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a b s t r a c t

Spontaneous construction of graphene on boron-doped diamond (111) surface has been found in first-
principles calculations. Boron-doping-induced surface reconstruction is the mechanism responsible for
the diamond-to-graphene phase transition. Furthermore, the effect on the surface is unexpectedly
observed at any doping depth down to the 7th layer, and a low concentration of substituent boron e only
¼ e is effective for graphene formation. Amazingly, when boron atoms are incorporated into the fifth
layer, the direct optimization of the 1 � 1 surface automatically gives rise to a graphene structure from
the first bilayer with no energy barrier, indicating that the formation of graphene is spontaneous. These
findings provide an alternative strategy for graphene synthesis on wide-gap insulators with high thermal
conductivity.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Since successfully “re-discovery” in 2004 [1,2], graphene has
been a material of great interest owing to its very good thermal
conductivity, mechanical stiffness and extraordinary electronic
transport properties [3e5], including high carrier mobility and
ballistic transport, which are generally preserved up to room
temperature [6e8]. These properties give graphene great potential
as a material for technological applications as a successor of silicon
in the post-Moore’s law era [9e11], in spintronics [12e15] and in
quantum computing [16]. One of the main requirements for such
applications is ability to grow uniform graphene on an insulating
substrate [17]. Unlike suspended graphene, which is a semi-metal
[1,18], epitaxially grown graphene on an insulator may open a
bandgap at the Dirac point due to the breaking of sublattice sym-
metry induced by the graphene-substrate interaction [19,20]. Two
Academy of Sciences, Beijing
insulating materials that have been used very successfully as a
substrate for graphene growth/synthesis are SiC and hexagonal
boron nitride (hBN) [21e23]. Recently, graphene-on-diamond
structures and devices showed greatly improved performance,
due to the excellent properties of diamond substrate [24e28].
However, few investigation is reported so far regarding the possi-
bility of synthesizing graphene directly on diamond [29]. Moreover,
a very small lattice mismatch between graphene and the diamond
(111) surface makes the latter an ideal candidate as a substrate for
graphene. Investigating the possibility of graphene growth on a
diamond substrate is the goal of the present work, which may
provide a viable alternative for graphene synthesis on C-terminated
SiC (0001) and hBN [30,31], and of earlier reports of local graphi-
tization on diamond (111) surface [32,33]. This method of graphene
synthesis on diamond is an alternative for overcoming the over-
heating problem in graphene-based devices, in view of the high
thermal conductivity of diamond combined with the huge elec-
trical conductivity of graphene.

In this letter, we report systematically investigating the possi-
bility of graphene construction on boron doped diamond (111)
surface for various doping concentrations and depths, using first-
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principles calculations, finding that graphene can form spontane-
ously without any potential barrier when B is incorporated in
surface layers with a relatively low concentration. In contrast to
what might be expected, the doping’s effect on the surface is
stronger as the B atoms are located deeper, until the 7th layer,
where the situation is like substitution in bulk. Boron-doping
induced surface reconstruction is considered to be the physical
mechanism of the diamond-to-graphene phase transition.

2. Methods

Our first-principles calculations were carried out using the
Vienna ab initio simulation package (VASP) [34]. The electron-core
interactions were described by the Vanderbilt ultrasoft pseudopo-
tential [35] and the exchange correlation energy obtained within
the generalized gradient approximation (GGA) [36]. A plane wave
basis set was used to expand the Kohn-Sham orbitals, with a kinetic
energy cutoff of 350 eV. The theoretical lattice constant of diamond
was taken to be equal to 3.574 Å in all calculations, and the
Monkhorst-Pack scheme [37] was used for the Brillouin zone
integration with a 2 � 2 � 1 k-point mesh. During energy mini-
mization, the atoms are set to be fully relaxed except those in the
bottom two layers, which are fixed at their respective positions. To
avoid interaction between the top and bottom surfaces, 18 layers of
carbon atoms in the supercell, with the bottom layer terminated by
hydrogen and more than 15 Å of vacuum, was used to simulate
Fig. 1. (a) Side view of diamond (111). (b) Top view of 1 bilayer of diamond (111); big
grey balls represent carbon atoms in the first layer, while small blue balls indicate
carbon atoms in the second layer. (A colour version of this figure can be viewed online.)
diamond (111). The side and top views of diamond (111) are shown
in Fig. 1(a) and (b), respectively. The distances for the first several
bilayers (BL) are also provided, showing that the first layer of car-
bon atoms shifts inward and forms stronger bonds with the second
layer of carbon after relaxation in pure diamond (111) surface. At
the same time, the first bilayer is shifted outward and forms weak
bonds with the second bilayer. However, such small change is not
yet enough to separate the first bilayer of carbon atoms into gra-
phene from the diamond phase.

3. Results and discussions

In order to stimulate the diamond-to-graphene phase transi-
tion, we introduced boron into diamond (111) taking into account
that it represents the most common impurity in both natural and
chemical vapor deposited (CVD) diamond. The stable doping po-
sition of boron in diamond is substitutional rather than interstitial
[38]. Fig. 2(a) and (b) show the optimized structures with boron
atoms incorporated into the first and the third layers of diamond
(111), respectively. One can see that with boron atoms in the first
layer (Fig. 2(a)), the vertical distance between a surface B atom and
a neighboring C atom is slightly smaller (0.23 Å) than the vertical
distance between a surface C atom and a neighboring C atom in
pure diamond (0.27 Å) (Fig. 1(a)). When boron atoms are incorpo-
rated into the third layer (Fig. 2(b)), the vertical distance between
the carbon atom in the first layer and the second-layer neighbor
that sits on top of the boron atom is reduced from 0.27 Å to 0.05 Å,
while the distance between the first bilayer and the second bilayer
is increased to 2.0 Å. When boron is doped into the third layer, it
forms covalent bonds with the three nearest carbon atoms in the
fourth layer since it has only three electrons in the outer shell. Thus,
it leads to a weaker bonding with a top carbon atom in the second
layer (denoted by Ctop), and then the interaction between the first
and second bilayer becomes weaker. In this case, the Ctop atom
forms sp2-like hybridized bonds with the neighboring carbon
atoms in the first layer, while the remaining carbon atoms in the
second layer still form sp3-like bonds with their counterparts in the
first layer. Additionally, one can see that 1/4 boron concentration in
the third layer results in 3/4 of the carbon atoms in the first layer
forming sp2 bonds with Ctop atoms in the second layer, eliminating
3/4 of the dangling bonds of the (111) surface.

Amazingly, when boron atoms are incorporated into the fifth
layer, the direct optimization of 1 � 1 surface automatically gives
rise to a graphene structure from the first bilayer with no energy
barrier, indicating that the formation of graphene is spontaneous
(Fig. 2(c and d)). Being adjusted to the diamond lattice, the distance
between neighbor carbon atoms within the graphene layer is about
1.45 Å, which is very close to the nearest-neighbor distance of
1.42 Å in graphene. The distance between graphene layer and
diamond substrate stabilizes at about 3.30 Å, which is comparable
to the distance of 3.35 Å between the layers in graphite. Thus, a
structural phase transition from diamond to graphene on diamond
(111) substrate truly occurred in this simulation. Note that the
structure below the graphene layer in Fig. 2(d) is very similar to the
third-layer-doping structure in Fig. 2(b). The same phase transition
happens for the structure with boron atoms incorporated into the
seventh layer. In this case the first two bilayers of diamond (111)
surface are reconstructed into two graphene layers. When boron
atoms are doped deeper beyond the seventh layer, the situation is
instead bulk incorporation and has little effect on the surface.

The relative energies of the boron-doped structures optimized
above are summarized in Fig. 3, represented by blue stars. The
energies decrease with doping depth in a zigzag way till to the 7th
layer, and then abruptly jump from the 8th layer. Generally, the
more the sp3-to-sp2 transition happens, the lower the energy is.



Fig. 2. (a) and (b) Optimized diamond (111) with 1/4 of the carbon atoms in the first and third layer replaced by boron atoms, respectively. (c) and (d) Initial and optimized
structures, respectively, both with 1/4 of the carbon atoms in the fifth layer replaced by boron atoms. (e) and (f) Initial and optimized structures, respectively, both with 1/16 boron
doping concentration in the fifth layer. Pink balls represent incorporated boron atoms, and grey balls indicate carbon atoms. In (e) and (f), the blue balls represent carbon atoms
before and after forming hexagonal graphite structure in the first bilayer, while the purple balls represent carbon atoms before and after forming sp2 bonds with Ctop atom. (A colour
version of this figure can be viewed online.)
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The energy of the third-layer-doping is lower than the first-layer-
doping, because the third-layer-doping causes more sp3-to-sp2

transitions and eliminates more surface dangling bonds. The fifth-
layer-doping (seventh-layer-doping) has even lower energy,
because it has one layer (two layers) of graphene instead of one
bilayer (two bi-layers) of diamond compared with the third-layer-
doping. The second-, fourth- and sixth-layer-doping have higher
energies because these structures reduce the surface dangling
bonds less efficiently.

One can see that upon B doping, all relaxed 1 � 1 diamond (111)
surface energies decrease, due to the elimination of dangling bonds.
However, those 1 � 1 surfaces can be reconstructed further to
Pandey-chain structures [39]. The relative energies for Pandey-
chain reconstruction surfaces are calculated and represented by
black balls in Fig. 3, showing that the energies steadily increase
with doping depth starting from the lowest energy in the first layer,
and finally approaching the value of the Pandey-chain structure of
bulk doping. This indicates that the doping effect on the surface is
weaker as the doping boron atom is deeper in Pandey-chain
structures, as expected. Now we compare the energies between
optimized 1 � 1 surface and Pandey-chain surface. In most cases,
Pandey-chain surface has lower energy which means that 1 � 1
surface can be further reconstructed to Pandey-chain structure.
However, when boron is in the fifth (seventh) layer, a dramatic
change occurs: the crossover between the blue curve and black
curve takes place, whereupon the Pandey-chain structure has
higher energy. This clearly shows that the spontaneously formed
graphene on diamond (111), if triggered by boron incorporation in
the fifth-layer, is the ground state rather than the reconstructed
Pandey-chain. As the sp2 hybridized bond is lower in energy than
the sp3 bonds, such a reconstruction process favors surface stability
more strongly [40]. Afterward, if the substrate below the graphene
layer in Fig. 2(d) is further reconstructed into the Pandey-chain
structure, the total energy would be much decreased, as denoted



Fig. 3. Relative energy of 1/4 boron doped diamond (111) with 1 � 1 reconstructed and
Pandey-chain reconstructed surfaces as functions of the depth of boron incorporation.
Lines serve only to guide the eye. (A colour version of this figure can be viewed online.)

C. Lu et al. / Carbon 115 (2017) 388e393 391
by the red square in Fig. 3.
Why does this structure phase transition from diamond sp3 to

graphene sp2 happen on diamond (111) surface when boron is
doped at the fifth layer, and why is 1/4 doping density enough to
make the transition? To understand its origin, we investigated a
typical model with a single B atom in a 3 � 3 surface cell incor-
porated into the fifth layer of diamond (111) (1/16 boron doping
concentration), as shown in Fig. 2(e). After optimization, a hexag-
onal graphene-like structure with a bond length of 1.44 Å bulges
dramatically in the first bilayer, shown in blue in Fig. 2(f). The
distance between the three C atoms in purple at the 3rd layer and
Fig. 4. Charge distribution (e/Å2) across the plane determined by boron (white), the nearest
boron incorporated in fifth layer diamond of Fig. 2(d). A key to the other colors is shown on th
(A colour version of this figure can be viewed online.)
the three C atoms at the 2nd layer, in blue, is elongated to 2.42 Å,
indicating much weaker bonding, or no more bonding at all, be-
tween them [41]. Now, we present in detail a physical description of
how a B atom induces formation of the graphene-like ring. Once a
boron atom is incorporated into the 5th layer, the B atom forms
covalent bonds with its three nearest C atoms at the 6th layer, while
it creates a dangling bond on a Ctop atom at the 4th layer right on
top of the B atom. In fact, the role of the doped B atom at the 5th
layer is simply to introduce a dangling bond underneath the Ctop
atom. Both the Ctop atom and all C atoms at the surface with
dangling bonds have a strong tendency of changing from the sp3

state to the sp2 state in order to reduce the number of dangling
bonds. Then, the Ctop atom will negotiate with the three neigh-
boring carbon atoms at the 3rd layer, shown in purple in Fig. 2(e), to
change together to the sp2 state, and surface atoms persuade C
atoms at the 2nd layer to do the same. Then, those C atoms at the
2nd layer and 3rd layer will communicate to accept the proposal to
be in the sp2 state. Finally, one can see that the Ctop is lifted up to an
elongated distance of 1.89 Å and forms sp2 hybridized bonds with
the three neighboring carbon atoms, shown in purple in Fig. 2(f),
and the six C atoms on top of the B in the first bilayer form a sp2

hexagonal graphene-like structure. Thereupon, the three bonds
between purple carbon atoms in the 2nd bilayer and the blue atoms
in the 1st bilayer vanish, since all of them have only sp2 hybridized
bonds. It is worth emphasizing again that the three sp3 bonds are
not broken, but rather disappear due to the transition from sp3 to
sp2 state.

So, we have shown that a single doped boron atom at the fifth
layer induces formation of one graphene-like ring on the surface.
By increasing the doping concentration to 1/4, the first bilayer is
completely graphitized as shown in Fig. 2(d). This density requires
that each doped B atom must induce the transformation of four
carbon sp3 bonds between the 1st bilayer and the 2nd bilayer into
the sp2 state. Two different processes are responsible for this phase
carbon (black) on top of boron and one of the nearest carbon below boron for the 1/4
e right side e the gradient from blue to red shows charge density from lower to higher.
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transition, in direct and indirect manners, respectively. The direct
process was already described above: a single B atom at the 5th
layer creates a six-fold graphite-like ring, where three sp3 bonds
have changed to sp2, induced by the B atom. Now, onemore bond is
left to be understood.

We need to look again at the six-fold graphite-like ring structure
created by a single B atom. Once it is formed, all six C atoms are in
sp2 states, inwhich three C atoms at the 2nd layer change to the sp2

state, and three C atoms at the 1st layer transform to the sp2 state.
Note that the three C atoms at the 1st layer will affect neighboring C
atoms at the 2nd layer, outside of the ring. When those graphite-
like rings form a periodic structure in our 2 � 2 surface cell with
1/4 B doping density, the last sp3-bonded C atom at the 2nd layer is
surrounded by three graphite-like rings and it connects to three
first-layer C atoms in these rings. Together, these three surrounding
sp2-state C atoms enable the last sp3-to-sp2 transition of a C atom at
the 2nd layer. In order to check this picture, we repeated the
calculation, eliminating several intermediate steps during the
optimization, showing clearly that the graphene rings appear very
quickly after just a few optimization steps inwhich three sp3 bonds
atop each B atom disappear, and later, the B atom’s only remaining
sp3 bond becomes weaker and weaker, and finally disappear too.
This is an indirect process and could be regarded as a 2nd-order
effect of doped B atoms, since it results from the collective efforts of
three surrounded C atoms in three rings that formed earlier in the
process. Eventually, both the direct and indirect processes trans-
form all C atoms at the 1st bilayer into the sp2 state whereupon the
graphene has been automatically constructed.

Finally, we plotted the charge distribution, shown in Fig. 4, for 1/
4 concentration of boron incorporated into the fifth layer in dia-
mond (111) (as shown in Fig. 2(d)). In order to see the differences
between the boron-to-Ctop bonding and the bonding of the boron
atom to the C atoms below it, we chose to investigate more closely
the plane formed by a boron atom, its Ctop atom and one C atom
below the boron. One can clearly see that boron’s bonding to the
Ctop atom is much weaker than its bonding to the C atom below,
indicating that the Ctop atom has a dangling bond. As a result, the
carbon atoms in the fourth layer shift upward a bit and use their
dangling bonds to form stronger sp2 bonds with carbon in the third
layer.

4. Conclusions

In summary, we investigated the formation of graphene on
boron-doped diamond (111) surface by using first-principles cal-
culations, demonstrating that graphene can be spontaneously
constructed with 1/4 substitutional doping of boron atoms in the
fifth layer of diamond (111). Surface reconstruction induced by the
B-doping is the physical origin of the observed diamond-to-
graphene phase transition. The 1st bi-layer of diamond (111) be-
comes graphene due to surface reconstruction, driven by a strong
tendency of surface carbon atoms to transform to the sp2 state,
combined with the influence of sub-surface doping with B atoms.
This result paves the way to a direct approach for graphene syn-
thesis on wide bandgap materials, which will attract significant
interest in view of the widespread quest for graphene-based elec-
tronics with high thermal conductivity.
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