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The synthesis of heteroepitaxial monocrystalline diamond films has been of technological and
scientific interest for several decades. Using chemical vapor deposition techniques, polycrystalline
diamond has been successfully grown on many substrates. However, iridium emerges in providing
highly oriented films, significantly better than any other transition metals. In the present work we
propose arab initio density functional study of the interaction of diamond with different substrates
used experimentally. The origin of iridium’s specific behavior is investigated. The kinetics of carbon
atoms in the substrate lattice is found to play a key role, determining the nucleation mechanisms and
hence the quality of the final diamond film. D05 American Institute of Physics
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The growth of large single crystals of diamond has beemess of Ir, and propose a growth model for diamond on
an experimental goal for several decades. Diamond has marg(100).
interesting features, first, its unsurpassed hardness, used in Theab initio calculations are performed with taINIT
many applications for cutting tools, coatings, and tribology.Packag€, which contains a standard implementation of DFT
In electronics, the growth of diamond films has attracted exusing a plane-wave basis $etand norm-conserving
perimental attention due to other properties. Diamond conPSeudopotentiafThe generalized gradient approximatidn
ducts heat more than 10 times better than sili¢aich 'S used to approximate the exchange-correlation energy. A

would allow microchips to be cooled more efficientipas ~ Plane-wave kinetic-energy cutoff of 40 Ha is used through-
higher carrier mobilities, and is very resistant to radiation®Ut: Structural relaxations are performed with a tolerance on

5 3
damage, thanks to its large band gap. forces of 5x107° Ha/Bohr(2.6x10°%eV/A) and on

7 3
Recently, methods of synthesis based on chemical Vapalrezsgs th?‘ ltCT hH.a/ Bohfa. lati i drh
deposition(CVD) techniques have become popular because. sing this technigue, Indium, platinum, stiicon, and rhe-

i . nium are compared as substrates for diamond growth. Silicon
they use low temperatures and pressures. In this way dia-

. is a popular and economical choice, platinum is very close to
mond crystallites of up to a few hundredm can be Pop P y

thesized F licati in electronics. di di diridium in crystal structure and chemical nature, and finally
synthesized.or applications In electronics, diamond IS US€d o i m shows interesting features experimen?adiy, it can

as the semiconducting medium. In order to benefit from theabsorb much more carbon than Ir

optimal mechanical, thermal, and electronic properties of  geyeral different types of models are also considered.
diamond, the films must be as monocrystalline as possible.rirst, supercells containing alternating layers of metal and
The choice of the substrate is primordial in determininggiamond, in order to calculate their interface energy. For I,
the properties of the film: the lattice mismatch with the SUb-Pt, and Si, thélOO) orientation of diamond and the metal are
strate, its chemical reactivity with the CVD precursor matchedfor Si the cubic diamond cell is doubled and the Ir
(namely its tendency to form stable carbijesnd the solu- (100 direction is aligned with the Si110)]. In the case of
bility of carbon in the substrate will all influence the way hexagonal rhenium, the orientations dfg1) for diamond
diamond is nucleated and grown. Typical substrates for diaand (000 for Re. The lattice parameter mismatch produces
mond CVD are silicon,8-SiC, and transition metals. Over lattice strain, so we calculate the interface energy with re-
the past five years, several studies have shown that iridiurapect to strained diamon@ll atomic positions and lattice
(100 is an exceptional substrate for diamond groffhe  parameters perpendicular to the surface are re)axEde
crystallinity of the films is an order of magnitude better thanvalues of the strain are 7.8%), 9.7%Re), 10.2%P?), and
for other substrate@ifg Pt* Pd* Ni,® or RE). 7.9%Si). The Brillouin zone was sampled with ax@& X 3
The fact that iridium stands out so strongly calls for anmesh ofk points, using the cold-smearing schémend a
explanation. In the following, we preseab initio density =~ Smearing width of 0.01 Ha. _
functional theory(DFT) calculations of the interactions be- Second, single atoms of carbon are placed in supercells
tween diamond and different substrates used experimentalg bu.lk meFa_I. The full system is allowed to relgsell and .
We differentiate the systems based on their interface energi omic pos_ltlon)s for several sizes of supgrcell. For the cubic
) ; : . .~ < casesk-point meshes of & 8 X 8 (one unit cell and 4x 4
and especially the dissolution energies of carbon atoms in thg¢ : . x
. . X 4 (two or eight unit cells points were used. For Re 6
bulk metal lattices. We further characterize the carbon=

iridi ) ion b dvi h . . ) ¢ X6X4,3X3%X4, and 3x3X2 meshes were chosen, for
iridium interaction by studying the migration energies o Car'one, four, and eight unit cells, respectively.

bon in bulk Ir. Based on these results we explain the unique-  \ve calculate the interface energy of diamond with the

various metal substrates using a supercell containing three to
dElectronic mail: verstraete@pcpm.ucl.ac.be five layers of metal and four or five of diamond, as in Fig. 1.
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FIG. 2. Dissolution energies of interstitial carbon in different metal sub-

FIG. 1. Supercell structures for diamond interfaces with I(Eft) Re stratesi(O) =Ir, (+)=Re,_(|:|):Pt, (A):.Si' Diss_oluti(_)n in Iris very favor-_
(middle), and Si(right). Small spheres are Gellow online able at low concentration and remains possible in Re up to much higher
’ ’ ' concentrations.

For silicon ten layers of Si were usétthicker than in Fig. L ] o N )
In these configurations, the interface energy is calculated _Calculations were performed with interstitial and substi-
from the difference in energy between the supercell and thi!tional carbon for various concentrations between 0% and
individual bulk materialgmetal and strained diamondrhe ~ 50%:° The resulting interstitial dissolution energies are

in-plane lattice parameter is fixed to that of the metal, toShown in Fig. 2. _ . N
simulate the presence of a thick substrate. The most striking feature in the case of interstitial car-

The interface energies obtained are 0.42, 0.38, 0.040n is the behavior in iridium for low concentrations, where
0.36 eV/A for Ir, Pt, Re, and Si, respectively. The energiesthe inclusion of carbon is very favorable. For larger concen-
per unit area are very close, except that of rhenium, which igations(15%), however, carbon quickly becomes unstable in
significantly lower. This behavior of Re is consistent with athe lattice. Rhenium has a very different behavior, as carbon
general tendency of transition metals to create carbides if thg only slightly unstable in the lattice, and stays so up to a
d shell is less than half fillet?** but may be simply due to much higher concentration of 20% or even 30%. Substitu-
the diamond presenting it411) face instead of100). Sur-  tional carbon is uniformly less stable than interstitial, except
prisingly, iridium does not present a better interface tharfor very high concentrations, close to 50%, where carbide
platinum or silicon. This leads us to the conclusion that ki-formation is evident for Si, and to a lesser extent, Re. The
netic effects dominate the CVD process. Finally, let us recalfifferences between Re, Ir, and Pt follow the broad tendency
that these energies do not contain the contribution of diaof carbon interacting more strongly with less filleeshell
mond strain, and are idealized. In practice the stability of dransition metals. Ir is the limiting case of the first non-
macroscopic interface will depend on other factors: thecarbide-forming 8 metal™?
thicker the film, the greater the force which will detach the  In order to complete our study of carbon in iridium, we
diamond, as happens with rheni[?m_;nless the interface estimate the diffusion barrier of C in bulk iridium in the
strain can be relaxed with dislocations and defects. following way: the energy of a & 2 2 fcc supercell of bulk

In CVD diamond growth it is not clear which species arelr is calculated, with a carbon atom in different positions.
the most important. C, GC™,C,, CH, CH,,CH;,C,H,, and  First in the octahedral and tetrahedral sites, then in the center
others may be presehiThe most successful CVD growth of a face of an octahedron. Atomic positions are relaxed. In
techniques for diamond require that, in a first nucleationthe last case the Ir is constrained in the octahedron face.
phase, a bias voltage be applied to the plas{Bas- The octahedral site is the most stable, at 0.84 eV, fol-
Enhanced Nucleation BEN%. Carbon atoms can then im- lowed by the tetrahedral one at 2.17 eV. The real barrier to
plant themselves into the surfadeost hocanalysis of the migration lies in the octahedron face the atom must squeeze
samples shows that a varying amount of carbon finally staythrough to pass into the tetrahedron. The face site is at 3.26
inside the metal lattice, depending on the substrate and oeV (a maximum valug The barrier should be compared to
the process details. the dissolution energy for a carbon atom in bulk Ir above.

In order to understand the dynamics of the implantationFrom this point of view we see that above a concentration of
and nucleation process, we consider a supercell of metal with5-20 at. % in carbon, the migration of the atoms becomes
an additional carbon atom. The atom is either in an interstipossible, and they will segregate to the surface.
tial position or in substitution in the lattice. We calculate the At this stage it has become evident what the difference is
difference in energy for the lattice with and without a carbonbetween the substrate metals, and we can suggest a scenario
atom. In this way we can determine the behavior of carborfor the CVD nucleation and growth of diamond. Iridium hap-
atoms in the bulk or near the metal surface: if the energyily accepts carbon at the beginning of the CVD process.
difference is positive and sufficiently high to overcome bar-Employing BEN further increases the quantity of carbon be-
riers to diffusion, then the carbon will be expelled to theyond equilibrium, and once the concentration goes above
surface. 10% the carbon is expelled to the surface. The large quantity

For the fcc metals, there is only one natural interstitialof carbon present allows nucleation and growth to proceed.
site, the octahedral site. For silicon, one tetrahedral site i¥here is much speculation on the precise effect of using
occupied by a silicon atom, so the only site left is the otherBEN,! and many results suggest that the induced changes in
tetrahedral one. For rhenium the sitgat3,2/3,1/4 isthe  surface morphology give many nucleation sites, and/or that
most stable. carbon clusters are needed as seeds, and are created during
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BEN. Both of these phenomena would be enhanced for Irexpensive, substrate which presents a dissolution versus con-
due to the very rapid transition from carbon-absorbing tocentration curve similar to Ir would open the way to large
carbon-expelling regimes. BEN also increases etching buicale industrial applications of diamond transistor technol-
this is not taken into account in our study, and is probablyogy.

less substrate specific. _ _
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