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Hydrogen effect on adhesion and adhesive transfer at aluminumÕdiamond interfaces
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~Received 10 September 2003; published 20 November 2003!

Using a first principles methodology, we find that Al(111)/C(111)-131 is energetically favored over
Al(111)/C(111)-231 even though reconstructed diamond is the stable surface structure. Overlapping Al and
diamondp states at the unreconstructed interface result in strong adhesion, which leads to an adhesive transfer
of two Al layers to the diamond during progressive tensile straining. Decohesion occurs as a jump-to-separate
process once the interfacial strength is exceeded. Hydrogen passivation of the diamond leads to negligible
adhesion and no transfer of Al.
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Adhesion and adhesive wear are important to numer
applications in which various loadings are transmitt
through different material interfaces. These applicatio
range from microelectronics devices, hard coatings or th
mal barrier coatings, where large adhesion is often desira
to manufacturing of structural components, where minim
adhesion and adhesive wear are often desired. Modelin
adhesion at different material interfaces from first princip
has largely focused on computing the work of separati
Wsep, which is the reversible work required to separate
interface into two free surfaces~neglecting plastic and diffu-
sional degrees of freedom1!. Specific interface couples tha
have been modeled are: BeO/diamond,2 Al/b-SiC,3 Al/AlN, 4

Nb/sapphire,1 Al/ a-Al2O3 ,5 Al/WC,6 Al/VN, 7 and
Cu/diamond.8 In general, Wsep provides a useful measure o
the strength with which two materials adhere to one anot
however, it offers no detailed information about adhes
transfer due to an applied strain. In addition to knowi
Wsep, it is important to know how the interfacial streng
compares with the cohesive strength of the constituent m
rials and the only way to accomplish this is by imposi
loads that lead to fracture.

We chose to study Al/diamond interfaces due to th
broad applications, including Schottky diodes, field-effe
transistors,9 and in-plane gate transistors.10 Another applica-
tion that has received less attention is the design of adhes
mitigating coating materials for Al forming. In these pro
cesses, nascent aluminum adheres to the tool: this lead
process termination. Various coatings have been applie
tool surfaces to inhibit adhesive transfer but most of these
largely unsuccessful.11,12

Experimental study of adhesion of Al and diamond is e
tremely challenging since it is difficult to keep Al from ox
dizing even in ultra high vacuum conditions.13 In reported
sessile drop measurements, pure Al droplets wet diam
with work of adhesion values in the 1.0– 1.2 J/m2 range.14

At the present time, there are no published fundamental s
ies of Al/diamond adhesion in a controlled environment t
show how H-terminated diamond affects adhesion, l
Cu/diamond.15

It is therefore the purpose of the present paper to pre
the first calculations of adhesion and adhesive transfe
Al/diamond interfaces using density functional theory. W
first predicted that the freshly cleaved C(111)-131 rather
than the reconstructed C(111)-231 leads to the lowest in
0163-1829/2003/68~20!/201403~4!/$20.00 68 2014
s

s
r-
le,
l
of
s
,

n

r;
e

e-

r
t

n-

to
to
re

-

nd

d-
t
e

nt
at

terfacial energy with Al. We then focused on computing Wsep
for Al ~111!/C(111)-131 to represent the clean Al/diamon
interface and Al~111!/C(111)-131:H. Finally we explored
adhesive transfer by subjecting our interfaces to a serie
tensile strain increments. The first principles simulations
vealed new atomic-scale details of the interfacial separa
process for each interface and provided a stress-strain
tion for decohesion of the interfaces. This relation can info
decohesion processes at the continuum level with atom
scale information.16

The Viennaab initio Simulation Package~VASP!17,18 was
used to calculate the ground state energy and geometr
each interface. The generalized gradient approxima
~GGA! of Perdew and Wang19 was used for the exchange
correlation energy functional. Potentials constructed with
projector-augmented wave method20 were used for C and H
with core radii of 0.873 and 0.582 Å, respectively. A norm
conserving pseudopotential21,22 with a cutoff radius of 0.96
Å was used for Al since its cutoff energy is closest to that
the other elements in the cell. The electronic degrees of f
dom were converged to 1025 eV/cell, and the Hellman-
Feynman forces were relaxed to less than 0.05 eV/Å. Ene
convergence of 1–2 meV/atom was obtained with 12k
points in the irreducible part of the brillouin zone an
400-eV plane wave cutoff energy.

The 13% lattice mismatch between Al and diamond p
cluded the construction of interfaces with perfect cohere
~i.e., with surface Al and C atoms directly above each oth!.
To minimize the mismatch, we used four C atoms per u
cell layer in C~111! and three Al atoms per unit cell layer o
Al ~111!, and overlapped Al̂ 112̄0& with diamond^101̄0&.
This reduced the mismatch to less than 2% such that
ignored misfit dislocations. Inversion symmetry was e
forced in all cases to ensure that the two interfaces w
identical and the interfacial energy was uniquely defin
This also precluded a dipole moment in the cell and n
physical electrostatic coupling between periodic images. F
ure 1~a! shows this partially coherent interface wherein on
Al1 sits above a C atom, and Al2 and Al3 sit at the center
three C atoms, and above a C atom in the second diamon
layer, respectively. We also investigated a fully incoher
interface, in which Al atoms lie above holes in both the fi
and second layers of C~111!. The change in Wsep was less
than 0.5% for both the clean and H-terminated diamond.
focused, therefore, only on the partially coherent interfa
©2003 The American Physical Society03-1
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FIG. 1. ~Color! Relaxed interfaces.~a! and~b!
Projection of Al/C-131 (a5b55.027
Å, c534.815 Å) alongz andy, respectively.~c!
Projection of Al/C-131:H (a5b55.018 Å, c
540.075 Å) alongy. Atom colors: Al, pink; C,
gray ~first layer! and black ~second layer!; H,
green.
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since it contains the strongest interfacial bonding. A conv
gence of the interfacial energy to less than 0.001 J/m2 was
found for the cell with 12-layer C~111! and ten-layer Al~111!
slabs. Both the cell volume and atomic coordinates were

FIG. 2. ~Color! Charge density differences (r/Å 3) along relaxed
interfaces.~a! Al/C-131. ~b! Al/C-131:H, with red, black, and
white representing atomic positions of Al, C, and H, respective
20140
r-

p-

timized to get the relaxed interface structure and Wsep. Note
that we shall omit~111! in the interface designations from
this point onwards.

A cleaved clean C~111! surface with single dangling
bonds is unstable, and undergoes a 231 reconstruction.9,23

We computed a 5.66 J/m2 surface energy for C(111)-131,
and 3.35 J/m2 for the Pandey reconstructed24 C(111)-231
surface, so the reconstruction lowers the surface energy
2.31 J/m2. However, the interfacial energy of Al/C-231 ex-
ceeds that of Al/C-131 by 1.43 J/m2, with the former being
3.78 J/m2 and the latter being 2.35 J/m2. This implies that
diamond dereconstructs upon exposure to Al to form str
ger interface bonds, and the Al/C-131 interface is much
more likely to be found experimentally. We therefore focus
our study on Al/C-131 as the energetically favorable inte
face structure of Al and clean diamond. For Al/C-131, we
computed the work of separation, Wsep54.08 J/m2, which
drops to 1.81 J/m2 upon reconstruction of the free diamon
surface. Hydrogen terminated C~111! is found in as-grown
CVD diamond.9 We calculated a surface energy
0.035 J/m2 for a H-terminated diamond surface in a CH4
ambient, which is the source gas in CVD diamond grow
For Al/C-131:H, we computed Wsep50.02 J/m2.

Optimized atomic arrangements of the relaxed interfa
are shown in Figs. 1~b! and 1~c!. The first Al layer at the
interface is rippled along the Al/C-131 interface@Fig. 1~b!#,
since Al1 moved away from the clean diamond surfa
while Al2 and Al3 moved towards the diamond surface. T
average distance between the Al and diamond at the inter
was 1.86 Å. The average interlayer spacings in the first th
layers of the Al slab were D1-252.22 Å, D2-352.25 Å, and
D3-452.27 Å. At the Al/C-131:H interface@Fig. 1~c!#, the
Al surface layer did not ripple, and the average distance
tween the Al and H layers at the interface increased to 3
Å, which is larger than the 2.33 Å interlayer spacing
Al ~111!. Wang and Smith8 observed a similar repulsion o
Cu by H-terminated diamond. We noted a decrease in
3-2
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separation to 2.64 Å when optimizing with the local dens
approximation~LDA !. The larger separation at the GGA
optimized interface is therefore due, in part, to underbindi
However, the smaller LDA separation does not significan
change either the Wsep, or the adhesive transfer with th
H-terminated diamond surface.

To examine interface electronic structure, we plott
charge density differences for the optimized interface str
tures in the (11̄00) plane in Fig. 2. For Al/C-131 @Fig.
2~a!#, the interfacial Al/C bonds draw electrons from the
~both surface and second layers! and diamond. The region
between the coherent Al and C pair gained the most cha
demonstrating strongest bonding at the interface. Compa
the partial density of states for these two atoms with b
atoms, we found that this strong bond came from Al a
diamondp states at the interface, and the diamond surf
shows local metallic character. We also computed the e
tron localization function,25 which verified that the coheren

FIG. 3. ~Color online! ~a! Variation of interfacial distance with
half-cell length. The fractured interface structures are shown as
sets.~b! Variation of energy and stress with strain.
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interface bonds are indeed strongly covalent. The incohe
Al and C pairs also formed covalent bonds, which a
weaker than those formed between the coherent pair. At
Al/C-131:H interface@Fig. 2~b!#, electrons are drawn from
the diamond to form strong covalent bonds between H
diamond, and there is no electron density between the H
Al.

Adhesive transfer was explored through the application
tensile strain increments to each cell. Starting with the m
mum energy structure as the reference state, the inter
couples were uniformly elongated at a set strain increm
followed by a minimization of all atoms to obtain the relaxe
structure. The strain was then incremented and the pro
continued up to the point where two free surfaces form
During the simulations, the strain was applied only along
z direction ~perpendicular to the interface!, while the cell
lengths along thex andy directions were fixed.

The insets to Fig. 3~a! show the fractured interface struc
tures for both cases, where the two free surfaces are at
5 Å apart. Adhesive transfer occurred in Al/C-131, in which
two layers of Al adhered to the diamond surface. This res
is consistent with the correspondingly large Wsep. The
H-terminated diamond and Al interface separated exactly
Al/C-131:H, due to the very weak bonding. In Fig. 3~a!,
we tracked the average interlayer distance between the
tured surfaces with respect to half of the cell length, wh
also can be interpreted as the system strain. We note f
Fig. 3~a! that interfacial separation is not a continuous p
cess for Al/C-131 since there are three distinct regimes
the curve. In the first regime, which extends from the ori
nal cell half-length of 17.4 Å~0% strain! to 19.4 Å ~11.6%
strain!, all material is elastically stretched. In the second
gime, which extends from 19.5 to 20 Å, the applied tens
stress exceeds the tensile yield stress of Al, and a large j
in the interlayer distance occurs~due to the onset and ulti
mate decohesion of the Al! as two ~new! free surfaces are
formed. In the third regime, wherein the slope of the int
face displacement vs cell half-length is unity, the cell stra
is localized at the fracture surfaces. If the interface failu
involves bond breaking, the interfacial separation involve
jump prior to full separation. This jump to separation ph
nomenon has some similarity with the jump to contact p
cess found by Smithet al.26 In both cases, the interfac
bonds~bonding or debonding! lead to a jump in the interface
separation. In contrast, the interfacial distance at Al/
131:H is a smooth line with slope of unity during the sep
ration process. No jump to separation is observed, wh
indicates no debonding during separation.

Figure 3~b! shows our computed energies and stresses
Al/C-131 and Al/C-131:H after each strain incremen
Since fracture occurred inside the Al~111! slab as Al/C-
131 was strained, failure resulted from the decohesion
the softer of the two materials. The work of decohesio
which we define as the energy difference~per unit surface
area! between the fractured system and the interface struc
at a zero stress state, was computed to be 1.56 J/m2. If the
fracture occurred exactly at the interface, as assumed w
computing Wsep, it requires 4.08 J/m2 to separate. Wsep is
therefore 2.5 times larger than the work of decohesion:

n-
3-3
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reveals that it is energetically more favorable for the syst
to fracture within the Al slab than at the interface. We a
calculated the work of decohesion to be 2.25 J/m2 with one
Al transfer layer and 1.60 J/m2 with three Al transfer layers
We have tested the possibility of one or two Al transfer la
ers to the reconstructed diamond surface and found th
structures to have higher energies of 1.37 and 1.54 J2,
respectively, and hence to be energetically unfavorable r
tive to the two Al transfer layers in Al/C-131. These con-
firmed that transfer of two Al layers corresponds to a glo
energy minimum. For Al/C-131:H, the energy change i
close to zero: this is consistent with the very small Wsep. The
maximum tensile strength we calculated for Al/C-131 is 12
GPa, but the stress needed to separate Al/C-131:H is less
than 0.4 GPa: this latter value is 30 times lower than
ideal interfacial strength computed for Al/C-131.

Due to the small model size, no plastic deformation w
allowed and the theoretical cohesive strength can be ca
lated viasmax5AEg/d, whereE is Young’s modulus,g is
the surface energy, andd is the interplanar spacing along th
tensile axis.27 Using our VASP-computed values ofE
572.3 GPa,d54.04 Å, andg50.76 J/m2 for Al, we find
smax515.3 GPa. The maximum tensile strength for Al/C
131 is 12 GPa, which is less than the theoretical ten
strength of bulk Al due to the effect of interface bonds. Th
is indicated in Fig. 2~a! wherein electrons transferred to th
interface from the second layer of the Al slab, leading
weaker bonds between the second and third layers of th
slab. Thus we define the interface strength as the stres
sociated with incipient separation at or near the interface
distinguish the ideal strength of the interface structure fr
the cohesive strength of the bulk material.

In addition to the work of adhesion measurements ci
earlier, two experiments are of significance to the pres
,

,

ce
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work and serve as a backdrop for qualitative comparis
Hollman et al.11 measured very low friction coefficients an
wear rates in dry sliding tests involving CVD-diamon
coated cemented carbide drills against Al. However, Sch
and Hector28 observed nascent Al adhesion to nanometer-s
pyramidal diamond indenters in dry asperity abrasion p
cesses. At first sight, it seems that Al adhesion to the py
midal diamond indenters but not to the diamond coating
contradictory. However, the indenter and coating mater
had completely different surface structures, the~111! surface
cut from diamond probably had a clean surface. On the o
hand, the diamond coating grown in the CVD process wa
passivated.9 These observations are in general agreem
with our observation that Al adheres to a clean diamo
surface but not to H-passivated diamond.

In summary, we found that the Al/C-131 interface had
the lowest interfacial energy, which implies that it is th
energetically favorable interface of Al and clean diamon
and we computed Wsepto be 4.08 J/m2; H-passivation of the
diamond surface reduced Wsepto 0.02 J/m2. Electronic struc-
ture analysis showed strong covalent bonding between
and C, but no bonds exist between Al and the H-passiva
diamond surface. Under uniform tensile strain, the clean
diamond interface fractured within the Al slab at 12 GP
with two layers of Al transferring to the diamond surfac
The work of decohesion for this process was computed to
1.56 J/m2. The Al/H-terminated-diamond interface separat
at the interface under 0.4 GPa, and no adhesive transfe
curred. Existing experimental results in ambient provi
qualitative support of the results predicted herein.

The authors wish to acknowledge Dr. Erich Wimmer a
Dr. John R. Smith for several stimulating discussions, a
Dr. T.W. Capehart and Dr. Y.T. Cheng for providing valuab
insights on diamond coating applications.
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