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Abstract

Ab initio calculations show that epitaxial diamond films can be grown on copper subshates with geometry parameters close to those of

bulk diamond. The mean cohesive energy for C(100) films are larger than that for C(l I l) films; however the C(l I l) films are more stable

than the C(100) ones with respect to separation from the copper substrate. The latter fact explains why the preferable observed orientation of

diamond microcrystallites on copper is the <111> one.
O 2005 Elsevier B.V. All rights reserved
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1. Introductlon

Thin diamond films have been grown on non-diamond
substrates by a number of techniques. The non'diamond
substrates can be classified into two main categories: (l)

carbide forming materials and Q) materials which have no
affinity for carbon. Copper seems a promising candidate to
be a substrate material for epitaxy growth of diamond films.
First, its lattice parameter (3.608 A) is similar to that of
diamond (3.567 A). Second, it has no carbon affinity.
Therefore, there is a set of experimental works on this
subject [-9]. The main result of these studies is that
diamond crystallites grown on polycrystalline copper can
mount up to the 20-micrometer thickness with the preferable
orientation of <111>. However, as far as I know, there are
no theoretical supports for such experimartal studies. The
present work is devoted to study the first stages of diamond
epitaxy on copper in the framework of the density functional
theory.
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2. Method end detalls of calculations

The calculations were performed using the FHI96md
simulation code [0] based on the density functional theory
pseudopotential method, and the plane wave basis set. The
generalized gradient approximation in the Perdew and Wang
form (PW9l) [1] for the exchange and correlation func-
tional and fully separable Troullier-Martins pseudopoten-
tials [2] were employed. The pseudopotentials were
constructed using the FHI9Spp code [l3]; they were verified
to avoid ghost states and to describe the basic experimental
characteristics of the bulk materials. The d component of the
pseudopotential for carbon and the s component for copper
were adopted as local ones. I used the (0.25;0.25;0.00) point
for the k-space integrations for slabs, whereas the Gamma
point was applied for bulk Cu-C calculations; the energy
cut-off of 40 Ry was applied in all calculations. Test
calculations have been executed with use of nine points.
Geometry parameters (bond distances and bond-bond
angles) were found to be very similar to those for the one-
point case (mismatches are of about l%). Energy parameters
differed from one-point values by 0.I -0.3 eV and kept the
general laws inherent in the one-point calculations.
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Fig. l. Positions for a single carbon atom on the Cu(100) surface. White
circles are surface copper atoms, black circles are carbon atoms.

The carbon pseudopotential was tested for diamond. The
equilibrium lattice constant ao and bulk modulus 86,
calculated using Mumaghan equation of state |41, are
equal to 3.57 A and 450 GPa, respectively. They agree well
with the experimental values equal to 3.567 A and 443 GPa

[5]. The pseudopotential for Cu was verified for the fcc
bulk copper with the number of t-points of 40. I calculated
the lattice constant to be 3.64 A and the bulk modulus to be
142 GPa. The experimental reference values are 3.61 A and
138 GPa [ l6 ] .

The (lll) and (100) surfaces ofCu were represented by
fiveJayers slabs with the 2 x 2 surface unit cell separated by
a20 A thick vacuum space, and only the first surface layer
atoms of Cu were relaxed. To avoid the artificial electro-
static dipole field, which arises from the asymmetry of the

slab, I used a dipole correction [7].
In order to compare the energetic preferences ofdifferent

carbon phases and carbon-copper systems I calculated the

mean cohesive energy per carbon atom, E-6(mean):

E"o1(mean) : E(c") - 
a(cu - 9) 

- r(shb) 
.

N g l

where E(Cu-C) is the energy of the Cu-C system
consisting of the Cu slab and Ns atoms of carbon; E(slab)
is the energy of the Cu slab, E(C) is the energy of an
isolated C atom. For comparison I have calculated cohesive
energies for bulk graphite and diamond: they are 8.74 eV
and 8.55 eV, respectively. These values overestimate
experimental data (7.37 eV for graphite and 7.35 eV for
diamond [8]). This is a usual overestimation of the DFT
LDA and GGA calculations for carbon materials Il9-221.
The calculated C-C bond distances are 1.43 A for graphite
and 1.55 A for diamond compared with the experimental
values of 1.42 L and 1.53 A, respectively. The equilibrium
graphite inter-planar distance has been found to be 8.65 A.
This value is much larger than the experimental one (6.708
A;. However, it is a typical GGA overestimation: see for
instance Ref. [23]) where the value of 8.946 A has been
reported.

Fig.2. Positions ofa single carbon atom on the Cu(lll) surface. White
cirples are surface copper atoms, black circles are carbon atoms.

#4

Fig. 3. A dimerized carbon monolayer on the Cu(100) surface. White

circles are surface copper atoms, black circles are carbon atoms.

The mean cohesive energy E"or,(mean) includes deposits
from intemal, surface and interface carbon atoms. Obvi-
ously, the intemal bonds must be more similar to the bulk
bonds than others. In order to compare the C-C bonding in
the internal atomic layers of the epitaxial films with that of
bulk diamond, I have calculated the internal cohesive energy
E"o6(internal) as a function of the number of monoatomic
layers Z using the following expression:

E-6(intemal)

E(Cu - C),_, - E(Cu - C)r+2 x N6(layer) x Eq

z 
" 

Nr\t^y"r)

where the N6[ayer) is the number of carbon atoms in a
monoatomic layer. L increases from 4 to 12 for the (100)
film and from 5 to 13 for the (11l) film with a step of 2. The
step of 2 was chosen to keep surface carbon atoms at the

:ame 

geomefry conditions.

. :

3. Results and discussion

3.1. Singte carbon atoms on copper sudaces

To study adsorption of single carbon atoms on the
Cu(100) surface I placed them in different positions @ig. l):
(T1) just above the surface Cu atoms; (T2) in bridge sites,
between two surface Cu atoms; (Ta) above the center of a
square formed by four surface Cu atoms. Calculations have
shown that the T1 and Ta sites are not stable. Being placed
in them a carbon atom moves spontaneously to the T2 site
with the equilibrium C-Cu distance d(C-Cu) of 1.83 A and
the binding energy E"o1 of 8.67 eV Thus, the binding energy

;;l(c-c)insioe

ed(C-cu)

Fig.4. An atomic scheme of the epitaxial diamond film on the Cu(100)

surface.

T2T!Tr

I

d(c-c)drnor



VG. Za'odinsky / Dlamond & Related Materials I5 (2006) l20l-120t tm3

Table 2
Geometry parameters for the C(l I l/Cu(l I l) epitaxial system

Thenumberof 3 5 7 9
carbon atomic
layers, I

l l

rt

d,.(c-c)+

d(C-Cu)i

Fig. 5. Atomic scherne of the epitaxial diamond film on the Cu(lll)
surface.

for a single C atom on the Cu(100) surface is practically the
same as that for graphite.

Adsorption of carbon on the Cu(lll) surface (Fig. 2)
was studied placing C atoms in T1 (on-top), Tz (bridge) and
T3 (above the center of a surface atomic triangle) positions.
C atoms have moved from the T1 and T2 positions to the T3
position without any barrier. The T3 position has been
found to be the most favorable one with E.o6=5.82 eV and
d(C-Cu)=1.90 A.

3.2. Carbon monolayers on copper sudaces

Carbon monolayers on the Cu(100) surface were con-
structed in two ways: (l) C atoms were placed in T1 (on-top)
positions; (2) C atoms were positioned in T2 sites. In both
cases C atoms left the initial positions and formed C-C
dimers situated between two pairs of surface Cu atoms as it
is shown in Fig. 3. The dimer length is 1.27 A, and the Cu-
C bond lengths are equal to 1.96 A. ttre cohesive energy
E"o6 is equal to 7.07 eY.

In the Cu(lll) case I have studied two initial config-
urations: (l) C atoms are positioned in the "on-top" sites; (2)
C atoms are placed in the T3-sites. Calculations have shown
that the "on-top" carbon monolayers are not stable on the
Cu(lll) surface. Being placed 1.80 A above the surface Cu
atoms, C atoms have moved up and formed straight atomic
chains with an inside C-C distance d(C-C)= 1.30 A. These
chains are situated 2.79 Aabove the copper surface and have
the carbon cohesive energy of7.65 eV.

Another situation has been found for tle case where
carbon atoms were placed in the T3 positions. This C
monolayer is stable with the C-Cu distance d(C-Cu) of
2.01 A and the cohesive energy Es6h of 4.32 eY' In

Tabte t
Geometry parameters for the C(100)/Cu(100) epitaxial system

Thenumberof 2 4 6 8
carbon atomic
layers, Z

l 0  12

d(c-cu), A
d(C-C)in"ia", A
d(c-c)r2, A
d(c-c\x, A
0, degree

|  .94 |  .97 1.95
| .57 1.56

I .50 L50 1.50
|  .55  1 .72  1 .7  |

lM.z 109.6 109.4

1.94 1.94 1.94
r .56  t .55  t .55
I .51 l  .51 l  .50
| .70 1.70 1.70

l10.2 109.9 109.6

comparison with the above case this system can be named
quasi stable because its total energy is higher. However, it
does not destroy itself spontaneously; some energy barrier is
needed for it to be destroyed. Thus we can regard this
carbon monolayer as a first stage of the diamond epitaxy
growth on the Cu(l11) surface.

3.3. Epitaxial diamond layers .{r . ," ., .,

To study the geometry and energetic features of the
diamond epitaxial growth on copper surfaces I constructed
I-monolayers diamond films (Z was varied from 2 up to 13)
contacted with the Cu(100) and Cu(lll) surfaces, respec-
tively (see Figs.4 and 5) In the (lll) case the atoms of the
bottom C layer were placed in the T3 positions, whereas in
the (100) case they were positioned in the T2 sites.

It has been found that in the both cases the epitaxial films
kept their diamond-like atomic geometry with the tetrahe-
dral bonding. Their surface reconstructions and relaxations
are similar to those of free diamond surfaces. Namely, the
surface of the (100) film is dimerized. The dimer length is
1.38-1.41 A, similar to 1.37 A obtained for the bulk
diamond (100F2 x I surface by the LDA [24] and quasi-
particle [25] calculations. For the (lll) relaxed surface I
have obtained the surface C-C distance d(C-C)n of 1.50-
1.51 A and the undersurface C-C distance d(C-C)p of
1.50- I .5 I A, close to values of I .46 A and L68 A, reported
by Kern et al. l24l for the bulk diamond (lll) surface.

Calculated E.o6(diamond) = 8.55 eV

-a-(100) mean
{-(100) internal
-o- (1 1 1) mean
+-(1 11) internal

2 4 6 8 1 0 1 2 1 4
The number of carbon monolayers

Fig. 6. The cohesive energy (mean and intemal) fot C(100) and C(lll)

epitaxial films as a function of the number of carbon monolayen.
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d(C-cu), A
d(C-C)1n"ia", A

d(C-C)di'* A

0, degree

1.95 1.95 1.94
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1.40 1.39 l  38
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Detail data on the calculated interatomic distances and

tetragonal angles d are collected in Tables I and 2.
As it follows from Tables I and 2, the geometry

parameters for epitaxial diamond films are in satisfactory

accordance with those for bulk diamond (especially for the
( l l1)  case) .

Calculated values of the cohesive energy, E-6(mean) and

E"o1(internal) for C(I00) and C(ll1) epitaxial films formed
on the Cu(100) and Cu(lll) surfaces are plotted in Fig.6.

One can see that E"o6(intemal) fits the calculated cohesive
energy for diamond (8.55 eV) rather better than E*6(mean).

To study the stability of the film-substrate bonding I have

calculated the film-substrate adhesion energy Eu65:

-t- Ean(100)
-o- Eadh(1 1 1)
-o- Es6p(100)
+ Esep(l11)

,\tr-

2 4 6 8 1 0

The number of carbon monolayers

Fig. 7. Adhesion and separation energies for epitaxial diamond

formed on Cu(100) and Cu(lll) substsates.

showing that diamond microcrystallites grown on the
copper polycrystalline substrates have the (lll) orientation
mainly.

4. Summary

Ab initio calculations show that epitaxial diamond films
can be grown on copper substrates with geometry param-
eters similar to those of bulk diamond. The mean cohesive
energy for the C(100) films are larger than that for the
C(lll) films; however, the C(lll) films are more stable
against the separation from the copper subsffate. The latter
fact explains why the preferable observed orientation of
diamond microcrystallites on copper is the <1ll> one.

This work has been supported by the Fundamental
Research Program of the Russian Academy of Sciences
("Fundamental problems of physics and chemistry for
nanosized systems and nanomaterials", 2004), and by the
Ministry of Education of the Russian Federation (the grant #
16-ll, 2003-2004) and the Russian Foundation ofBasic
Research (the grant # 06-02-96000, 2006-2007).
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where /Vs(interface) is the number of the interface carbon

atoms. Energies of the separated Cu slab, (E(slab)6o,"n), and
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