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ARTICLE INFO ABSTRACT

Keywords: Diamond and diamond-like carbon (DLC) coatings are well-known for their exceptional combination of
Adhesion tribological and mechanical properties, such as low friction coefficients and wear rates, together with high
DLCs

hardness and elastic modulus. A significant limitation in their employment concerns their spallation from the
substrate; it is thus interesting to explore how DLCs adhesion can be tuned through chemical modifications
of its surfaces. We employ ab initio simulations to study the effect of surface reconstruction and chemical
species intercalation (B, P, O, F, N, S, H) on the adhesion of non-reconstructed and Pandey-reconstructed
C(111)/Cu(111) interfaces. We found that the increment of graphitization at the diamond surface decreases
the adhesion. Moreover, when a high degree of surface graphitization is present the best way to increase
adhesion is to select atoms able to act as chemical bridges (e.g., B and N), compensating for the lack of
interaction between the surfaces. Conversely, adhesion reduction of ~100% can be achieved, regardless of the
degree of surface graphitization, by intercalating an atomic species that does not bond with the countersurface
and prevents the interaction between the slabs, i.e. F and S.

Diamond-copper interfaces
Density functional theory
Chemical modifications

1. Introduction

Diamond and diamond-like carbon (DLC) coatings represent an
important class of solid lubricants that, exploiting the outstanding
properties of diamond [1-3], provide some of the lowest known friction
coefficients and wear rates [4], typically in the range of 0.01-0.5 and
of 1077-10=° mm?/N-m, respectively [5]. For these reasons, they are
largely used in industry to reduce friction and wear in engine compo-
nents, to avoid stiction in micro- and nano-electromechanical systems
(MEMS and NEMS) and to increase the longevity and functionality of
biological implants and industrial cutting tools [6,7].

Often the main limitation on the development of carbon coating
technologies is due to poor adhesion between the diamond film and the
material which would otherwise benefit from the presence of the coat-
ing for better structural, thermal, or opto-electronic performances [8].
Indeed, poor adhesion can easily result in spallation of the film from
the substrate, making the coating useless [9-11]. On the other hand,
to reduce friction, quenching the adhesion with any countersurface
would be highly desirable [12]. Tailoring the substrate/coating or
coating/countersurface adhesion is therefore needed to fully exploit the
potentiality of this unique material. A possible way to tune the adhesion
between two materials is to chemically modify their surfaces. Indeed,
everyday, lubricant additives play exactly this role in our car engines:
by dissociating in tribological conditions and chemically binding to
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the surfaces of the mechanical components these molecules reduce
micro-asperity adhesion and avoid our engines from gripping [13].

In this work, diamond/copper interfaces adhesion is studied, con-
sidering also the impact of surface modifications due to reconstruction
and adatom adsorption. The aim is not to simulate a system as close
to reality as possible, but to understand basic mechanisms that should
qualitatively apply in other situations as well. Copper was chosen as
a representative of transition metals, which have a partially filled d-
shell. Although each metal has its own specific electronic properties
we expect our results to be rather general for the broad class of
diamond/transition metal interfaces, as it was shown in Ref. [14] for
homogeneous metal-metal interfaces. Indeed, it was found that the
overall effect of adatoms on adhesion, i.e. whether they enhanced or
reduced it, was independent of the chosen metal [14]. In particular,
the study takes into account the interfaces between Cu(111), the most
stable surface of copper (surface energy y of 1.31 J/m?), and two
relevant (111) diamond surfaces able to represent the type of dangling
bonds and the electronic configuration of other low-index diamond
faces, such as (110) and (100) [15,16]: the non-reconstructed (1 x 1)
surface with dangling bond (DB) termination (y=5.04 J/ m?), which has
a sp’ bond structure, and the Pandey-reconstructed (2 x 1) (y=3.47
J/m?), which, with its delocalized = electrons, is representative of the
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Fig. 1. Top views of Cu(111), C(111) and Pandey surfaces. For the Pandey, also the lateral view is shown. In all cases, surface atoms are the darker ones. The high symmetry
points are indicated in black: while, the peculiar adsorption sites of fluorine, boron and phosphorus on Pandey are highlighted in red. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

sp? aromatic or graphitic layer often detected on the diamond/DLC
surface during rubbing. It is known, indeed, that the sp3/sp? bond ratio
is a fundamental parameter that influences the properties of amorphous
carbon films, such as hardness, strength and adhesion [5,17].

Chemical modifications of the surfaces are introduced through
the intercalation of atomic species between the two slabs as simple
adatoms. Although stable, this may not be the most energetically
favorable geometry (with respect to substitutional or interstitial sites).
For all the cases, however, our primary focus here is to identify the
basic mechanisms at play when the adhesion between the two surfaces
is enhanced or quenched, keeping the systems as simple as possible.
B, P, O, F, H, N, S have been chosen as chemical species following
different criteria: O and H are common contaminants, F, S, and P
are well known elements within the tribological community as they
are present with a prominent role in lubricants additives, B and N
have been chosen for their use as dopants. We considered a 25% of
coverage, since it is the most favorable configuration for adsorption
on metals [14,18-20] and, typically, the effect of the atom on the
adhesion energy variation is amplified with the coverage [14]. Thus, we
expect that our general trends, i.e. whether a chemical species reduces
or improves C/Cu adhesion, can be extended also to 50% and 100%
coverages.

The paper is organized as follows: after a brief introduction on the
methodology and on the computational details, results are presented
and discussed. In particular, starting from the Bond Order analysis
of the clean surfaces and characterizing their reactivity, the adatom
adsorption process is analyzed. Then the effect of surface reconstruc-
tion and adatom adsorption on the interface adhesion is studied and
interpreted in terms of Bond Order analysis. Conclusions are finally
drawn.

2. Methods

First-principles calculations are performed using the Vienna Ab
initio Simulation Package (VASP) [21-23], employing PBE-GGA exch-
ange—correlation functionals [24]. All calculations are spin-polarized
with a plane wave cutoff energy of 400 eV (a kinetic energy cutoff
providing total energies and lattice parameters converged by 0.02
eV/atom and 0.02%, respectively). A 0.03 eV Gaussian smearing is
employed.

The adatoms are adsorbed on 2 x 2 slabs in order to study a 25%
of coverage. The C(111) and Cu(111) surfaces are modeled by slabs
with 10 and 6 atomic planes, respectively, ensuring converged values
of the surface energies. A vacuum region of about 15 A is included in
the supercell.

For adsorption calculations, converged [I-centered grids of
10 x 10 x 1 and of 13 x 13 x 1 are used for systems with C(111)
and Cu(111) surfaces, respectively. During relaxation, only the central

atomic layer of the slab is fixed, while all the other atoms are allowed
to move in all directions (a schematic representation is shown in Fig. 1
of the S.I.). Energies and atomic forces are converged within 107 eV
and 0.05 eV/A, respectively.

When simulating the interfaces, to identify a common supercell
accommodating both lattices while keeping the mismatch below a given
threshold value and the supercell size as low as possible, we employed
the Zur algorithm [25] and distributed the residual strain between the
two faces in such a way that it is inversely proportional to their bulk
modulus (bulk modulus values of 436 GPa and 139 GPa for C and Cu,
respectively). We tested the effect of this procedure on the energetics of
our systems, comparing it with a scenario where all the strain is applied
exclusively to copper (see Section 2 of S.I. for the analysis). In the case
of Cu(111) and C(111) the lattice parameters are very close, namely
2.57 A and 2.52 A respectively; indeed the Zur algorithm provides a
1 x 1 supercell without any relative rotation between the two lattices.
This procedure leads to an effective deformation of the diamond slab of
0.65%, which results in a residual internal stress of 1.9 GPa, compatible
to experimental values for DLC coatings [26-30].

All interfaces are optimized through full relaxation calculations,
employing a 14 x 14 x 1 I'-centered grid (combining the results on
the convergence tests of the slabs and optimal computational load
distribution). 2 x 2 supercells with hexagonal and orthorhombic ge-
ometries are employed for non-reconstructed and Pandey-reconstructed
diamond/copper interfaces, respectively. The screening for the optimal
relative lateral displacement is performed with looser convergence
parameters (10~ eV for the energies and 0.1 eV/A for atomic forces)
and only the configuration with the lowest total energy is further
relaxed with more accurate convergence parameters (107 eV for the
energies and 0.05 eV/A for atomic forces).

For each interface, we calculated the bond orders between couple
of atoms using the DDEC6 atomic population analysis method, that is
a refinement of the Density Derived Electrostatic and Chemical (DDEC)
approach, implemented in the CHARGEMOL program [31]. The DDEC
method is an atoms-in-materials (AIM) partitioning scheme, where the
total electronic density n(r) is divided into overlapping atomic densities
n;(r) that can be defined in terms of a weighting factor, w;(r) > 0, such
that:

w;(r)
M
2k wi(®)
where the sum runs over all atoms in the cell plus their periodic images
along any direction. Once the electron density distribution of atom i
(n;(r)) in a material has been found, its net atomic charge Q; can be
obtained by integrating n;(r) over all space:

(r) €8]

n(r) =

0i=z-N;=1z —/ni(r)dSr 2

where N; is the number of electrons assigned to atom i and z; is
its effective nuclear charge [32]. In the DDEC method, the weighting
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Sum of bond orders (SBO) per atom ranging from the surface to the central layer of Cu(111), C(111) and Pandey. Since the Pandey geometry
displays different SBO values for atoms in the same layer, we calculated the average and semidispersion.

Cu(111) SBO C(111) SBO Pandey SBO (avg.) Semidispersion
layer 1 (surf) 2.7 layer 1 (surf) 3.4 layer 1 (surf) 3.8 0
layer 2 3.1 layer 2 3.9 layer 2 3.6 0.02
layer 3 (bulk) 3.1 layer 3 3.6 layer 3 3.6 0.04
layer 4 3.7 layer 4 3.7 0.11
layer 5 (bulk) 3.7 layer 5 (bulk) 3.7 0.09
function is designed so that the atomic weights are optimized to mimic Adsorption Energies
both the spherical average of n,(r) and the density of a reference ion of pandey
the same element with the same atomic population N;. By following Cu(111)
this approach, the assigned atomic densities quickly converge to a 6 . C(111)

multipole expansion of the quantum mechanical electrostatic potential,
resulting in chemically reasonable atomic populations [33].

Building on this charge partitioning the bond orders between all
atomic couples are computed by estimating the overlap between their
atomic densities; then, to estimate the reactivity of a given atom,
all its bond orders are summed up to provide the so called Sum of
Bond Orders (SBO) [34]. Therefore, the SBO, representing the total
number of electrons that an atom shares in bonds, provides key insights
into chemical reactivity trends. For example, a carbon atom tends to
have a SBO of ~4, since it has four valence electrons to share in
covalent bonding. However, when we consider a carbon monoxide (CO)
molecule, it exhibits a carbon SBO of only 2.58 and is more reactive
than within CO,, where its SBO is ~4.

3. Results and discussion
3.1. Bond order analysis for Cu(111), C(111) and Pandey

The comparison between the SBO of surface atoms and those of
atoms belonging to central layers, exhibiting bulk-like behavior, pro-
vides insights into surface reactivity. The SBO analysis of the clean
Cu(111), C(111) and Pandey surfaces is reported in Table 1. As the slabs
are symmetric, the SBO was calculated for half of the layers, ranging
from the surface layer to the most central layer. We considered a 2 x 2
slab, each layer thus contains 4 atoms, which exhibit the same SBO in
the unreconstructed diamond and copper slabs, but are not equivalent
in the Pandey surface, resulting in different SBO values. In this case we
provide the average SBO and its semidispersion. The SBO of carbon and
copper atoms in their bulk geometry is 3.7 and 3.1 respectively, close
to the ideal values as also reported in Ref. [34]. The results collected in
Table 1, confirm that we are working with well converged slabs, since
the SBOs of central layers are equal to those of the bulks. Moreover, the
SBO of surface carbon atoms show that the C(111) surface is much more
reactive than the Pandey one for which surface atoms have SBO~4,
indicating that all valence electrons are engaged in bonds. On the other
hand, it is well known that surface atoms of unreconstructed diamond
have an unpaired electron, which makes the surface highly reactive.

Also for Cu(111), the SBO of surface layers is reduced with respect
to the bulk value, as expected.

3.2. Adatom adsorption on Cu(111), C(111) and Pandey

To incorporate chemical species at the interface, we started by
identifying the most favorable adsorption sites. We considered a 25%
surface coverage by including one adatom per (2 x 2) cell. The adatom
adsorption energy is calculated as:

Eads = Eslab+a - Eslab - Ea' 3

All the terms on the right side of the equation are total energies,
namely, E;,,.,, refers to the slab with the adsorbed atom, which we
will also call decorated slab, whereas E;;,, refers to the clean slab and

|Eads| (eV)

4
2
/5% F N B S p H

Fig. 2. Comparison between energy gain for adsorption of adatoms on the three
considered surfaces. The histograms with the lighter area correspond to adsorption
on Pandey-reconstructed surface, those with the medium shading represent adsorption
on copper and the ones with the darker area indicate adsorption on C(111) surface.

E, to the adatom. E, can be obtained in two different ways: taking
into account an isolated adatom or, to include the adatom-adatom
interaction within a 25% coverage, by constructing the adatom array.
In the first case, the adatom is placed in a large enough cubic box in
order to prevent interactions with the replicas; in the latter case, the
adatom is placed in the, otherwise empty, slab supercell.

To find the optimal adsorption site (i.e. the one displaying the
lowest adsorption energy), the surfaces high symmetry points, shown in
Fig. 1, are sampled. For all adsorbates species, the optimal adsorption
site on Cu(111) turned out to be the hollow fcc, a high-coordination
site. On C(111) the situation is more heterogeneous: B and P adsorb on
the hollow hcp site, F, O and H on the top site, whereas N, S and Cu on
the hollow fcc site. On the Pandey surface, during relaxation F, B and
P move towards specific non high symmetry sites reported in Fig. 1,
while, H adsorbs on the on top position and all the other adatoms on
the bridge position between top atoms (bridge 1).

The energy gains resulting from the adsorption of the considered
atomic species on Cu(111), C(111) and Pandey surfaces, calculated
considering the adatom arrays, are collected in Fig. 2. With the only
exception of S that adsorbs more favorably on copper, adsorption is
always more favorable on the C(111) surface, while least adsorption
energies are found on the Pandey surface due to its chemical inertness.
A more detailed analysis of adatom adsorption on a case-by-case basis
is provided in the Supplemental Material.

3.2.1. Work function analysis

The adsorption process induces the rearrangement of surface partial
charges, causing a variation of the surface dipole, and thus the modi-
fication of the work function. Work function changes caused by adsor-
bates are important in various applications: they are used, for instance,
to enhance the efficiency of cathode surfaces in fluorescent lamps [35,
361, or to directly affect the electrode potential in electrochemistry ap-
plications [37,38]. Consequently, measuring adsorption-induced work
function changes A® is a standard practice in characterizing adsorbate
systems [39].
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Fig. 3. Change in the work function versus dipole moment density variation induced
upon adsorption for all the considered adsorbates, indicated with different colors, on
Cu(111) (squares), C(111) (circles) and Pandey (triangles) surfaces.

In this work, following the approach described in Roman et al. [40]
and Fatti et al. [18], the surface dipole is analyzed in terms of the
charge density difference induced by adsorption:

Ap(Y) = Pyiapra(T) = Pyiap(®) — pa(r) ()]

where p,,,., is the charge density of the adsorbate system, p,,, is the
charge density of the clean surface and p, is the charge density of the
isolated adatom.

The dipole variation induced by adsorption is then defined as:

Ap(z) = / zAp(z)dz %)
b

ulk
where the integration ranges from the center of the slab up to the
middle of the vacuum and 4p(z) is the x-y planar average of 4p(r).

The work function @ is defined as the difference between the
vacuum level E,,. and the Fermi level E,. Work function variations,
given by the difference between the work functions of the surface-
adsorbate systems and the clean surface: Ap = @, — @, are analyzed.
Our results are obtained considering dipole corrections, in order to
cancel spurious electrostatic interactions in the vacuum region that, in
some cases, strongly affect the value of E,,.. It is worth noting that
dipole corrections do not affect strongly 4p(z).

As predicted by Leung et al. [41] and shown in Fig. 3, a linear
relation between A® and 4p is found with a slope of 170.9 eV-A/e™,
similar to the result reported for N, P, S, O adsorbed on Fe(110) [18]
and to the predicted value of 180.95 [41].

The work function change of sign can be interpreted in terms
of relative electronegativities between the adatom and the substrate.
Indeed, for the simple case of atomic species adsorption such difference
determines the orientation of the surface dipole therefore making it
easier or more difficult for electrons to be extracted from the bulk. For
the copper surface, A® is always positive, in accordance with the fact
that Cu is the less electronegative species. On the other hand, when
diamond surfaces are involved, negative values of A® are found for
B, P, H and S adsorption which are the atomic species with lower
electronegativity with respect to carbon.

3.3. Effect of reconstruction on c/cu adhesion
The optimal geometries of C(111)/Cu(111) and Pandey/Cu(111)

interfaces are identified by sampling non-equivalent lateral positions
between the two slabs. In both cases, the different configurations are
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Table 2
Adhesion energies calculated with Eqgs. (6) and (7) of clean interfaces. The last column
reports the difference between the two to quantify the contribution of lattice distorsion.

Interface E,., (J/m?) E,y, (J/m2) 4 (J/m?)
C(111)/Cu(111) -2.67 -2.97 0.29
Pandey/Cu(111) -0.43 -0.70 0.27

obtained by shifting the copper slab so that its surface atoms are aligned
with the high symmetry points of the diamond slab. The geometries
with the lowest total energies are depicted in Fig. 4 (left). The optimal
configuration for non-reconstructed diamond/copper interface has Cu
atoms on top of diamond atoms, in agreement with Ref. [42]. The inter-
facial distance between Cu and diamond layers of 2.06 A, compatible
with Ref. [43], is shorter than 2.13 10\, the interlayer distance for bulk
Cu along the (111) direction, suggesting that the interactions between
Cu and C atoms could be stronger than those between Cu(111) bulk
atoms. On the other side, the final geometry for the Pandey/copper
interface shows surface Cu atoms on the bridges sites of C chains, with
an interfacial distance of 2.19 A, larger than the previous interface.
The adhesion energy per unit area is defined as follows:

1
En = Z(EIZ —-E -E (6)

where A is the supercell area, E|, is the total energy of the relaxed
heterogeneous interface, and E, and E, are the total energies of the
relaxed isolated slabs.

Both the effect of surface-surface interactions and that of lattice de-
formations contribute to E|,. Indeed a poor E,;;, could be the result of
significant distortions in the slab lattices and/or of lack of interactions.
Therefore, we separate the two effects by writing E,, = E, + E, + AE™,
where E;, = E, + AElfief is the total energy of the i—th isolated slab in
the distorted geometry in which it is stable within the interface. In this
way it is possible to introduce a modified adhesion energy:

~ 1

Eqqn = (Erp - E, - E))= —AE™ @

1
A
where the effects of geometry deformations are left out.

The results for clean interfaces are shown in Table 2. The effect
of lattice distorsions on adhesion is the same for both the Pandey
and unreconstructed cases. This allows, in this specific case, to refer
indifferently to E,,, or E,,;, when analyzing the different amount of
interactions happening in the interfacial region.

Adhesion energy of Pandey/Cu(111) interface is much smaller, in
absolute value, than C(111)/Cu(111) one and this can be explained in
terms of surface reactivity, which is strongly affected by Pandey recon-
struction. Upon reconstruction, the atoms belonging to the first three
atomic layers of the (111) surface of diamond significantly rearrange, in
such a way that undercoordinated atoms are found as nearest neighbors
in the first layer chains. The electrons on the chain atoms then partially
dehybridize to 3 sp?> and 1 p, orbitals, so that the p, dangling bonds
can saturate each other through delocalized = orbitals. With respect
to the unreconstructed surface, dangling bonds are thus eliminated,
making the surface more inert. This leads to a reduced absolute value
of the surface energy y, which in turn corresponds to lower adhesion.
Indeed, for clean interfaces, the behavior of adhesion can be inferred to
a good extent from the knowledge of the surface energies of the single
surfaces [44].

Our results confirm that adhesion reduction is possible, in gen-
eral, by increasing the surface graphitization, which can be present
in materials with higher sp?/sp® ratio or after a rubbing action on
the diamond surface. Indeed, it has been shown that the presence of
graphitic material, such as aromatic molecules, is effective in reducing
friction [45-49].
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Fig. 4. On the left side, the optimal geometries of the clean C(111)/Cu(111) and Pandey/Cu(111) interfaces are shown. On the right side, planar averages of the charge density
difference for the two systems are plotted using the same scale. The gray and orange areas represent diamond and copper regions, respectively. Adhesion energies and charge

density accumulation values are also reported.

3.3.1. Charge density accumulation of clean interfaces

The tribological behavior of solid interfaces can often be correlated
to their electronic properties [50]. In particular, it was shown that
adhesion and frictional forces are strictly related to the electronic
charge accumulation p,.. occurring at the interface and defined by the
following procedure.

First the charge density difference 4p is determined as:

Ap(r) = pi(r) — p(r) — po(r) ®

where p|,(r) is the charge density of the interface, while p,(r) and p,(r)
are the charge densities of single surfaces.

Planar averages of the charge difference are shown as a line profile
in the direction normal to the interface in Fig. 4 (right), allowing a
first qualitative view of where the greatest charge redistribution upon
interface formation is found: charge near the surfaces is depleted and
accumulated in the interface region. Secondly, in order to quantify and
be able to compare the magnitude of the accumulation of electronic
charge density, the absolute value of the profile of Ap(z) is integrated
in the z direction over the length of the interfacial region, defined as
the region between the highest atomic layer of the bottom slab (at —z;)
and the lowest atomic layer of the upper slab (at z;), and normalized
with respect to its width:

[
Pace = - /_ . |4p(2)| dz 9

The values of p,.. are reported in Fig. 4 (right), along with the
corresponding adhesion energy of the interfaces. In accordance to what
found in Ref. [50], a lower accumulation of electronic charge density
corresponds to a lower interface adhesion, suggesting that p,.. can be a
good descriptor to control not only adhesion but also friction. Indeed, in
Ref. [50] it has been demonstrated that interfacial charge density and
its variation during sliding are directly related to the Potential Energy
Surface (PES) profiles, moreover PES corrugation, and ideal shear and
cleavage strengths are related by simple linear and power laws to the
adhesion itself [51].

3.4. Effect of chemical species intercalation on C/Cu adhesion

For each adatom, the decorated interfaces were built mating the
slab/adatom system with lowest adsorption energy and the clean coun-
tersurface. The latter is then shifted to sample the different lateral
positions, fully relaxing the interface, the most stable one being the
one considered for calculating the adhesion energy.

In the case of a decorated interface, adhesion energies are calculated
with Egs. (6) and (7), where E; and E, are the total energies of the slab
with the adsorbed adatom and of the clean countersurface, respectively.

3.4.1. C(111)/Cu(111)

In the C(111)/Cu(111) interface, according to the previously de-
fined protocol and referring to the adsorption energies of Fig. 2, all
adatoms are placed in their optimal adsorption site which is, for all
cases, on the diamond slab with the exception of S, that adsorbs more
favorably on Cu. We report in Section 8 of S.I. the case in which
S:C(111)/Cu(111) is built starting with S adsorbed on diamond.

The relaxed optimal geometries of the considered decorated inter-
faces are shown in Fig. 5(a). In the case of B, P and H decorated
interfaces, the register of the C/Cu surfaces corresponds to the favor-
able geometry in the clean interface: surface Cu atoms are on top
of C atoms. In the O decorated interface, the register between the
two surfaces seems dictated by the fact that the 4th Cu atom, which
is not bonded to O, is adsorbed on the C slab in its optimal site
(hollow fcc). Intercalation of N leads to a significant rearrangement
of C surface atoms. In most cases, the Cu atoms within the surface
undergo a rearrangement to accommodate the strong Cu-C bonds and
comply with the additional coordination provided by the adatom to the
Cu surface atoms in its proximity. Sulfur and fluorine act in a different
way: they do not cause surface atoms distorsion and lead to an increase
in the C-Cu distance of 1.66 and 1.96 A, respectively. In particular,
F is capable of moving the Cu surface away; an effect that can be
explained by the electronic configuration of fluorine, which leads to
fully saturated sp’-type bonds between F and C atoms, making the
surface inert. The structural consequences resulting from S intercalation
can be attributed to its steric hindrance combined with its electronic
configuration (3s23p*). Indeed, thanks to its possibility of having a
valence equal to 4, S performs 3 bonds with the Cu nearest atoms
and closes the single dangling bond of the carbon atom placed exactly
on top of it (this hypothesis will be confirmed by the Bond Order
calculation in Section 3.5.).

Values of adhesion energies and interface distances, calculated as
the difference between the mean z values of C and Cu atoms in the
surface layers, are reported in Table 3. Variations with respect to clean
interface values are shown, together with E,,-E,,, difference which
quantifies the destabilization due to lattice distorsions. P and N are the
ones causing a major structural deformation: without considering the
distorsion effect we could have wrongly inferred that P reduces the
surface-surface interactions more than H and N (looking solely at E,
values).

In Fig. 6(a) the percentage variations of |E,;,| with respect to
the clean interface are shown. Since the non-reconstructed diamond
surface is extremely reactive and unstable all adatoms act as adhesion
quencher, but fluorine and sulfur are the ones causing the most relevant
drop, reducing adhesion of 96% and 74%, respectively. This result
suggests that F could play an important role as adhesion-reducing
element at interfaces, in accordance to what found in literature [52,53].
Similarly, the effective role of S as a lubricant additive has been proven
also for Fe/Fe interfaces: when adsorbed on steel or iron surfaces, sulfur
strongly reduce adhesion and ideal shear strength [54].
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Table 3

Adhesion energies E,;;, and fadh calculated with Egs. (6) and (7) of decorated C(111)/Cu(111) interfaces. Interfaces are ordered by their
E,,, values. AE,;, and AE,;, are the differences with respect to the clean counterpart. E,,,-E,;, quantifies the destabilization due to lattice
distorsions. The interfacial distance is reported in the last column.

C(111)/Cu(111) E,q, (J/m?) AE,, (J/m*) E,y (J/m?) AE,;, (J/m?) Egp-Epqp (J/m?) Distance (&)
clean -2.67 0 -2.97 0 0.29 2.06
o} -1.97 0.70 -2.78 0.18 0.81 2.40
B -1.64 1.03 -2.63 0.33 0.99 2.35
P -0.82 1.85 -2.39 0.58 1.57 3.02
N -1.15 1.52 -2.38 0.59 1.23 2.52
H -1.60 1.07 -2.24 0.73 0.64 2.44
S -0.61 2.06 -0.77 2.20 0.16 3.72
F —0.008 2.66 -0.12 2.84 0.11 4.02

C(111)/Cu(111):adatom interfaces

adh

adh

Fig. 5. Representation of the optimal geometries of (a) C(111)/Cu(111):adatom and (b) Pandey/Cu(111):adatom interfaces.
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Fig. 6. Percentage variation of |Eadh| with respect to the clean value for (a) C(111)/Cu(111):adatom and (b) Pandey/Cu(111):adatom interfaces.

3.4.2. Pandey/Cu(111) slab and scanning the four inequivalent relative shifts of the diamond
The most stable geometry of the Pandey/Cu(111):adatom interface slab that align its high symmetry points to the adatom. The relaxed
is identified placing each adatom at its adsorption site on the copper optimal geometries of the decorated interfaces are shown in Fig. 5(b).
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Table 4

Carbon 230 (2024) 119555

Adhesion energies E,,;, and E,,, calculated with Egs. (6) and (7) of decorated Pandey/Cu(111) interfaces. Interfaces are ordered by their
E,q, values. AE,,, and AE,,, are the differences with respect to the clean counterpart. E,,-E,,, quantifies the destabilization due to lattice
distortions. The interfacial distance is reported in the last column. The values of E,;, marked with (*) were set to 0 because slightly positive
(0.03 J/m? for S, 0.008 J/m? and 0.005 J/m? for O and H, respectively). These slightly positive values can be attributed to numerical effects.

Pandey/Cu(111) E,gy (J/m%) AE,g, (J/m%) E,qp (J/m2) AE,;, (J/m2) Egn-Egqp (J/m?) distance (A)
B -1.42 -0.99 -1.81 -1.11 0.39 3.0
N -0.61 -0.18 -1.02 -0.33 0.41 3.01
clean —0.43 0 -0.70 0 0.27 2.19
P -0.19 0.24 -0.58 0.11 0.39 3.52
0 0 0.44 -0.52 0.17 0.53 2.95
H 0* 0.43 -0.21 0.48 0.22 2.34
F —0.006 0.42 -0.03 0.66 0.03 3.73
S 0 0.46 0.0004 0.70 0.03 5.08

It is possible to see that F and especially S intercalations lead to a
considerable increment in the distance between the slabs: 1.54 A and
2.89 A, respectively.

All the adatoms remain in their adsorption site (hollow fcc) on
the Cu side. The relative position of the adatoms with respect to the
Pandey-reconstructed surface are shown in Fig. 2 in the S.I.

In contrast with the C(111)/Cu(111):adatom interfaces, here strong
rearrangements of the surface structures in order to form C-Cu bond are
not present, since the Pandey-reconstructed surface is extremely inert.

As in the previous case, adhesion energies, variations with respect
to clean interface values, effect of lattice distorsions and interfacial
distances are reported in Table 4. In this case, oxygen is the one
provoking the major lattice distorsion.

Percentage variations of |E,,,| with respect to the clean case are
shown in 6(b): interestingly, for this interface, N and especially B act as
adhesion enhancers, with an increase of the adhesion of 46% and 159%,
respectively. The strong effect of B can be due to its flexibility in bond
formation, attributed to the presence of a vacant p orbital in trivalent
boron compounds [55]. This is indeed consistent with recent findings
that B plays a significant role as grain-boundary strengthener [56] and
is effective in improving strength, durability and wear resistance of
Fe-based alloys [57-59]. Nitrogen, as well, is known for its ability to
enhance the strength and wear resistance of stainless steel [60-62]. Its
role as grain-boundary and strain hardener [63] makes it suitable for
plenty industrial and biomedical applications [64].

S and F are the most effective in reducing adhesion: F decreases it by
96% (as in the case of C(111)/Cu(111)), while S completely eliminates
it, maintaining a significant distance between the surfaces. From our
results, it can be noticed that the roles of F and S as powerful adhesion
reducers are universal and their effectiveness is independent of the
degree of surface graphitization of diamond.

In the case of decorated interface, the increased complexity in terms
of material types and nature of bonds makes the amount of charge
density accumulation at the interface (p,..) a less effective descriptor
for the adhesion energy behavior (the complete analysis can be found
in Section 7 of S.I.). Indeed, p,.. scales differently for different kinds
of bonds and semiconducting species rearrange the charge much less
uniformly than metallic ones [50]. A more detailed analysis of the
bonding happening at the interface is therefore needed to gain insights
on the mechanisms at play.

3.5. Bond order analysis

If BO; ; is the bond order between atom i and atom j, namely, the
number of shared electrons in the ij bond, we define the bond order
between diamond and copper slabs BOc., by considering the total
bond order of surface atoms, given by:

N M
BOcc, = ), ) BO,

i=1 j=1

(10)

where N and M are the total number of atoms in the surface layer
of the two slabs. In our case, N = M = 4. Similarly, we can define

the bond order between the intercalated adatom and one of the two
slabs as the sum of bonds that adatom A forms with each surface atom:
BO,_x = Z,-Ail BO,;, where X stands for either C or Cu.

For clean interfaces, a higher C-Cu bond order corresponds to a
stronger adhesion between the two slabs: BOc.c,~2.3 and ~1.7 for
C(111)/Cu(111) and Pandey/Cu(111), respectively, in line with the
electronic charge accumulation analysis.

In the case of decorated interface BOc., is always smaller with
respect to the clean interface values, because the presence of the
adatoms inevitably keeps the surfaces more distant.

In Fig. 7 the surface-adatom and surface-surface bond orders are re-
ported for the decorated Pandey interfaces (top panel) and C(111) inter-
faces (bottom panel). The interfaces are listed in ascending order with
respect to AE,,,, i.e. the adhesion energy variation net of distorsion
contributions. As expected, for each interface the adatom-surface BO is
larger toward the slab providing the largest adsorption energy; however
the adatom may also act as a chemical bridge providing a significant
BO toward both surfaces at the same time. Moreover, the BO between
Cu and C atoms may be significantly quenched or some amount of
residual interaction might remain. As will be shown, the interplay be-
tween “adatom bridging” and residual interaction significantly affects
adhesion.

In the case of decorated Pandey/Cu systems, the factor that most
influences the adhesion variation is the ability of the adatom to form a
bridge with the Pandey countersurface, while the residual interaction
between the two surfaces is less decisive. Indeed, from Fig. 7(top
panel) it is possible to see that both B and N enhance the adhesion
because they form more bonds with the Pandey surface, allowing at
the same time an interaction between the slabs which, although small,
is nevertheless not negligible (~0.3). This is in accordance also with P
behavior: it is the least effective in reducing adhesion because it forms
a strong chemical bridge (BO,_. ~1.7), but the C-Cu interaction is
weaker with respect to N and B (~0.1). The decisive role of chemical
bridging is evident in the case of O and H where it is low or absent:
the strong C-Cu interaction in these cases still fails to compensate for
the lack of a strong bond with the Pandey structure. Additionally, this
analysis clearly reveals how F and S significantly reduce adhesion:
both do not act as chemical bridges (BO,_- ~0.1) and totally prevent
surface interaction.

In the case of C(111)/Cu(111):adatom interfaces, all intercalated
atomic species lead to a reduction in adhesion, given the high stability
of the C/Cu interface. However, the previously discussed argument can
be applied in this case as well, by analyzing the behavior of adatoms
that are more or less effective in reducing the adhesion. In this case, our
analysis reveals a more marked trade-off between chemical bridging
and residual interaction. The results collected in the bottom panel of
Fig. 7 show that both O and B, which are the least effective in adhesion
reduction, act as bridges (BO4_¢,~1.5) providing at the same time a
high C-Cu bond order (~1.2). P and N, which are immediately next
in the sequence, have a high interaction with the opposite copper
slab (~1.8 and ~1.3, respectively), but allow less interaction between
diamond and copper (~0.6 and ~0.4, respectively). H and S are the
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Fig. 7. Bond order between adatom-C, adatom-Cu and C-Cu for (a) Pandey/Cu(111):adatom and (b) C(111)/Cu(111):adatom interfaces. The variation of the adhesion energy from
the value of the clean interface, is reported. Positive values of AE,;, means that the adatom acts as adhesion enhancer with respect to the clean configuration.

perfect examples of the mentioned trade-off. H provides the strongest
interaction between C and Cu (~1.7) but forms a negligible chemical
bond (comparable to that of F). In contrast, S, despite forming a slightly
stronger bridge than H (note that S is the only case adsorbed on Cu),
has a negligible residual C-Cu interaction, similar to that of F. This
analysis also supports the earlier hypothesis that the 4-valence state of
S allows it to form 3 bonds with Cu (BO,_,~3.1) and a directional
bond with the single dangling bond of the diamond (BO,_-~1). Fi-
nally, F is the most effective element and is unique in not forming a
bridge (BO4_,~0.2) and preventing any interaction between the slabs
(~0.08).

In conclusion, general observations can be drawn from the analysis
of the bonding happening at the interface: (i) the residual interaction
between the surfaces correlates with their distance; (ii)) when a high
degree of surface graphitization is present, diamond and copper sur-
faces do not interact per se, so the best way to increase adhesion is
to find chemical species whose electronic configuration allows them to
form multiple bonds with both surfaces involved (e.g., B and N). In this
way, the atom acts as a chemical bridge, compensating for the lack of
interaction between the surfaces. (iii) Thanks to its small size, H is the
atom which keeps the slabs closer (2.34 A for Pandey/Cu and 2.44 A for
C(111)/Cu), a characteristic which is directly connected to the highest
values of C-Cu residual interaction. However, H is not able to form a
chemical bridge and this is why it is quite effective in reducing adhesion
in both scenarios. (iv) We can achieve ~100% of adhesion reduction if
we select an atomic species that does not bond with the countersurface
and prevents the interaction between the slabs (e.g., F and S). This is a
general result, independent of the degree of surface graphitization.

4. Conclusions

In this work, non-reconstructed and Pandey-reconstructed C(111)/
Cu(111) interfaces have been analyzed as representative models, in
order to gain insights on the adhesion tuning of diamond and DLCs
coatings on transition metal substrates through chemical modifications
and surface reconstruction.

First, the adsorption analysis of the considered adatoms (B, P, F,
O, H, N, S) on the three optimized surfaces (Cu(111), C(111) and

Pandey) is performed: adsorption is always more favorable on the
non-reconstructed diamond surface, with the only exception of sulfur
that is the only atomic species adsorbing more favorably on copper.
Adsorption on the Pandey-reconstructed surface is always less favorable
with respect to the other two surfaces, due to its chemical inertness.
Moreover, the analysis of the work function shows that a linear rela-
tion exists between the adsorption-induced work function change and
the dipole variation with a slope of 170.9 eV-A/e~. The sign of the
work function change can be easily interpreted in terms of relative
electronegativities between the adatom and the substrate.

Then, adhesion energies of C(111)/Cu(111) and Pandey/Cu(111)
interfaces are calculated, studying how they can be possibly tuned.
In particular, we found that increasing surface graphitization causes a
decreasing of the adhesion, associated with a less amount of electronic
charge accumulation at the interface region. Adatom intercalation leads
to adhesion quenching of diamond/DLC with surface sp® dangling
bonds: fluorine and sulfur are the most effective, reducing adhesion
of 96% and 74%. Moreover, also a fine tuning of the adhesion is
possible by increasing surface graphitization and playing with atomic
species intercalation. Indeed, both N and especially B increase the
adhesion between Pandey and Cu(111) (increment of 46% and 159%,
respectively), while S and F are, once again, the most powerful in
reducing it (drop of 100% and 96%, respectively). In real conditions,
surfaces usually reconstruct, are saturated or show faces with lower
surface energies, thus we expect that the effect of B and N in increasing
adhesion will be predominant with respect to their (not so effective)
adhesion reduction effect on sp> like surface configurations.

The study of the bond order of atoms in the interface region allows
to distinguish and quantify the different contributions to adhesion tun-
ing, the primary factors at play being the adatom acting as a chemical
bridge between the surfaces and the residual interaction left between
the two. In particular, when a high degree of surface graphitization is
present, diamond and copper surfaces do not interact per se, so the best
way to increase adhesion is to find chemical species able to act as chem-
ical bridges (e.g., B and N), compensating for the lack of interaction
between the surfaces. On the contrary, adhesion reduction of ~100%
can be achieved, regardless of the degree of surface graphitization, by
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selecting an atomic species that does not bond with the countersurface
and prevents the interaction between the slabs, i.e. F and S.

In this work, the use of a simplified model allowed an in-depth study
of the fundamental mechanisms occurring at the interfacial region and
our results already offer valuable insights on how to tune diamond and
DLC coating adhesion in specific and controlled manners. Of course,
often, devices, such as NEMS and MEMS, that would benefit from
diamond coatings are exposed to air, making it interesting, for the
future, to explore also more realistic models including metal oxides and
different adatom coverages.
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