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Abstract

Adhesion is a common phenomenon in nanomachining which affects processing accuracy and repeatability. As material
removal approaches the atomic or close-to-atomic scale, quantum mechanics becomes the dominant principle behind the
atomic-level interaction. However, atomic-scale effects cannot be properly described by empirical potential function-based
molecular dynamics simulations. This study uses a first-principles method to reveal the atomic-scale adhesion between a
diamond tip and a copper slab during initial-stage nanoindentation. Using a simplified tip and slab model, adhesion energy,
electronic distribution, and density of states are analyzed based on quantum chemistry calculation. Results show that atomic
adhesion is primarily due to the covalent bonding interaction between C and Cu atoms, which can induce structural changes
to the diamond tip and copper slab. The effects of tip position and angles on adhesion are further studied through a series
of simulations. The results show that adhesion between the tip and slab is sensitive to the lattice structure and a variant in
angstroms is enough to cause different adhesion and structural changes. The actual determinants of adhesion can only be the
atomic and electronic structures at the tip—slab interface. Bond rotation and breakage are observed during simulation and
their effects on adhesion are further discussed. To conclude, the first-principles method is important for the analysis of an

atomic-scale interaction system, even if only as an aid to describing adhesion at atomic and electronic scales.
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1 Introduction

Atomic and close-to-atomic scale manufacturing (ACSM)
or Manufacturing III aims to manufacture atomic or close-
to-atomic scale patterns with atomic-level accuracy through
removal, addition, or migration [1]. Research on ACSM
involves the fundamental study, development of process
and equipment, and experimental validation to promote
the development of next-generation electronic, energy, and
medical devices [2].

Compared with other potential lithographic techniques
[3], mechanical machining methods can directly pattern
material surfaces. Atomic force microscopy (AFM)-based
scratching has achieved patterns with feature sizes at
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micro- and nanoscales [4, 5]. However, when the patterning
reduces to the atomic or close-to-atomic scale, the experi-
ment could be difficult to implement [6]. Thus, the experi-
ments typically require an operation under critical conditions
such as ultrahigh vacuum and cryogenic temperature and the
use of high-resolution scanning probe microscopy (SPM) to
remove or manipulate surface atoms and atomic clusters [4,
7, 8]. However, the challenge lies not only in achieving tool
control, sample preparation, and elimination of environmen-
tal effects at this scale but also in the fundamental under-
standing of the atomic-scale tool-work interaction, which
is based on quantum theory rather than classical theory [1,
9]. During atomic manipulation or removal, tool sharpness
and tool-sample distance or patterns are on a scale of tens of
atoms. In this case, quantum mechanical effects are becom-
ing more pronounced, and atomic-scale adhesion, material
transfer, bond forming, and breaking cannot be accurately
described using classical molecular dynamics simulations
that are based on empirical potential functions.

A density functional theory (DFT)-based first-principles
method should be used to allow a reliable description of
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the tool-work interaction. Based on quantum mechanics,
this method applies an iterative process to determine the
ground state of a system through the optimization of atomic
coordinates and distribution of electrons; analysis of pro-
cesses and results can provide an accurate description of
the atomic and electronic behaviors under chemical bond-
ing interactions. Sugimoto et al. [10] revealed the mecha-
nism of lateral manipulation of adatoms on a Si (111)-7x7
surface through a first-principles study; results showed that
the tip—sample interaction could weaken the covalent bond-
ing and reduce atomic diffusion barriers between adjacent
sites. Jarvis et al. [11] conducted the first-principles simula-
tion and demonstrated the possibility of using distinct tip
apices to achieve the atomic manipulation. Tavazza et al.
[12] applied the DFT method to simulate nanoindentation
on a Ni surface and revealed a complex material transfer
during the process. Tavazza et al. [13] also used the DFT
calculation to validate the interaction potential in molecular
dynamics simulation of nanoindentation. Sanna et al. [14]
modeled the AFM imaging on LiNbO; surface within the
DFT; the result indicated that the calculation was consistent
with experiment, and the contrast mechanism was attributed
to the charge accumulation at O atoms. Based on these theo-
retical studies, the chemical interaction plays a major role in
atomic-scale manipulation or removal and quantum mechan-
ics-based simulations are important for the evaluation of the
atomic-scale interactions. These simulation studies not only
provide a comprehensive understanding of the manufactur-
ing mechanism but also help to explore the atomic-scale
frictional behaviors at the interface, all of which are impor-
tant in addressing the challenges in building next-generation
atomic devices [15].

Numerous researchers have investigated the machining of
copper using diamond tools using experimental and theoreti-
cal methods [16-20]. However, the nature of adhesion and
atomic effects have rarely been investigated. In this work,
a series of first-principles calculations will be performed
to study the initial stage of nanoindentation. This simula-
tion study aims to reveal the tool-work adhesion, which is
a common phenomenon that weakens process accuracy and
induces tool wear [21-25]. The main discussion focuses on
the nature of interaction and the effects of the interface lat-
tice on adhesion. The atomic-scale behavior as bonding and
interface reconfiguration will also be analyzed to discuss its
possible influence on the nanoindentation results. Through
this paper, the authors would like to describe the tool-work
interaction down to the electronic scale and provide a com-
prehensive understanding of the atomic-scale machining
mechanism.

2 First-Principles Calculations

In this work, first-principles calculations were carried out
on the basis of the DFT using the Quantum ESPRESSO
[26, 27]. The exchange-correlation function was calculated
using the Perdew—Burke-Ernzerhof (PBE) functional [28].
Pseudopotentials for Cu, C, and H atoms were PBE poten-
tials obtained from the Standard Solid State Pseudopotential
library [29], which have been used to reveal basic interfacial
bonding features [12, 30-32], as they provide a good balance
between accuracy and efficiency. Dispersion interactions are
not considered in this work, as they primarily contribute to
a long-range background, which could be featureless at the
atomic scale [33, 34]; instead, this study focused on adhe-
sion due to strong chemical bonding, which is the leading
cause of chemical wear and atomic transfer in tool-work
contact [24, 35]. Based on convergence tests shown in Fig.
S1, kinetic energy cutoffs of 50 and 500 Ry were used for
the calculation of wavefunction and charge density, respec-
tively. Gaussian smearing with a 0.01 Ry spreading value is
applied for Brillouin-zone integration. The postprocessing
tools of Quantum ESPRESSO and VESTA [36] were used
to generate data and figures in this paper.

This work involves a series of first-principles calculations
to reveal the atomic and electronic behavior during nanoin-
dentation. We selected a semistatic relaxation approach that
has been used in previous research to deal with similar pro-
cesses and simulate the tip approaching and separating from
a surface [12, 37]. In each step, a “relax” calculation will
be conducted for the tip—slab ensemble by fixing the bot-
tom Cu atom layer, top C atom layer, and all H atoms. The
system will be converged if the total energy change between
two consecutive optimizing steps and atomic forces were
less than 0.0001 Ry and 0.025 Ry/Bohr, respectively. This
process will obtain ground-state energy and relaxed lattice
structures. After each relaxation step, the top atom layers in
the tip will serve as grips and will be lowered or lifted by
0.2 or 0.3 A for the next relaxation calculation. In revealing
the electronic characteristics of the ensemble, an “scf”’ cal-
culation was performed on the basis of the coordinates from
relaxation to calculate the charge density distribution, and
an “nscf” calculation was used with a denser k-point grid for
the density of states (DOS).

The determination of the contact area during nanoinden-
tation is a difficult task [38, 39]. The interaction between a
diamond tool and a metal sample in the experiment could be
complex, and the simulation of the whole system using the
first-principles method remains impractical. Based on previ-
ous studies [40—44], the initial-stage adhesion was primarily
attributed to the interaction between dangling bonds on the
tool and surface atoms on the substrate. Therefore, this work
adopted a simple and well-defined single-atomic contact
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Fig. 1 Schematics of the diamond tip and Cu (111) slab: a model I
and b model IT

model (model I) to simulate indentation using an AFM tip
(Fig. 1a). The tip model was idealized as a pyramid; that
is, only one atom with one dangling bond protruded from
the tip; thus, its angular and positional relationship with the
surface lattice can be studied. The top carbon atoms at the
tip were fixed and saturated with hydrogen atoms. Model II
(Fig. 1b) was used for comparison to show the effect of C
layers on adhesion. The top three layers of carbon atoms and
all hydrogen atoms were fixed. A copper slab with a (111)
crystallographic direction on the top surface was used to
model the substrate. The periodic boundary conditions were
applied to the x, y, and z directions. Along the z direction,
a vacuum gap of 15 A separated slabs to avoid interactions
among periodic cells. In addition, a simple four-layer slab
model was used for the substrate to describe initial-stage
nanoindentation, and the dimensions of models I and II were
7.68186 A x8.87024 Ax6.27221 A and 10.242479 A x
8.87024 Ax6.27221 A, respectively, corresponding to
k-point grids of 5x4x 1 and 4 x4 X 1 for sampling in the
Brillouin region [45], which have been proven to reach
energy convergence (Fig. S2). The Cu atoms in the bottom
layer were fixed to prevent the overall z-direction movement.
Before the assembly of the diamond tip and copper slab, the
tip and slab were relaxed separately to isolate the effects of
self-relaxation on the tip—slab interaction.

3 Nature of Adhesion

We conducted a series of first-principles calculations to reveal
the details of the lattice structure, charge distribution, and
DOS, and describe the nature of the interaction between the
diamond tip and copper slab. For model I, the tip was placed
on the top site at a distance of 3 A from the surface.

First, relaxation was conducted for the ensemble to obtain
the optimized atomic coordinates with the lowest total energy.
Then, a self-consistent calculation was used to examine
the electronic distribution. Here we used a charge density
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difference (CDD) to demonstrate the electronic redistribution
under the interaction, further reflecting the formation mecha-
nism of the bond. The CDD of the tip—slab ensemble was cal-
culated as follows:

Ap = ptip+slab - (ptip + pslab) (1)

where py, and py,;, are the charge densities of the isolated
tip and slab, respectively; py;,qqp 15 the charge density of
the tip-slab system. The CDDs were visualized as isosur-
faces which divided the space into yellow and blue regions
(Fig. 2a). The yellow region represents the electron gain
and the blue region represents the electron loss. The appar-
ent electron loss appears around atom 2. The electron gain
between the tip apex and slab surface reaches its maximum,
indicating covalent characteristics; that is, the electron gain
region is shared by two atoms. In addition, the electron gain
(yellow) region is not evenly shared by the two atoms, but
is closer to atom 1 than to atom 2. Therefore, the electron
affinity of tip atom 1 is better than that of atom 2.

For a more comprehensive understanding of the electronic
characteristics, the projected density of states (PDOS) for
atoms at the interface was calculated, and the result is shown
in Fig. 2b, which shows the electronic distribution in every
orbit. By contrast, an apparent hybridization of 2p orbital on
atom 1 and 3d orbital on atom 2 was observed near the Fermi
level, indicating the formation of a covalent bond between
atoms 1 and 2.

The C—Cu interface attraction was derived from covalent
bonding; thus, the presence of unpaired p electrons on the dia-
mond and unpaired d electrons on copper was essential for the
formation of a strong attraction at the C—Cu interface. This
conclusion is consistent with previous studies [31, 46]. When
the tip approached the surface at a distance, the unpaired elec-
tron on the apex would attract d orbital electrons on the copper
surface to form a pair. This finding indicates the strong adhe-
sion at the C—Cu interface from the electronic scale. However,
the C—Cu covalent bonding tended to be weak because atom
2 can only provide less than one valence electron to form a
covalent bond because each Cu atom has only one valence
electron, which is involved in forming a covalent bond while
maintaining metallic bonds with its neighboring Cu atoms.

4 Nanoindentation on the Copper Surface
4.1 Adhesion Energy

In this work, the adhesion strength was evaluated on the
basis of the adhesion energy E,;, which represents the
energy required to separate the tip from the slab neglect-
ing plastic lattice changes and atomic diffusion. The
equation is given as follows:
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Fig.2 CDD and PDOSs for model I with a distance of 3 A on the top site; a CDD, plotted with isosurface level of 0.01; b DOS for atom 1 pro-
jected on 2p orbitals and atom 2 projected on 3d orbitals. E; is the Fermi energy

Ead = (Etip + Eslab) - Elip+slab (2)

where Ej;, and Eg,, are the total energies of the isolated
tip and slab, respectively. Ey; ., is the total energy of the
tip—slab ensemble.

4.2 Positional Relationship Between the Tip
and Slab

Vertically, the tip—slab distance is defined as the distance
from the spherical center of the apex atom to the central
plane of surface atoms (Fig. 1), without considering the
structural changes under the tip-slab interaction. Therefore,
the apex atom will be coplanar with the surface atoms at a
distance of 0 A in the absence of tip—slab interactions. This
study only focuses on the interaction when the tip and slab

(a) (b) 0.20

hcp 0° hep 180°

Fig.3 a Schematic top view of the fcc copper unit in the (111) sur-
face. Triangles with different colors represent the positions of the tip
on the surface. b Influence of tip—slab distances on adhesion energies

Adhesion energy (Ry)

are almost or just in a contact state, with a distance between
1.1and 4.1 A, to emphasize the effects caused by adhesion.

Horizontally, various sites are identified on the (111)
surfaces of bulk FCC copper. Along the z direction, atomic
layers are stacked in the order of “ABCABC”. Thus, three
high-symmetry sites are found (Fig. 3a). The top site is right
atop a surface atom. The fcc and hcep sites are equidistant
from the three nearest Cu atoms on the surface, but the fcc
site is right above a Cu atom in the third layer and the hcp
site is right above a Cu atom in the second layer.

Model I, which was used in this work, aims to describe
the single-atomic contact at the interface, but the angular
relationship between the tip and surface lattice must be con-
sidered in the simulation. Based on the atomic coordinates
at the tip—slab interface, the effect of tip angle on adhesion
could be particularly apparent when the tip is placed at the
fcc and hep sites on the surface. Considering the tip as an

— fcc site 0°
— hcp site 0°
— fce site 180°
0.15 — hcp site 180°
top site
0.10
0.051
0.00 T T T : . :
10 15 20 25 30 35 40 45

Distance (A)

for model I on fcc and hep sites with angles of 0° and 180°, and on
the top site during indentation on the Cu (111) surface
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inverted triangular pyramid with an equilateral triangular
base, each site has two angular relationships correspond-
ing to angles of 0° and 180° to the fcc and hcp sites. The
positional relationship between the tip and slab is shown in
Fig. 3a.

4.3 Adhesion for the Tip on High-Symmetry Sites

A series of simulations were performed corresponding to
the positional relationships is shown in Fig. 3a. The tip was
placed accordingly to perform semistatic indentation. The
top-layer C atoms and all H atoms served as grips, which
could be lowered at each step. The adhesion energies at dif-
ferent distances are illustrated in Fig. 3b.

Figure 3b shows that the adhesion energies on all sites
increase to a maximum at certain distances and then
decrease as the tip approaches the surface from 4.1 to 1.1 A.
Among these sites, the maximum adhesion energies seem
to appear at a distance of 1.7 A when the angles are at 0° to
the target lattice sites. Through comparison, we can see that
the hep and fcc sites did not significantly affect their attrac-
tion to the approaching tip, whereas their relative angular
relationship to the tip could cause different adhesion ener-
gies. When the distance was between 1.1 and 2.8 A, the tip
adhesion at 0° was stronger than that at 180°. This result
is due to the difference in lattice structures at the tip—slab
interface, which indicates that the tip positioned at 0° to the

(@) w& G

target lattice has a more stable equilibrium configuration
and exhibits higher adhesion energy. These results present
the interaction between the diamond tip and the Cu (111)
surface. Therefore, the tip’s relative angles to the lattice
will affect adhesion, which causes a difference in the lattice
structure.

For the tip on the top site, the adhesion effect was evi-
dent as the tip approached the surface at a distance of 3 A.
This finding was demonstrated by the fact that a Cu atom
was raised above the surface and accompanied by a rapid
increase in tip—slab adhesion energy. This effect led to the
strongest adhesion among all high-symmetry sites at this
distance because of the formation of a covalent bond when
a Cu atom (atom 2 in Fig. 2a) jumped to contact with the
apex atom under the interaction. Among the high-symmetry
sites on Cu (111) surface, the atomic jump only occurred
on the top site. Our simulation also showed that a different
threshold of force or energy would lead to some variation
in the distance at which the atomic jump occurs, but atomic
jumps could only occur during indentation on the top site
and visibly affect the adhesion.

Through the analysis on CDDs and C—Cu bond lengths
for the tip—slab ensemble at different distances (Fig. 4), we
can describe the tip indentation on the top site of the Cu
(111) surface. When the distance was larger than the atomic
jump distance (3 A), the tip—sample interaction was weak;
thus, no significant atomic displacement occurred. As the

(c) (d)

ON

r=1.953A

000000
r=1.960 A

() i 7]

000000
r=1.931A

000000
r=1.957 A

(9)

coooo

000000
r=1.891A

000000
r=1.963A

1}

r=1.829 A

Fig. 4 CDPS (isosurface level =0.01) and C—Cu bond lengths (r) at the distances of a 3.5 A, b3 A, c2.8 A, d2.6 A, e24 A, £2.2 A, gl9 A,

andh 1.4 A
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Adhesion energy (Ry)
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(b)

25 3.0 35 4.0

Distance (A)

2.0

Fig.5 a Adhesion energies during tip approaching and separating for model I on the asy site. CDDs for the ensemble with the tips on the asy
sites at the distance of b 2 A during indentation, and ¢ 4 A after separating (isosurface value at 0.01)

distance decreased to a distance with maximum adhesion
(2.2 /f\), the atom would be pulled up and then placed back
on the surface. As the distance further decreased to a cer-
tain distance (1.4 A), the atom would be pressed against the
surface, but the covalent bond remained between the tip and
slab. In addition, when the tip—slab distance was reduced
to 2.6 A, the covalent bonding interaction was weakened
despite the increased adhesion energy. This result was dem-
onstrated by an elongation of the covalent bond at a distance
and a reduction of volume for the electron gain (Fig. 4). At
this distance, the bonding Cu atom was close to its original
lattice position, and the attraction between the bonding Cu
atom and second-layer Cu atom was strong that the C—Cu
bond was elongated. This phenomenon demonstrates the
complexity at the tip—slab interface, which indicates that
the “jump” and “return” of the surface atom could affect the
adhesion. The real determinants of adhesion can only be
the lattice structure and electronic structure at the tip—slab
interface. The above-mentioned discussions are based on the
calculations using a simplified tip model, which is relatively
thin, thereby not allowing for greater lattice deformation.
However, this phenomenon could still occur because of a
large difference in bonding strengths between diamond and
copper.

The following conclusions are drawn for the nanoindenta-
tion between an atomic sharp tip and a copper slab. When a
diamond tip approaches the Cu (111) surface, the structural
change could occur on the top site even before the actual
contact because of the formation of covalent bonds, which
would cause a rapid increase in adhesion strength. In addi-
tion, the tip—slab adhesion did not depend entirely on the
C—Cu covalent bond strength but also on the lattice struc-
ture at the interface. These findings, normally neglected in
previous studies, could affect machining. For example, the

atomic jump and return might influence the creation of sur-
face defects and the onset of dislocation nucleation.

4.4 Adhesion for the Tip on Non-High-Symmetry
Sites

The above-mentioned relaxation occurred at high-sym-
metry sites, and almost no lateral force was exerted on the
tip during an initial-stage indentation. If the diamond tip
was placed above other positions on the surface, then the
tip—sample interaction could cause more complex atomic
behavior, including bond rotation and breakage. Similarly,
a group of simulations was conducted for tip indentation
and separation on an asymmetrical site (asy site in Fig. 3)
to calculate adhesion energies at different distances, and the
results are shown in Fig. 5a.

As the indentation proceeded, the adhesion energy
increased gradually until the distance of 2 A, where
C-C bonds broke. The relaxation process suggests that
the bond breakage was due to the uneven attraction of
surface copper atoms to the apex atom at this distance.
The asymmetrical force exerted on the apex drove the tip
atom toward a lateral direction rather than into the cop-
per slab. As the tip moved toward the slab, the interfa-
cial atomic structure was not at a minimum energy status
and tended to form a more stable structure. Eventually,
C-C bonds broke, and more C—Cu covalent bonds were
formed at the tip—sample interface. This process led to
an increase in adhesion energy and a complex interface
structure (Fig. 5b).

Figure 5c also indicates that the strong adhesion at the
interface could lead to material transfer from the sub-
strate surface to the tip and leave atomic defects on the
copper surface. Upon retraction following indentation,
the surface atoms would be attached to the tip, thereby
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Fig.6 a Adhesion energies during tip approaching for the model II on asy site. b CDD for model II at a distance of 2.6 A (isosurface value at

0.01)

contaminating the diamond tip. From an electronic point
of view, a contaminated tip resulted in weaker adhe-
sion than a perfect tip because covalent bonding, which
induced adhesion between the tip and slab, was compro-
mised when attached copper atoms occupied dangling
bonds on the tip.

For comparison, model II was used for indentation sim-
ulation, and the results are shown in Fig. 6. Given the sur-
face reconfiguration on the tip, more atoms and dangling
bonds exist near the apex, which allows the formation of
more C—Cu bonds at the interface during contact. In addi-
tion, the presence of more C layers allows more lattice
deformation. Consequently, a complex atomic structure
was formed at the C—Cu interface when more C—C bonds
on the tip underwent a large degree of rotation.

Considering that diamond is harder than copper, this
result is surprising. An initial-stage indentation is enough
to induce changes in bonds on the diamond surface and
cause tool contamination. The changes in the interfacial
atomic structure could lead to different tool-work adhe-
sion energy and force. It is worth noting that our simu-
lations only describe indentations at a shallow depth,
whereas in real experiments more complex bonding inter-
actions and atomic structures will exist at the tool-work
interface.

5 Conclusions

In this paper, the tip—slab adhesion was studied using the
first-principles method to reveal its nature and atomic-scale
effects during nanoindentation. Based on quantum mechan-
ical principles and atomic structure analysis, this method
provided a detailed description of the adhesion between a
diamond tool and a copper substrate. This method can be

@ Springer

extended to more cases to reveal the interfacial features of
ACSM processes, even for a system with different mate-
rials and additional features through effective simulation
approaches.

The modeling in this paper was at a small scale, which
only considered a pure-atomic contact between a clean dia-
mond tip and a copper surface because of computational
limits. However, the DFT calculation allowed more insights
into chemical bonding interactions and their effects. First,
the nature of tip—slab interactions was investigated through
a series of first-principles simulations. The analysis of CDDs
and PDOSs showed that the adhesion was primarily from the
covalent bonding interaction caused by the hybridization of
C-2p and Cu-3d orbitals. The effect of tip position and angle
on adhesion was also studied. The result showed that the tip
at different high-symmetry sites would cause different adhe-
sion energies and structural changes. When a tip approaches
the copper surface, the structural change could occur before
the actual tip—slab contact on the top site and the angular
relationship between the tip and target lattice could lead to
different adhesion energies on the fcc and hcp sites. There-
fore, adhesion is highly sensitive to the details of lattice
structure at the tip—slab interface, and even a difference of
a few angstroms will lead to different adhesion effects and
can further influence the formation and development of point
defects or dislocations during machining. Bond rotation and
breakage and its effects were discussed, and the mechanism
could explain the onset of tip contamination or wear during
nanoindentation. The first-principles method can describe
complex atomic and electronic behavior during an initial
stage of nanoindentation, which has important implications
for the fabrication of atomic-scale patterns and for process
control, making the quantum mechanics-based simulation a
necessary approach for the fundamental study of the ACSM
process.
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