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The diamond-silica interface is a system of high technological relevance and constitutes an ideal platform
for assessing the effects of surface chemistry and dopants on adhesion, friction, and wear. In this work, we
employed ab initio molecular dynamics simulations for evaluating the impact of different diamond surface
terminations and orientations, along with boron (B) doping, on the tribological behavior of the diamond-silica
interface. The F-termination resulted as the most effective among those considered in reducing the adhesion

and friction, making all the diamond surfaces inert. On the other hand, B-doping was found to enhance the
diamond surface reactivity, interfacial adhesion and wear. Among the considered surface orientations, the
Pandey-reconstructed C(111) surface, turned out to be the most slippery and the C(110) the most prone to

wear.

1. Introduction

Diamond, as the hardest known material and also thanks to its
low friction and high stability, is extensively used in applications
such as protective coatings, micro/nanoelectromechanical switches
(MEMS/NEMS), ultrahigh precision machining tools, atomic force mi-
croscopy (AFM) probes and others [1-3].

However, the tribological properties of diamond coatings are de-
pendent on various factors such as the environmental conditions, the
surface termination and the type of counter-surface and substrate. More
specifically, higher friction, wear rates and material loss have been
reported from tribological experiments on diamond coatings in dry
or vacuum conditions [4-7]. These effects have been attributed to
increased adhesion due to surface dangling bonds, at variance with
what happens in humid conditions where they can be effectively pas-
sivated by H or OH species, that are produced by the tribochemically
induced dissociative adsorption of ambient molecules [8-11]. Indeed,
while hydrogenated diamond films have been shown to yield ultralow
friction [12-15], at the same time there is also evidence that this
behavior exhibits only short-term stability [16,17]. Joint H and OH
terminations were conversely found to yield improved stability and
friction under load [17] and also alternative terminations with fluorine
has been explored, since F atoms, larger and more electronegative than
H atoms, are more strongly bound to C atoms and can promote steric
effects and Pauli repulsion with the countersurface [18-21]. Similarly,
oxygen terminations have been shown to increase surface separation
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and to reduce friction compared to hydrogen terminations in diamond—
silica interfaces and also to lead to ultralow friction between diamond
surfaces [11,22,23]. Oxidation in the form of C-O or G=O terminating
species has been experimentally observed [8,24] and it is expected
under ambient conditions, since the dissociation of oxygen molecules
has a lower energy barrier compared to hydrogen and water ones, as
shown from ab initio calculations [25].

Furthermore, doping with B has been widely explored for further
enhancing the mechanical properties of diamond films. For instance,
diamond coatings in cemented tungsten carbide-based (WC-Co) cutting
tools often suffer from poor adhesion and shedding due to Co-catalyzed
graphitization at the interface and the mismatch in thermal expansion
coefficients between WC-Co and diamond [26,27]. B atoms have a
larger covalent radius than C atoms and reduce the amount of weak
C-C sp? bonds, while also creating tensile stress in the diamond layer
that mitigates the compressive residual stress from the WC-Co sub-
strate [28-31]. Moreover, B adatoms have been shown to increase
adhesion in metal-metal and diamond-metal interfaces [32,33]. Many
experimental studies report that B doping in diamond-based coatings
has an overall positive effect in many applications by reducing friction
and improving substrate adhesion, wear resistance and biocompati-
bility [29-31,34,35]. However, there are as well evidences that link
B doping to reduced hardness and increased wear rates [35-39]. Direct
evaluation at the atomistic level of the seemingly ambiguous impact
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of B doping in diamond coatings is complicated by the interplay of
the many different parameters, such as substrate and counter-surface
materials, grain size and working environments, all simultaneously
present in the above mentioned experiments.

The diamond-silica interface is a system that is highly relevant for
many technological applications. The process of chemical mechanical
polishing (CMP) is an emerging technique for smoothing diamond
surfaces, introducing minimal damage and defects [40,41]. CMP in-
volves the use of a silica-based colloidal containing silanol groups
(Si(OH)4) which become attached to atoms at the diamond surface
and consequently removes them when shearing mechanical forces are
applied [40,41]. Results of semi-empirical and classical molecular dy-
namics (MD) simulations have suggested that the wear mechanism
is initiated via the formation of strong C-Si and C-O bonds between
diamond and silica, and manifests in various forms, such as atom-by-
atom, carbon chains, sheets and graphitization [22,23,42-45]. Other
systems in which the diamond-silica interface is relevant are AFM and
scanning microscopy tips and MEMS/NEMS devices [46,47]. Further-
more, thanks to the rich variety of chemical interactions occurring
at its interface, this system offers, besides its technological interest,
an interesting platform for experimentally and theoretically assessing
wear and more generally the tribological behavior of diamond-based
systems [42,43,47]. For instance, the reduction of friction and adhesion
between silica and diamond when the latter is passivated with O and
H has been demonstrated by ab initio molecular dynamics (AIMD)
simulations by our group [22,23].

In this work, we explore the impact of different terminations, differ-
ent surface orientation and of B-doping on the tribochemistry occurring
at the diamond-silica sliding interface. Specifically, for the (100),
(110) and Pandey reconstructed (111) orientations, which are the most
commonly exposed facets in diamond films, we explore the behavior
of both clean surfaces, corresponding to dry sliding, and partial H, O,
H,O0 and F terminations, which are likely to arise in various ambient
environments or passivation strategies. We employ AIMD simulations
under tribological conditions [10] with models of ~400 atoms and
simulation times of ~25 ps to obtain a realistic description of the
involved systems and interactions, and to directly compare the results
with previous works performed by our group [22,23]. Our results
aim to improve the current understanding of the main mechanisms
governing the interactions at the diamond-silica interface, as well as
the impact of different passivations and B-doping to the tribological
and mechanical properties of diamond coatings, relevant in numerous
technological applications.

2. Computational details

Calculations were performed by using Quantum Espresso [48,49]
with the ultrasoft Vanderbuilt pseudopotentials for the expression of
the exchange—correlation functional based on the Perdew, Burke and
Ernzerhof (PBE) derivation of the generalized gradient approximation
(GGA) [50-52]. The wavefunction and charge density cutoff energies
were set to 30 and 240 Ry, respectively. To account for the long-
range Van der Waals interactions, we employed the semi-empirical
D2 dispersion correction of Grimme [53,54]. Spin polarization was
enabled to properly describe the potential presence of magnetization
from dangling bonds or bond-breaking events. The Brillouin zone was
sampled at the I" point and simulations were performed for times long
enough to capture the tribochemical effects of interest. The force and
total energy thresholds for relaxations, and the total energy threshold
for the electronic self-consistent cycle were set to 10~ a.u., 10> Ry and
10~% Ry, respectively. All the above approaches and parameters were
chosen after extensive testing in our previous works for representing
diamond-silica sliding interfaces [22,23], and they were employed in
this study to allow for a direct comparison.

Regarding the diamond-silica interface, we considered three differ-
ent diamond surfaces, namely the C(110), dimer-reconstructed C(001)

Diamond & Related Materials 159 (2025) 112726

and Pandey-reconstructed C(111), which are commonly observed ex-
perimentally in facets and have also been previously used in similar
studies by our group [22,23], thus allowing for direct comparisons. The
choice of using reconstructed surface models is in line with previous
evidence of graphitization and rehybridization in diamond coatings
in tribological conditions [55]. More detailed information about the
structure of the diamond slabs can be found in Ta et al. [22]. The lateral
dimensions of the systems were 10.119 A x 17.887 A for the systems
involving the C(110) and the C(001) surfaces and 10.119 A x 8.763 A for
the systems involving the C(111) surfaces. To examine the impact of B
doping to the tribochemical behavior of the system, since B is prefer-
ably located in substitutional sites at the topmost surface layer [56-58],
we have substituted 3, 4 and 2 C atoms with B ones from the topmost
layer of the C(110), C(001) and C(111) surfaces, respectively. This
corresponds to a total B concentration of 1.50 at. %, 1.68 at. % and
1.32 at. % at the bulk for each case.

To further assess the impact of different surface terminating species,
besides the clean surfaces, H, O, H,O and F terminations at 50% cov-
erage were considered for both undoped and B-doped systems. Partial
terminations were considered for examining realistic sliding conditions,
which can involve mixed passivated and unpassivated regions of the
coating. Moreover, our previous calculations have shown that interfaces
involving fully passivated diamond surfaces with H, O and OH do not
involve bonding interactions, leading to large interfacial separations
and in turn to low adhesion and friction [14,22,23,59]. The H,0
termination involves surface passivation with H and OH fragments
assumed from the dissociation of H,O molecules. While previous ab
initio studies have shown that H,O molecules can be undissociatevely
chemisorbed on B-doped diamond surfaces via the formation of dative
B-O bonds [57,58], this is expected to be highly unlikely to occur
in harsh tribological conditions, as it has also been shown that H,O
rapidly dissociates at sliding diamond interfaces, in the same condi-
tions as we examine here [23]. Moreover, there is previous evidence
showing that surface B dopants can reduce the energy barriers for
H,O dissociation on diamond surfaces [58]. Therefore, we assume that
the dissociative adsorption of H,O would be the most representative
scenario. For the B-doped systems, the energetically preferable con-
figurations for the dissociated molecules from [58] were considered
for the sites of the terminating species. The results for the undoped
O- terminated cases were obtained from [22]. The B-doped diamond
surface configurations are shown in Fig. 1.

The amorphous silica models for the countersurface were developed
as described in our previous works [22,23], and contain silanol (Si—
OH) and siloxane (Si-O-Si) terminations, arising from the interaction
of silicon oxide with the environment. The model was created by
thermally annealing an a-quartz crystalline supercell with a classical
force field [60], cutting perpendicular to the lateral dimensions to
extract a thin film and passivating Si-O and Si dangling bonds with H
and OH, respectively. The silanol density (4.8 OH/nm?) and the overall
chemistry of the amorphous silica surface models were determined in
such a way to reproduce experimental descriptions as close as possible
within the scale of quantum calculations [23]. More details regarding
the characterization of the silica slabs can be found in [23].

All systems were initially relaxed under a normal load of 1 GPa,
applied on the topmost Si atoms of the silica slab perpendicularly
to the interface with a direction pointing towards the diamond slab.
This choice allows for a direct comparison with our previous AIMD
results [22,23], which were performed at the same applied normal load
and overall computational parameters. It represents a typical value for
simulating tribological processes in systems involving silica as it is well
below experimentally reported thresholds for plastic deformation [62]
and falls within the range of typical loads used in nanotribological
experiments [63]. The interaction energies, E,g4,, of the systems at this
stage were calculated via:

Eint = Ediam,sil - (Ediam + Esil) (1)
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Fig. 1. Top and side view representations of the structural models for the B-doped diamond systems used in this work. Color scheme: C: dark gray, B: pink, H: white, O: red, F:
green. The XCrySDen [61] package was used for the visualization of atomic configurations.

where Egiap, 51 is the energy of the diamond-silica interface and Egjop,,
Eg; the energies of the relaxed isolated diamond and silica slabs,
respectively. We considered the most stable geometries starting from
four different lateral relative positions of the two slabs.

Subsequently, AIMD calculations were performed on the relaxed
structures to simulate the sliding procedure, by using a modified ver-
sion of the Born Oppenheimer molecular dynamics implementation of
the Quantum Espresso package, described in detail in [10], that permits
to impose a relative, constant velocity, sliding motion between two
independently thermostatted slabs. The Verlet algorithm with timestep
of 20 a.u. (~1 fs) was employed. The temperature was set at 300 K by
means of a rescaling procedure applied to the atomic thermal velocities.
The considered systems were equilibrated for 1 ps and then the silica
slabs were set in a constant velocity sliding motion, relative to the
diamond slab, for 25 ps. The size of the lateral system dimensions
allows for the representation of a large enough interfacial area for
sampling tribochemical interactions under load and shear. The duration
of the simulations under sliding condition were increased with respect
to our previous calculations to ensure reasonable averaging times in
stationary conditions, and more statistical robustness within feasible
computational costs. A sliding constant velocity of 200 m/s along the
x-direction was imposed to the uppermost Si atoms of the silica slab,
while keeping fixed the positions of the bottom-most carbon atoms of
the diamond slab. The choices of the applied load and temperature are

representatives of the typical sliding conditions and allow for direct
comparisons with our previous results [22,23].

For quantitatively monitoring the behavior of the interfaces during
sliding, the interfacial distance and resistive force for each system were
estimated at each timestep. The interfacial distances were calculated
by subtracting the average z-coordinates of the C and Si atom inner-
most layers for each interface, while the resistive friction forces were
calculated by summing the x-components of the force exerted on the
Si atoms which move at constant velocity and to which the external
load was applied [10,22,23]. The averaging and error estimation of the
above quantities were performed by the block average technique used
in [64].

3. Results and discussion
3.1. Static DFT calculations

We first performed ‘static’ DFT calculations to obtain an early
picture of the behavior of the relaxation of the considered interfaces
under pressure. The calculated interaction energies as a function of the
interfacial distance for the relaxed systems under a load of 1 GPa are
presented in Fig. 2, with the respective relaxed structures included in
Supporting Information, Figure S1. The positive sign of the interaction
energy observed in all cases (see Fig. 2) indicates a repulsive interaction
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Fig. 2. Interaction energies, E;, as calculated via Eq. (1), plotted versus the equilibrium interfacial distance, for the C(110) (left), C(001) (middle) and C(111) (right) surfaces.

Black, green, red, blue and yellow notation corresponds to the systems involving clean and 50% H-, O-, split H,O- and F-terminated diamond surfaces, respectively, while circles

denote systems involving undoped diamond surfaces and triangles B-doped ones.

between the diamond and the silica slabs, occurring as the latter is
being pushed onto the former. Points higher in each subplot indicate
interfaces exhibiting stronger repulsive forces. Similarly, points towards
the right side of each subplot correspond to systems with larger in-
terfacial separations. Typically, the interfacial distance becomes larger
when adhesive friction becomes lower, so achieving higher repulsion
and interfacial separations are beneficial for reducing friction and wear.

Regarding B doping, in most cases, lower values of the interfacial
distance and of the interaction energy are found for the B-doped sys-
tems compared to their undoped counterparts, as silica can be pushed
closer to the diamond surface and at a lower energy cost. This could
indicate higher adhesive friction during sliding.

With regard to the impact of the different terminations, 50% H,O-
and F-terminations appear to lead to the largest interfacial separations
for either the undoped or the B-doped diamond surfaces. Besides being
caused by steric effects, larger interfacial separations often signify
stronger repulsive interactions, which typically lead to lower fric-
tion and adhesion between sliding surfaces. This is evident for the
F-passivated cases, in which larger interfacial separations were ob-
served compared to the H-terminated ones, even with C-F and C-H
bonds exhibiting similar lengths. This observation is also in line with
the high efficiency of fluorinated lubricants. On the other hand, regard-
less of doping, the smallest values of interfacial distance and repulsion
energy are observed for the clean and the 50% H-terminated diamond
surfaces. In such systems, the presence of friction is expected to be more
prevalent in tribological conditions.

As for surface orientation, finally, in all cases, the largest interfacial
separations and stronger repulsive interactions were found for the
C(111) surface, in agreement with its well-known inert character, thus
showing its promising character for reducing wear and friction.

Overall, the exploration under load of the minimum energy config-
urations with static DFT calculations lead to only non-bonded physical
interactions present at the diamond-silica interface (Supporting In-
formation, Figure S1). This happened in all cases with the unique
exception of the B-doped 50% O-terminated C(001) interface, in which
a Si-O-C bond was formed at the interface. While some evidence as-
sociating increased adhesion with B-doping, clean and H-terminations
and increased separation (and lower adhesion) with H,O and F ter-
minations and the Pandey C(111) orientation, still not so clear trends
were obtained regarding the impact of termination, doping and surface
orientation onto the properties of the diamond surfaces.

3.2. Ab initio molecular dynamics calculations

We expect based on previous atomistic-level knowledge that the
main mechanisms of friction and wear in the silica—diamond interface
during sliding conditions are mainly governed by tribologically-induced
bond breaking and reforming events at the sliding interface [22,23,42—

45]. Thus, starting from the relaxed structures (Figure S1) obtained in
the previous step, we employed AIMD calculations under applied load
and shear to capture the “richer” dynamic behavior of the considered
diamond surfaces.

Moreover, our approach, as described in Computational Details
Section, allows for the direct evaluation of the impact onto friction and
wear of the different parameters that we considered in this study. In
particular, we can record the full timeseries of the resistive forces per
area and of the interfacial distance. Their behaviors for all the consid-
ered passivations of the C(110) surface are shown in Fig. 3(a). Their
dynamical evolution can be correlated to the tribochemical events that
occur during sliding, in particular when a deviation from a stationary
behavior occurs for the resistive forces and interfacial distances over
time. For instance, the B-doped C(110)-silica interface with 50% O
termination exhibited strong bonded interactions immediately from the
early stages of the sliding AIMD calculations. These events lead to a
drop in the interfacial distance and a corresponding increase in the
resistive force already slightly before 5 ps, with the following period
characterized by larger fluctuations than in the undoped case. The time
series for all the considered systems and conditions are compared in
the Figures S2 and S3 in the Supporting Information. The averaged
resistive force per area versus the averaged interfacial distance for each
surface orientation are presented in Fig. 3(b) and the same quantities,
distinct for per termination type, averaged over all three orientations
are summarized in Fig. 4.

The impact of B-doping is evident here, as in most cases, B-doped
interfaces are associated to higher friction and smaller interfacial sepa-
rations compared to their undoped counterparts, while also being more
prone to wear, as it will be shown in more detail in the following
sections.

As expected, in agreement with previous evidences of high friction
in diamond coatings under dry conditions [4-7], the highest values of
the averaged resistive force are observed for the clean surfaces. On the
other hand, partial F termination lead consistently to the lowest values
of friction and to the largest values of the interfacial distance, followed
in most cases by the partial H,O termination. Partial O termination,
while relatively beneficial for the undoped systems, was found to
lead to high friction and wear in the B-doped ones. Finally, partial H
terminations in most cases yielded inferior results compared to the rest
of the considered types, and specifically compared to the partial F and
H,O terminations.

Regarding the impact of surface orientation, while C(110) is asso-
ciated to higher friction in most undoped systems, similar values of
friction and interfacial distances between the C(110) and C(001) were
obtained for the B-doped ones. Higher friction observed in the C(110)
surfaces can be associated to the higher surface energy of this surface
orientation (5.93 J/m? for the C(110), 5.91 J/m? for the reconstructed
C(001) and 4.06 J/m?2 for the reconstructed C(111) surfaces [65]).
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Fig. 3. (a): The evolution of the interfacial distance (top) and resistive forces per area (bottom) as a function of time for each of the considered surface passivations and the
C(110) orientation. Dark (light) colors corresponds to the undoped (B-doped) systems. (b): Average resistive forces per area as a function of the average interfacial distance, for
the C(110) (left), C(001) (middle) and C(111) (right) surfaces. Averaged quantities were calculated over 25 ps of sliding via the block averaging technique [64].

Interfacial adhesion has been shown to be proportional to the geomet-
ric average of the surface energies of the constituents [32], and the
interfacial shear strength to be directly related, through a power law,
to the interfacial adhesion [66]. The C(111) surfaces were found again
to lead to the lowest friction values in all cases.

It is interesting to make a comprehensive list of the chemical events
that occurred in each chemical environment and individually describe
those that contribute most significantly to the aforementioned behav-
iors. Such discussion involves the results for the C(110) and C(001)
surfaces alone, since no persistent breaking or forming of bonds were
observed in all other cases where the C(111) surface was involved.

3.2.1. Clean surfaces

In the case of the clean, unpassivated diamond surfaces, chemical
bonding interactions were consistently more pronounced compared to
the systems with any type of passivating species, thus leading to the
highest friction and smallest interfacial distance values. Specifically, in
the C(110) surfaces, in both the undoped and the B-doped surfaces, the
chemical interactions were triggered by the detachment of a H atom
from a OH termination in silica and its migration on top of a C atom.
The remaining silica terminations subsequently formed Si-O-C bonds
with unpassivated C atoms on the diamond surface. These chemical
events took place at very early times, already during the initial thermal-
ization phase. Then, right after turning on the sliding velocity, further
terminating OH groups from silica were fully dissociated on diamond,
leading to multiple Si-C, Si-O-C and Si-O-B interactions (Fig. 5a, f).
These resulted in turn in the pulling and, in some cases, in the detach-
ment from the surface of C and B atoms, i.e., an initial wear stage of
the diamond surface. This effect was more pronounced in the B-doped

systems, as both B and C atoms were detached. However, while the B
atom was subsequently adsorbed on the silica slab, displaced surface C
atoms re-attached onto diamond surface sites in all cases (Fig. 5(a, f)).
This observation is in agreement with another recent DFT study by our
group, that has demonstrated that B doping favors the detachment of
isolated B surface atoms, while C detachment from the undoped clean
diamond surface occurs favorably via chain formation [67].

Similar interactions were also observed in the C(001) surfaces,
however they start occurring after ~ 2 ps of sliding in the B-doped,
but only ~ 10 ps of sliding in the undoped system (Fig. 5(k, p)).
Moreover, no pronounced displacement or detachment of surface atoms
was observed, verifying previous evidence that the C(110) surface is
more prone to wear [68]. The higher surface energy of the C(110)
surface [65] could also be correlated to the more pronounced tribo-
chemical interactions observed in this case, which subsequently lead
to wear.

3.2.2. 50% H termination

The mechanism of OH dissociation was also prevalent in the case
of partially H-terminated diamond surfaces, leading again to Si-O-C/B
and Si-C/B bridges between silica and unpassivated diamond surface
sites, leading to the detachment of a surface B atom after ~ 8 ps and its
subsequent adsorption on the silica slab in the B-doped C(110) system
(Fig. 5(g)). In the C(001) system, lower friction was observed in the
undoped case, as full OH groups were formed on diamond unpassivated
sites, creating an effective passivation that prevented strong bond
formation with silica (Fig. 5(1)).

Also, in all cases, the oxidation of diamond surfaces was observed
with the formation of G=O and C-O-C surface groups during sliding (Fig.
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circles (triangles) denote systems involving undoped (B-doped) diamond surfaces.

5(b, g, 1, @)). This effect was already reported in previous computational
studies [23,45]. Oxidating agents have been traditionally used as an
intermediate step for facilitating diamond polishing by weakening the
surface and promoting the formation of cracks [69]. Here, it is more
clearly observed that these O groups onto the diamond surface can act
as anchoring points to the sliding silica surface and promote strong
interactions at the interface.

3.2.3. 50% O termination

In the partially O-terminated systems, the impact of B doping was
also particularly pronounced. In the undoped systems, as shown in Fig.
5(c, m), the dissociation of OH silica terminations which was identified
as a driving mechanism for the interactions in the previous cases, was
also observed either sparsely towards the final steps of sliding in the
C(110) system, or leading to further passivation of the diamond surface
and to the formation of a relatively limited number of Si-O-C and Si-C
transient bonds, mostly at unpassivated sites in the C(001) system.

On the other hand, in the B-doped systems, OH dissociation events
were present already during the initial thermalization phase and in-
creased under sliding, leading to a large number of Si-C/B and Si-O-C/B
strong interactions and resulting again in the displacement and detach-
ment of uppermost C and B atoms from the C(110) surface (Fig. 5(h,
1)).

3.2.4. 50% H,0 termination

Overall, the partial passivation with H and OH species was found to
be among the most effective in reducing the strength of interfacial inter-
actions. Specifically, in both the B-doped C(110) and C(001) surfaces,
water fragments from the diamond terminations were recombined,
forming H,0 molecules attached on diamond surface sites (Fig. 5 (i, s)).
The beneficial role of B doping to the chemisorption of water molecules
on diamond due to the promotion of the formation of dative B-O bonds
in B-doped diamond surfaces has indeed been also reported by previous
computational studies [57,58]. In both C(110) and C(001) surfaces,
these chemisorbed water molecules induced a steric effect and limited
bond formation with silica.

However, surface orientation played an important role in this sys-
tem. In particular, on the B-doped C(110) surface, due to the flat
geometry of the system, surface water groups were formed by the re-
orientation of neighboring OH terminating species on the diamond
surface, as shown in Fig. 5(i). On the contrary, on the B-doped C(001)
surface, governed by the rougher C=C dimer chain trenches, the surface
water groups were formed by the adsorption of H from silica OH ter-
mination on diamond, leaving active Si-O species at the silica surface.
This effect promoted stronger interfacial interactions and therefore
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mitigated the effect of the passivating water molecules in this case (Fig.
5(s)). Overall, it has been shown that B atoms enhance the adhesion
of several different metallic interfaces [32] and also metal-diamond
interface [33] suggesting that B atoms possess a universal character
of adhesion enhancer. This is consistent with the increase of adhesion
and friction observed in the present work for all the passivating species
and not just for the OH-terminated ones as expected from the results
of previous ab initio calculations [57,58,71].

3.2.5. 50% F termination

Partial F termination was found to consistently lower diamond-
silica interactions more than the other terminating species considered
in this study. However, a number of chemical events was still observed.

In the undoped surfaces, the dissociation of OH silica terminations
on unpassivated diamond surface sites was observed, while F atoms
from diamond were subsequently adsorbed on silica, replacing the
missing OH terminations. However these events occurred only after
10-15 ps of sliding, with mostly non bonded physical interactions
taking place for most of the considered sliding duration (Fig. 5(e, 0)).
The bond dissociation energies at 298 K for C-F and Si-F are 536 and
540 kj/mol, respectively [72], so F atoms are slightly more likely to
form stable bonds with Si than with C. This can explain the tendency
of F to be adsorbed on silica and to passivate the exposed Si atoms.
The corresponding energies for C-H and Si-H are, respectively, 337
and 299 kj/mol [72]. This is also in agreement with previous studies
reporting improved stability of the F terminations over the H ones
and the strong repulsive interactions and low adhesion and friction
associated with fluorination [18-21], but also shows that at the silica—
diamond interface, F is more prone to bond to unpassivated Si than
H.

On the other hand, the aforementioned reactions took place at
the early stages of sliding in the B-doped systems and originated at
the B unpassivated surface sites. In the C(001) surface, the initially
unpassivated diamond sites were terminated with OH, H and C-O-C
groups that in addition to the passivation of silica dangling bonds with
F, reduced further bonding interactions at the interface (Fig. 5(t)).

Similar events occurred also in the C(110) system, with the excep-
tion that the initial OH dissociation resulted to a Si-O-B bridge that
lead to the detachment of the B atom from diamond and its adsorption
on silica. The adsorbed B atom was subsequently passivated with F
atoms, also transferred to silica from diamond (Fig. 5(j)). It should be
noted that in both B-doped surfaces, the main chemical events occurred
within the first ~ 8 ps of sliding, with non-bonding interactions mostly
taking place thereafter for the rest of the simulation time.

4. Conclusions

In this work, we performed large scale AIMD calculations for ex-
ploring the effects of different diamond passivations and B doping
on the nanotribochemical interactions at the diamond-silica sliding
interface under load, which are of high relevance in a plethora of tech-
nological applications. The C(110), the dimer-reconstructed C(001) and
the Pandey-reconstructed C(111) surface orientations were considered,
either clean or partially terminated with H, O, split H,O (H+OH) and
F species at 50% coverage.

The Pandey-reconstructed C(111) surfaces exhibited the most effec-
tive interfacial separation, as in these systems, only weak, non-bonding,
physical interactions were observed throughout the entire simulation
under sliding. On the contrary, the C(110) surfaces were found to be
more prone to wear, with detachment of surface atoms from diamond
observed in most cases. This can be correlated to the higher surface
energy associated to this surface orientation [65].

The stronger interactions in most interfaces were found to originate
from the initial dissociation of OH termination species from silica,
leading to the creation of Si-O-C/B and Si-C/B bridges.
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Fig. 5. Snapshots of the AIMD sliding calculations for the considered interfaces at selected timesteps. Color scheme: C: dark gray, B: pink, Si: yellow, H: white, O: red, F: green.
The OVITO [70] package was used for the visualization of the dynamical atomic trajectories.

B doped diamond surfaces were associated to higher values of
friction and smaller interfacial separations, as OH dissociation from
silica on diamond surface sites was found to be promoted and to occur
earlier on, compared to the respective undoped systems. Moreover,
surface B atoms were found to be more prone to be detached from the
surface compared to C.

F partial terminations lead consistently to the lowest friction forces
and to the largest interfacial separations, followed by partial termi-
nation with water fragments. In the former case, the exchange of
terminating species (F and OH) between diamond and silica was ob-
served, leading to their re-passivation, while the effectiveness of the
latter was found to be dependent on the surface orientation and B
doping. On the other hand, clean surfaces were associated with the
most pronounced amount of interactions at the interface due to the
presence of dangling bonds. O partial terminations were found to be
effective in passivating the interface mainly for the undoped surfaces,
while in most cases H partial terminations showed inferior results
in this context compared to the other considered passivating species.
It should be noted that here we have considered a 50% passivation
coverage in all cases, since previous calculations have shown that fully
passivated surfaces are mostly governed by non-bonding interactions,
yielding low adhesion and friction [14,22,23,59].
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