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Besides carbon solubility, the carbide formation possibility is another important factor to
differentiate various substrate materials in graphene growth. A recent experiment indicates
that the formation of transition metal carbides (TMCs) can suppress carbon precipitation.
In this study, Mo2 C, a representative of TMCs, is used to study the effects of carbide
formation in graphene growth from first principles. Carbon diffusion in Mo2 C bulk turns
out to be very difficult and it becomes much easier on the Mo2 C(001) surface. Therefore,
carbon precipitation suppression and graphene growth can be realized simultaneously. A
direction depended diffusion behavior is observed on the Mo2 C(101) surface, which makes it
less favorable for graphene growth compared to the (001) surface.
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experiment critically depends on the carbide formation,
which suppresses the upward segregation or precipitation of carbon. To fully understand the effects of carbide formation in graphene growth, it is desirable to
study the atomic details of relevant processes such as
carbon diffusion in carbide.
In this study, using Mo as an example, effects of carbide formation in graphene growth are studied from first
principles. According to Mo-C phase diagram [14], the
stable carbide phase at a typical growth temperature
(1050 ◦ C) is Mo2 C. Carbon diffusion in Mo2 C bulk and
on its surfaces is studied. Based on our calculations,
a clear picture of the molybdenum carbide formation
aided layer number control in graphene growth is obtained.

I. INTRODUCTION

Due to its unique properties and potential applications [1, 2], graphene has been intensively studied in
the last decade. Among the several reported methods
to synthesize graphene [3], chemical vapor deposition
(CVD) is especially promising to obtain high quality
samples at a large scale [4]. To optimize a CVD growth,
the substrate should be carefully chosen [5]. Various
metal substrates have been tried in graphene growth,
and high quality monolayer graphene can be grown on
some of them, such as Cu [6].
On different substrates, the graphene growth mechanisms can be very different [7−9]. To choose a suitable metal substrate, we can check metal-C phase diagrams and compare corresponding parameters including carbon solubility and carbide formation possibility
[10]. Effects of the former have been intensively studied already [11]. On metal substrates with a relatively
high carbon solubility, graphene growth proceeds via
a precipitation mechanism, which makes a layer number control difficult to achieve [12]. In contrast, on
metal substrates with negligible C solubility, such as
Cu, graphene growth is limited on the surface. As a
result, uniform graphene monolayer can be readily obtained [6].
The possibility of carbide formation is less studied
in the context of graphene growth. Recently, Zou et
al. [13] have successfully grown uniform monolayer
graphene on early transition metals. It is suggested
that the realization of a layer number control in their

II. COMPUTATIONAL DETAILS

All calculations were performed with the density
functional theory (DFT) implemented in the Vienna
ab initio simulation package (VASP) [15, 16] within
the projector augmented wave (PAW) framework [17],
using the Perdew-Burke-Ernzerhof (PBE) exchangecorrelation functional [18]. A 450 eV kinetic energy cutoff was chosen for the plane wave basis set [19]. Geometry optimizations were done until forces were smaller
than 0.02 eV/Å and the energy difference was lower
than 10−5 eV. Monkhorst-Pack k-point sampling [20]
was used in our calculations with a careful convergence
test. The climbing image nudged elastic band (CI-NEB)
method [21] was used to locate transition states, where
the residual forces were within 0.03 eV/Å. In surface
calculations, slab models were constructed with vacuum
zones thicker than 20 Å.
To compare the stability of different types of defects,
their chemical environment should be specified, which
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is characterized by the chemical potentials of Mo and C.
Considering the equilibrium with Mo2 C bulk, we have
bulk
EMo
= 2µMo + µC
2C

(1)

which leaves us a single parameter (µC is selected in
this study). In C-rich conditions, µC approaches the
energy of a free carbon atom which is set to zero.
In C-poor conditions, we set the boundary of µC as
bulk
bulk
EMo
−2EMo
, which leads to a C chemical potential
2C
range from −7.096 eV to 0 eV. Then, the formation energy of a C vacancy or a doped/adsorbed carbon can
be defined as
Eform = Etot − Epristine ± µC

(2)

where Etot is the energy of the whole system and
Epristine is the energy of Mo2 C bulk or surface without defect. The positive and negative signs correspond
to carbon vacancy and doped/adsorbed carbon, respectively.
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FIG. 1 (a) Top view and (b) side view of Mo2 C unit cell.
(c) A 2×1×2 supercell with some atomic sites marked.

III. RESULTS AND DISCUSSION
A. Carbon diffusion in Mo2 C bulk

There are mainly two Mo2 C crystalline structures,
i.e. the orthorhombic [22] and hexagonal [23, 24]
phases. Following previous studies [25, 26], we focus on
the hexagonal phase, where Mo atoms form a hexagonally close packed structure and carbon atoms fill half
of the octahedral interstitial sites (Fig.1). Each interstitial site has six neighboring Mo atom. There are two
types of C and Mo atoms, forming different layers perpendicular to the c axis. The calculated lattice parameters are a=2×3.04 Å, b=2×3.04 Å, and c=4.72 Å, in
good agreement with experiment values [27]. Distance
between two octahedral sites in the ab plane is 2.63 Å,
and along the c direction it is 2.36 Å.
Since only half of the octahedral interstitial sites are
occupied by C, a natural C diffusion pathway in Mo2 C
bulk is from an occupied to a neighboring unoccupied
octahedral site. C diffusion can also proceed via defects, such as C vacancy and C interstitial, in Mo2 C
bulk. Before discussing these diffusion pathways, we
first check the thermodynamic stabilities of different
types of defects. Since it brings no obvious structure
deformation, a 2×1×2 supercell is used to study carbon
vacancy. However, if an extra C atom is doped in the
Mo2 C bulk, a structure relaxation around the dopant
atom is found. Therefore, a larger 2×2×2 supercell is
built to ensure that any two neighboring doping carbon
atoms are separated more than 12 Å away and thus basically interaction free. As shown in Fig.2, in the whole
range of µC , formation energy of C vacancy is positive
while that of interstitial C dopant is negative. Therefore, C vacancy is thermodynamically unfavorable even
in C-poor conditions (low C chemical potential), while
DOI:10.1063/1674-0068/28/cjcp1410170

FIG. 2 Formation energy of carbon adatom/dopant and vacancy in Mo2 C bulk and surface systems.

C atom doping can be easily realized especially in C-rich
conditions (high C chemical potential).
For intrinsic C diffusion from an occupied C site to a
neighboring unoccupied octahedral site, there are two
possible diffusion directions according to the hexagonal
symmetry. We name the occupied C site as site α, the
neighboring octahedral site along the c axis as site β and
that within the ab plane as site γ (Fig.1(c)). In pristine
bulk phase, these two unoccupied sites are equivalent.
However, if α site carbon is removed, symmetry between
sites β and γ is broken in our model. From site α to site
β, the diffusion barrier is 2.65 eV and the final state is
1.17 eV higher in energy than the initial state. From
site α to site γ, the diffusion barrier is 3.56 eV and the
final state becomes 2.00 eV higher in energy.
For a C dopant at site β, diffusion to a neighboring
octahedral site within the ab plane has an energy barrier
of 2.59 eV. The initial and final states are equivalent.
From site β, a C dopant can also diffuse to a farther
octahedral site (site γ in Fig.1(c)). However, there is
c
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FIG. 3 The diffusion pathway of a C dopant (highlighted in
yellow) in Mo2 C bulk from site β to site γ. Energy is given in
eV. Geometries of the initial, intermediate, and final states
are illustrated in a 1×1×1 unit cell.

an intermediate state in the diffusion path, as shown in
Fig.3. The intermediate state is 1.77 eV higher in energy, where the C dopant is located at a tetrahedral site.
To diffuse from β to γ, two successive energy barriers
of 2.39 and 1.47 eV should be conquered.
Although it is thermodynamically not very favorable,
we have also studied vacancy mediated diffusion for
completeness. Considering a C atom at site α, there
are two kinds of neighboring vacancy sites which can
help C diffusion: sites δ and ε as shown in Fig.1(c).
The αδ and αε distances are 3.03 and 3.84 Å, respectively. If there is a C vacancy at site δ, carbon diffusion
from α to δ needs to conquer a barrier of 3.81 eV. The
diffusion barrier for the α to ε path is 2.77 eV. There is
no energy difference between the initial and final states
in vacancy mediated C diffusion.
Therefore, carbon diffusion in Mo2 C bulk is always
associated with a very high energy barrier, which will
thus be difficult even at a graphene growth temperature
(typically about 1300 K). As a result, the formation
of molybdenum carbide can effectively suppress carbon
segregation/precipitation, as indicated in the experiment [13]. Notice that the consistency among different
diffusion pathways observed in this work suggests that
a similar conclusion will be obtained even for a more
realistic structure model of Mo2 C with C randomly occupying half of the octahedral sites [23, 24].

B. Carbon diffusion on Mo2 C surfaces

Since graphene is always grown on a surface, it is thus
very desirable to study carbon diffusion on Mo2 C surfaces as well. According to previous studies [19, 25−30],
the (101) surface is the most stable one. At the same
time, the high-symmetry (001) surface is expected to be
DOI:10.1063/1674-0068/28/cjcp1410170
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FIG. 4 (a) The Mo2 C(001) surface and (b) the corresponding structure with a surface C atom lifted up as an adatom.
This atom is highlighted in yellow. For both structures, top
view is shown in the upper panel and side view is shown in
the down panel.

relevant in graphene growth [13]. Therefore, both surfaces are considered in this study. To facilitate graphene
growth, an Mo-terminated model is adopted for the
Mo2 C(001) surface. In order to study carbon diffusion
on these two surfaces, a 2 unit-cell slab for the (001)
surface and a 1/4 unit-cell slab for the (101) surface are
built. Within the surface plane, a 1×1 unit cell is large
enough since the lattice parameters are larger than 6 Å.
Similar to the bulk case, we first study the stability
of C vacancy and adsorbed C atom on the surfaces. C
vacancy on the (001) surface is below the topmost Mo
atom layer. The (101) surface has a notable structure
relaxation compared to the bulk structure, where the
outmost Mo atoms shrink towards bulk by ∼0.40 Å and
other surface atoms move upward by ∼0.10 Å. Such a
structure relaxation smoothes the surface. If a carbon
atom on the (101) surface is removed, there is no obvious further structure relaxation. As shown in Fig.2, the
formation energies of C vacancy on both Mo2 C (001)
and (101) surfaces are positive, suggesting that forming
C vacancy on these surfaces is also thermodynamically
unfavorable as in the bulk case. Vacancies on the (001)
surface and in the bulk have similar formation energy,
which may be due to the fact that carbon locations on
the (001) surface are closer to their bulk locations compared to the (101) surface.
Carbon adatom on these two surfaces has a negative formation energy, which is thermodynamically even
more favorable than interstitial C doping in the bulk.
Due to its Mo-terminated character, carbon adsorption
on the (001) surface is 1.02 eV more favorable than on
the (101) surface. C adsorption on Mo2 C surfaces is
more stable than C doping in the bulk.
The first C diffusion process we considered is lifting
up a surface atom to get an adatom, which creates a
thermodynamically unfavorable C vacancy and a favorc
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FIG. 5 (a) The Mo2 C(101) surface and (b) the corresponding structure with a surface C atom lifted up as an adatom.
This atom is highlighted in yellow. (c) The most stable
structure of a C adatom on the (101) surface and (d) the
structure with the C adatom moved to a neighboring adsorption site in the [010] direction. For all structures, top
view is shown in the upper panel and side view is shown in
the down panel.

able C adatom simultaneously. On the Mo2 C(001) surface, such a diffusion process (in Fig.4 from (a) to (b))
has a 0.42 eV energy increase. The diffusion barrier is
1.33 eV, which is only about half of the value in the
bulk case due to the structure flexibility on the surface.
On the Mo2 C(101) surface, the first surface layer contains both Mo and C atoms. If a carbon atom in the
first surface layer is pulled up (in Fig.5 from (a) to (b)),
there is a 1.80 eV diffusion barrier. The C adatom has a
very different chemical environment compared to bulk
C, and the final state is 0.44 eV higher in energy than
the initial state. On both surfaces, vertical C diffusion
is easier than C diffusion in the bulk.
Another important surface process also relevant to
graphene growth is lateral C diffusion on the surface.
On the Mo2 C(001) surface, the most stable adsorption
site is a hollow site above an octahedral interstitial site
(O-site) as shown in Fig.6. The neighboring metastable
site is a hollow site above a tetrahedral interstitial site
(T-site). From O-site to T-site, the diffusion barrier is
0.91 eV and the reversed barrier is 0.40 eV. The next
adsorption state is a hollow site above a C atom (Csite), which is 1.05 eV higher in energy than the O-site.
The diffusion barrier from T-site to C-site is 0.93 eV and
the reversed barrier is 0.39 eV. In general, C diffusion
on (001) surface is much easier than in the bulk.
There are more metastable adsorption sites on the
Mo2 C(101) surface due to its lower symmetry compared
to the (001) surface. The most stable adsorption structure is shown in Fig.5(c). Diffusion along the [010] direction to a neighboring stable structure (Fig.5(d)) has
an energy barrier of 1.19 eV. Diffusion from the most
stable adsorption site in the [100] direction has two final states (Fig.7), which are 1.79 and 1.32 eV higher in
energy. The diffusion barrier in this direction is at least
2.30 eV, much higher than that in the [010] direction.
DOI:10.1063/1674-0068/28/cjcp1410170
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FIG. 6 Diffusion of C adatom (highlighted in yellow) on the
(001) surface from O-site to T-site and then C-site. Relative
energies compared to the most stable adsorption structure
are given in eV.
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FIG. 7 Diffusion of C adatom (highlighted in yellow) on
the (101) surface in the [100] direction. Relative energies
compared to the most stable adsorption structure are given
in eV.

Therefore, diffusion on the (101) surface is anisotropic,
different from the (001) surface.
IV. CONCLUSION

According to our calculations, carbon diffusion in
Mo2 C is very difficult. Although the energy barrier
c
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for surface vacancy formation is relatively low, Mo2 C
surfaces are still not able to act as a sink or source
for bulk vacancies, since vacancy mediated C diffusion
in the bulk is too difficult. The same conclusion can
be applied to interstitial C dopant atoms. As a result,
kinetically both C vacancy and C dopant will not be
massively formed in the bulk, consisting with the high
thermal stability of molybdenum carbide. Notice that
the formation of C vacancy is also thermodynamically
unfavorable. In the context of graphene growth, Mo2 C
can effectively block carbon segregation/precipitation.
Carbon diffusion on Mo2 C(001) surfaces typically
associates an energy barrier ∼1 eV, which is not
prohibitive at the high temperature during graphene
growth. This result is consistent with the experimental
observation that high quality graphene can be grown
on the Mo substrate, where carbide is formed during
graphene growth. On the (101) surface, C diffusion is
anisotropic, with the highest diffusion barrier as high
as 2.77 eV, which is not favorable for graphene growth.
In this work, only Mo2 C is studied. However, since all
carbide-forming groups IVB-VIB metals show similar
behaviors in the graphene growth experiment, similar
conclusions are expected to be obtained for other carbides.
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