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Abstract: We presented a density functional theory study on doping effects of transition metals (Cr and Ti) on the Cu/graphene
interface adhesion. Various undoped Cu/graphene interface structures were constructed using both the sandwich and the surface
models. Energetics calculations showed that the interface binding strength only weakly depends on interface coordination. Both
interface models predicted the top-fcc coordination type as the most energy-favored, with a low binding energy value. Segregated Cr
prefers to substituting for Cu, while Ti occupies a hollow site at the interface. Although the segregation tendencies are both very
weak, once present on the interface, both dopants can greatly increase the interface binding energy and improve the adhesion.
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1 Introduction

Graphene is essentially a unique, two-dimensional
hexagonal lattice of carbon atoms and possesses many
extraordinary electronic, mechanical, and thermal
properties [1]. Using the chemical vapor deposition
(CVD) technique, large-size high-quality graphene can
be practically synthesized through direct atomic
deposition of carbon on transition- or noble-metal
substrates followed by a chemical transfer process [2—8].
Such a fabrication technique makes graphene
economically viable for many promising applications,
such as nano-electronics and composite structural
materials [9—11]. However, the properties of as-produced
graphene and graphene-based devices are very sensitive
to CVD processing parameters, and especially to the
substrate conditions. Previous studies have suggested
that interaction between the graphene single layer and
the metal surface may play very important role in tuning
the integration and properties of the devices [12—14]. It
is worthwhile clarifying the nature of graphene/metal
interfaces and the potential role on the overall
performance of the devices and materials. Exploring new,

future applications of graphene has also consistently
stimulated the research on graphene/metal interfaces.
Generally, the interaction between graphene
and metal substrates can be classified into two
categories [15]: strong binding with metals (such as Co,
Ni, and Pd), and weak binding with metals (such as Ag,
Au, Cu, Pt, and Al). Clarification of the composition,
structure, and property relation of these metal/graphene
interfaces is highly demanded for developing new
graphene-based devices and  graphene-reinforced
metallic composites. Although many research efforts
have been devoted, it is still too challenging for
experimentalists to directly characterize the interface
structures and properties of graphene, especially when it
is deeply embedded inside a metal matrix, as often seen
in graphene-reinforced metallic composites.
First-principles calculations have been often
resorted to meet this gap. Using a surface model for the
interface, XU and BUEHLER][16] considered different
orientations of graphene on top of the Cu(111) and
Ni(111) facets with three typical coordination types
(top-fce, top-hep, and hep-fec), and predicted the top-fee
as the most energy-favored. FUENTES-CABRERA
et al [17] further suggested that the bridge coordination
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has a similarly low energy and thus might also present on
the graphene/Ni(111) interface. KHOMYAKOV et al [18]
attributed the graphene’s band-gap opening to its
interaction with the metal surfaces (Co, Ni, and Pd), due
to the hybridization between grapheme p. states and
metal d states. However, all these first-principles
calculations were performed using the surface model for
the interface, that is, the single layer graphene on top of
one selected metal facet. To our best knowledge, no
first-principles studies have been performed on one
single layer graphene embedded inside a metal matrix,
which, however, will be much realistic for graphene-
reinforced metallic composites.

It was predicted that the Cu/graphene interface can
be only weakly bonded [15]. One may thus infer that
a Cu/graphene-based nano electronic device or a
graphene-reinforced copper composite can hardly be
robust. However, copper is an excellent electrical and
heat-conducting constituent, and is widely employed in
many electrical/electronic and heat-exchange devices.
Finding a solution to improve the Cu/graphene interface
adhesion is always attractive and worth exploring. Some
transition metals, such as Cr and Ti, have shown a strong
tendency to form carbides in nature [19,20]. Recent
experiments [21,22] also suggested that doping Cr into a
copper/diamond system improved its mechanical
properties, although the responsible mechanism has been
yet to be clarified. Inspired by these facts, we carried out
first principles density functional theory calculations in
this study to evaluate the potential effects of doping Cr
and Ti on the embedded graphene/Cu interface, using the
sandwich model for the interface. Based on our results,
some doping strategies for improving the interface
adhesion were suggested.

2 Computational details

The embedded single layer graphene in Cu was
modeled using a sandwich supercell of Cu/graphene/Cu,
and the results were compared with those of the
surface-model calculations. surface-model
calculations on the grapheme/metal interfaces [16,17,23]
revealed that the exchange-correlation (XC) functionals
of Perdew—Burke—Ernzerhof (PBE) [24] always
underestimated the interface binding energy. A PBE-
based calculation even predicted the debonding of the
grapheme/Ni(111) interface [17]. In the present study, we
employed local density approximation (LDA) [25] for
exchange-correlation  functional as  implemented
in the plane-wave density functional theory code:
VASP [26]. For a better accuracy, the projector-
augmented wave (PAW) [27] potentials were chosen for
all involved species, i.e. C, Cu, Cr, and Ti. Within the
LDA scheme, the bond length of Cu was predicted as

Previous

2.49 A, and the first-nearest neighboring C—C bond
length of graphene as 1.41 A. Both favorably agree with
experiments (2.55 [28] and 1.42 A [29], respectively). As
the most stable facet, the Cu(111) was chosen as the
substrate surface. In the Cu(111)/graphene/Cu(111)
sandwich supercell, each Cu(111) block consists of five
atomic layers, separating by a vacuum thickness of over
12 A to avoid any possible image interaction. The van
der Walls interactions between the interlayers were
neglected since only single layer of graphene was
considered in the model. A 9x9x1 Monkhorst—Pack
k-mesh [30] was employed for sampling the Brillouin
zone. All structures were optimized under a high energy
cutoff of 800 eV for plane-wave basis sets until the
atomic force was converged to less than 0.02 eV/A. With
all these settings, the following calculations were
performed.

(1) The interface binding energy, AEp, with various
possible coordination types being considered (top-fcc,
top-hep, hep-fec, bridge-top, bridge-fec, and bridge-hcp).
The values were compared to determine the most energy-
favored structure. Meanwhile, the surface-model
approach was also adopted for interface binding energy
calculations, in order to offer a comparison between the
two models.

(2) The segregation energy, AE,, of Cr or Ti, from
the unstrained Cu bulk interior to various interfacial
sites. A segregation process is energetically permitted
only when the process is exothermic.

(3) The work of separation, W, for both the clean
and segregated interface, as the cleavage energy required
to split the interface apart rigidly. The work of separation
measures the brittle fracture strength of the interface.

3 Results and discussion

3.1 Interface structures

All previous calculations on the graphene/Cu
interface employed the surface model by placing the
single layer graphene directly on the top of a metal
surface. The only exception is the work of ADAMSKA
et al [31], where they added one atomic layer of Cu
or Ni on the top of the graphene/Cu(111) or the
graphene/Ni(111). In the real-world scenarios of
composite structural materials, graphene is deeply
embedded inside the metal matrix. It is thus important to
first assess the two interface models, i.e. the surface and
the sandwich models.

Given the metal surface facet and the associated
interface strain, the atomic structure of graphene/metal
interface would be solely determined by interfacial
coordination. Interfacial coordination describes the
relative positions of atoms on graphene with respect to
the metal surface atoms. Following the nomenclature in
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Refs. [16,18], a total of six typical coordination types can
be constructed in Fig. 1, i.e. top-hcp, top-fcc, hep-fec,
bridge-top, bridge-hcp, and bridge-fcc. Here, the top, hep,
or fce represents the A, B, or C layer of Cu(111) in its fcc
stacking sequence, respectively. The top-hcp, top-fec, or
hep-fee defines how the two neighboring carbon atoms
on the graphene sheet are aligned to the two different
Cu(111) layers, while the bridge-top, bridge-hcp, or
bridge-fcc defines how the center of the C—C bond on
the graphene is aligned to one of the Cu(111) layers with
stacking mode A, B, or C, respectively. The resulting
interface mismatch with the graphene lattice is minimal,
only 1.6%. Full relaxation calculations were performed
on these coordinated interface structures. Table 1
calculated binding energy AFjp
(meV/C-atom) and interface separation dy (A), in
comparison with our surface-model calculations using
LDA functionals. The results in Ref. [31] using the
surface model for the interface with PBE functionals are
also provided.

Binding energy AEp defined similarly to cohesive
energy from Ref. [32] was evaluated by
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Eintf - Egr - 2ECu(l 1)
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N
where Ej,r is the total energy of the interface ensemble,
Eg and Ecy11y are the total energies of the graphene and
the Cu(111) layers calculated using the same size
supercell, respectively, and N represents a total number
of carbon atoms in the supercell. A negative value of AEg
predicts an energy-favored interface structure.

It is suggested from Table 1 that the interface
binding energy has only a weak dependence on
coordination types, no matter the interface model or the
XC functionals used. Nevertheless, the top-fcc
coordinated interface has the highest binding strength
and is slightly more stable than all the others, being
consistent with the finding of THOMAS and LUC [33]
using the surface model and the PBE functionals.
Calculations also show that the top-fcc interface has the
smallest value of interface separation dj, independent of
interface model and XC functionals, and that shorter
interface separations always correspond to stronger
interfacial binding. It can be regarded as a rule of thumb
that the value of interface separation d, reflects the
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Fig. 1 Sandwich models for Cu(111)/graphene interfaces with different coordination types (Color online): (a) Top-fcc; (b) Top-hcp;

(c) Hep-fec; (d) Bridge-fee; (e) Bridge-hep; (f) Bridge-top (The blue and black spheres represent Cu and C atoms, respectively. The

red dashed lines show how the two neighboring carbon atoms of graphene are coordinated with different Cu(111) layers. For better

clarity, only three Cu(111) layers are shown on each side in the front views, and only the most nearest-neighboring Cu(111) layer is

shown in the top-views)

Table 1 Calculated binding energy AEy and interface separation dj for various undoped Cu(111)/graphene interfaces

AEg/(meV-C-atom ™) dy/A
Coordination type
Sandwich model Surface model Sandwich model Surface model
Top-fce —45 —42(-39%) 3.08 3.12(3.06%)
Top-hep —44 —41(-38%) 3.11 3.13(3.12%)
Hep-fee =37 —36(—28%) 3.28 3.38(3.33%)
Bridge-top —44 —41(=37%) 3.11 3.13(3.12%)
Bridge-hcp —40 —39(-35%) 3.12 3.19(3.14%)
Bridge-fce —40 —39(-38%) 3.12 3.18(3.04%)

*Data from Ref. [28]
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binding strength of the graphene/Cu interface.

Please also note that among the three bridge-
coordinated configurations, our LDA calculations
predicted the bridge-top to be the most stable, no
matter the interface model used. The previous PBE
calculations [31]; however, suggested the bridge-fcc to
be the most energy-favored one. Obviously, this
discrepancy will not be attributed to the interface model,
but to the XC functionals used. For all the subsequent
calculations, the most energy-favored top-fcc interface
was adopted.

3.2 Interface segregation

Table 1 suggests that the embedded graphene sheet
can be only weakly bound with the copper matrix.
Improving the graphene/metal adhesion is definitely
demanded for designing reliable graphene-reinforced
composites. To meet this goal, experimental efforts have
been consistently made by introducing transition-metal
elements as dopants. For instance, Cr was introduced
into the Cu/graphite and Cu/diamond composites in order
to improve the overall properties of the materials [21,22].
Inspired by these studies, we assessed the potential
effects of doping Cr and Ti on the Cu/graphene adhesion.

The interface adhesion is often evaluated in term of
the work of separation, W, which can be significantly
affected by segregated dopants. To measure the
segregation tendency of Cr or Ti from Cu bulk interior to
the interface, we first evaluated the preferred sites of the
dopants in the Cu bulk by calculating the corresponding
formation energies. The substitutional site was found to
be the most stable site in Cu for both dopants. For
one dopant atom reaching a substitutional site at the
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interface, the segregation energy can be predicted as

0
AE o = Eingix + Epuic = Einee — Epuicix 2

seg

where Ei?nf, Evu, Emprx, and FEpgex are the total
energies of the clean interface supercell, the pure Cu bulk
supercell, the segregated interface supercell containing
a substitutional X (X=Cr or Ti), and the Cu bulk
supercell containing a substitutional X (X=Cr or Ti),
respectively. For one dopant atom reaching an interstitial
site at the interface, the segregation energy can be

predicted as
/ 0
AE .y = Eingix + Epuic = Einee = Epuicx + Heu (3)

where E . is the total energy of the segregated
interface supercell, and uc, is the chemical potential of
Cu in its pure bulk. A negative value of segregation
energy corresponds to an exothermic segregation process
that can be thermodynamically permitted. A total of six
atomic sites at the Cu/graphene interface can be
proposed for the segregated Cr/Ti, including five
interstitial sites (i.e. bridge-1, bridge-2, hollow, top-1,
and top-2) and one substitutional site, as schematically
shown in Fig. 2. The corresponding segregation energies
are calculated and compared in Table 2.

It should be noted that for Cr and Ti, the bridge-1
and bridge-2 configurations will relax self-consistently to
the hollow one during calculations, and therefore the
corresponding AE, values are not provided in Table 2.
According to Table 2, Cr and Ti have a very weak
tendency to segregate to the Cu/graphene interface
(AE4;=—0.065 eV/atom for Cr and —0.044 eV/atom for
Ti), but once segregated, Cr prefers the substitutional site
while Ti prefers the hollow site at the interface.
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Fig. 2 Six proposed sites for segregated Cr or Ti at Cu/graphene interface (Color online): (a) Bridge-1; (b) Bridge-2; (c¢) Hollow;

(d) Top-1; (e) Top-2; (f) Substitutional (The blue, black, and dark purple spheres represent Cu, C, and Cr atoms, respectively)
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Table 2 Calculated segregation energy of Cr or Ti for various
interfacial sites

Interfacial site AEseg(Cr)/(eVatom*l) AEseg(Ti)/(eV-atomfl)
Bridge-1

Bridge-2 - -
Hollow 0.266 —0.044
Top-1 1.677 0.911
Top-2 1.281 0.745
Substitutional —0.065 0.002

3.3 Interface adhesion

The above calculations have predicted the very
weak segregation tendency of Cr and Ti in Cu.
Therefore, one can hardly expect a high coverage of Cr
or Ti at the Cu/graphene interface inside a Cu matrix.
This implies that conventional doping of Cr or Ti might
has only a trivial impact on interface adhesion. But
nevertheless, there could exist new techniques that allow
a direct doping of extrinsic elements into the interface
region. The adhesion of a Cr- or Ti-doped Cu/graphene
interface is therefore worthy of study.

The work of separation, W, was then calculated to
evaluate the adhesion strength of the Cr/Ti-doped
interface. It should be noted that only one side doping
was considered in this work due to the weak segregation
tendency as we predicted. To separate the interface into
two parts I and II, the associated W, can be predicted as

4)

where E) and Ej are the total energies of the separated
parts I and II, respectively, and 4 is the interface area in

Wiep=(EvtEn—Eineix)/(24)
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the interface supercell.

Several possible separating positions were
considered for the interface as indicated with the dashed
lines in Fig. 3. Obviously, the clean interface has a fairly
weak adhesion, with W, =0.258 J/m? only, in accordance
with its low binding energy (AEp=45 meV/C-atom in
Table 1). This level of adhesion strength is even lower
than the S-contaminated Cu/Al,O5[34] and Ni/Al,O5[35]
interface. However, the adhesion can be greatly
enhanced via doping with Cr or Ti. By substituting Cu
atoms on the interface, Cr incurs nearly a six-fold
increase on W, from 0.258 to 1.483 J/m’. The adhesion
on the other side of the interface is doubled, up to
0.652 J/m’. Ti prefers the hollow sites on the interface.
An even stronger adhesion is predicted on the Ti-doped
side, with W,,=2.103 J/m%, while on the undoped side,
the adhesion is almost unchanged, with a low W, of
0.284 J/m’.

Figure 4 plots the charge transfer between graphene
and doped atoms. Charge accumulation is evident mostly
within the vicinity of the Cr atom. The m-ring in
graphene is broken, and the accumulated charge spills
into the 2p.-like orbital of C, which is a positive sign of
strong chemical interaction between Cr and the
underneath C atom. The C—C bond in graphene
becomes weak, corresponding to the small charge
depletion on the graphene sheet. On the other side of the
interface, a small portion of charge accumulation is also
found between the C and the underneath Cu atoms, being
responsible for the doubled adhesion of W,,=0.652 J/m?.
The situation on the Ti-doped interface is different. The
Ti atom is sited at a hollow site above the center of the

Top-fcc Cr-doped Ti-doped Wsep/(J.m-Z)
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Fig. 3 Calculated work of separation, W, for clean interface (a), Cr-doped interface (b), and Ti-doped interface (c) (Color online)

(Here Cu, C, Cr, and Ti are represented in blue, black, dark purple, and red, respectively)
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Fig. 4 Difference charge density iso-surfaces and
corresponding contours of doped interfaces (Color online):
(a) Cr-doped interface; (b) Ti-doped interface (The iso-surface
is set to be £0.003 ¢/A°. The dashed lines in the top views at the
bottom mark the position of the contour plane taken in the side

views)

six-C ring, and strongly interacts with the nonlocal
m-orbital of graphene by gaining charges from
neighboring Cu atoms and perhaps neighboring C atoms
too. This interaction is even much stronger, in
accordance to almost a ten-fold increase in interlayer
adhesion (W;,=2.909 and 2.103 J/m’). On the other side
of the interface, the Cu atoms are nearly intact,
remaining a weak binding with the graphene.

4 Conclusions

(1) The interface binding energy depends weakly on
the interfacial coordination type, but nevertheless, the
top-fcc coordinated interface is predicted as the most
energy-favored, no matter which interface model and XC
functionals are employed.

(2) Both Cr and Ti in Cu bulk have a weak tendency
to segregate to the interface. Once it is present on the
interface, Cr prefers to occupying the substitutional sites
while Ti prefers to occupying the hollow sites.

(3) Both Cr and Ti dopants can greatly strengthen

the interface, improving the adhesion by six to ten-folds.
The predicted doping effects of Cr or Ti await
experimental confirmation.
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