31,4 . . . . g
_ ca k 5 This approach, however, is subject to two main difficul-
I= 4wv3h4(27p) ' (B2) ties. First, the standard Monte Carlo computer coeev

used for the calculation of defects concentration in implan-
and the only defect-specific quantity that remains to be caltation experiments completely ignores dynamic annealing
culated is the fractional volume differenpeof each particu- that repairs the lattice almost instantaneod$iyxence, the
lar defect: concentration of defects given bsrim is highly overesti-
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mated (sometimes, by several ordgf8 Second, in experi-
ment it is impossible to obtain only one sort of defects: the
imp|antation a|Ways results in the formation of both Vacan_With thIS eStimation the fI’aCtiOI’la| V0|ume difference due to
cies and split interstitials, as well as of the partially graphi-(100 split interstitial ps; and the corresponding Rayleigh
tized region$®® To overcome these difficulties, high- coefficientlg take the values
energy implantation experiments in which a single vacancy-
interstitial pair will be created in one ion Ritare desirable;
however, to the best of our knowledge, such experiments on
diamond have not been done yet.

Thus, since appropriate experimental data are lacking, we
estimate the volume expansion of diamond due td@0
split interstitial from simulation results. In Ref. 26 a dumb-
bell was created at a separation of 1.27 A, i.e., 6b@) to an isolated sp>-configurated three-fold atomp
split interstitial was artificially inserted into theonexpanded ~0.552, to an “intermediate’'ta-C defect,p;,.c~0.166, and
diamond lattice. This defect was annealed, and the dumbbetb a{100) split interstitial,p;~0.157, demonstrates that the
separation relaxed to 1.47 A. Considering that the dumbbeflormer defect is much less compact than the others and hence
defect is linear, the ratio of these quantities, 1.47/1.27, mays expected to be consistent with lower values of pressure
serve as a rough estimation of the extent to which a singléstres$. The most compact defect is tk&00) split intersti-
(100 split interstitial expands the surrounding diamond lat-tial; it is likely to form when the volume is most restricted,

velvg~1.47/1.27. (B9)

o
=U—S' —1~1.47/1.271=0.157,
d

_ UsimUd
Psi=——"

Ud
l4~9.31c K 4571, (B10)

Comparison between the fractional volume expansion due

tice:

e.g., for a high degree of the film continuity.
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