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Most applications of graphene need a suitable support substrate to present its excellent properties.
But transferring graphene onto insulators or growing graphene on foreign substrates could cause
properties diminishing. This paper reports the graphene growth directly out of diamond (111) by
B doping, guided by first-principles calculations. The spontaneous graphene formation occurred
due to the reconstruction of the diamond surface when the B doping density and profile are ade-
quate. The resulting materials are defect free with high phase purity/carrier mobility, controllable
layer number, and good uniformity, which can be potentially used directly for device fabrication,
e.g., high-performance devices requiring good thermal conductivity. Published by AIP Publishing.
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Graphene is a single-atomic-layer material with fascinat-
ing physical and chemical properties such as the anomalous
quantum Hall effect, minimal conductance at zero gate volt-
age, extraordinary mechanical strength, high thermal conduc-
tivity, and a unique ballistic transport. These make graphene
an ideal material for applications in electronics, energy, infor-
mation, biology, and many more fields.'”” Graphene was first
obtained by micromechanical cleavage of graphite.® In most
applications, it is desirable that the graphene is supported by a
substrate. Growing or transferring graphene on a suitable for-
eign substrate while protecting its unique physical properties
is, however, a daunting challenge. For example, transferring a
graphene sheet onto a SiO, substrate has obvious disadvan-
tages, as the properties of the graphene will be diminished by
the large number of traps and consequent phonon scattering at
the interface.’™'! Therefore, it is urgent to find a substrate, for
either transfer or growth, upon which graphene’s crystal qual-
ity and symmetry can be preserved perfectly.

To date, various types of substrates have been used
for graphene growth, including carbides, e.g., SiC, TiC, and
TaC.'>'"® The high temperature thermal decomposition of
carbides for graphene fabrication is, however, not compati-
ble with current semiconductor technology and can easily
produce graphene with defects. A metal substrate such as Pt,
Ni, Ru, Ir, or Co is another alternative. The major drawback
of the metal substrate is the strong metal-graphene interac-
tion, which limits the size, alters the transport properties, and
makes it harder to design and fabricate devices.

Diamond is a natural candidate for the dielectric sub-
strate of graphene devices, due to its excellent physical and
chemical properties such as unparalleled hardness, extremely
high thermal conductivity, high hole and electron mobility,
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and chemical inertness. Moreover, heavily boron doped dia-
mond is a superconductor with exceptionally high T¢ for
an elemental solid in ambient conditions. Both synthesized
and natural industry-grade diamonds are readily and cheaply
available now. Recently, improved properties of devices
composed of graphene on diamond or diamond-like carbon
substrate have been demonstrated, outperforming graphene
on Si0,.'""!'*13 However, in these experiments, the graphene
was transferred onto a diamond surface, which generally
requires surfaces of low roughness (<1 nm). The usual disad-
vantages of graphene transfer are also unavoidable. So the
directly growing graphene on diamond is one even dream
about it in this field. Several experiments have shown that
one could convert nano-diamond clusters into nano-graphene
islands.'® For diamond with a (111) surface, first-principles
calculations further suggested that impurity doping can cause
single-layer graphitization on the surface.'® Surface recon-
struction of the diamond is the reason for the graphitization
of the outermost layer(s). Very recently, a process based on
rapid thermal annealing of ultra-nano-crystalline diamond
in the presence of a metal catalyst was developed for the
growth of high quality single and multilayer graphene into
wafer scales towards the realization of graphene/diamond-
based electronics without transferring of graphene onto other
substrates.'”

In this paper, we show that graphene can be grown
directly out of diamond, guided by first-principles calcula-
tions. Our density functional theory calculations for boron
doped diamond (111) suggest that B doping induces a con-
figuration change of carbon on the diamond surface to sp*
hybridization. When the doping density and profile are ade-
quate, surface reconstruction of the diamond can lead to
spontaneous formation of graphene, bound to the substrate
via only weak van der Waals interactions. Our experimen-
tal results indicate that we have synthesized high-quality

Published by AIP Publishing.


http://dx.doi.org/10.1063/1.4964710
http://dx.doi.org/10.1063/1.4964710
mailto:czgu@aphy.iphy.ac.cn
mailto:liwuxia@aphy.iphy.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4964710&domain=pdf&date_stamp=2016-10-19

162105-2

Gu et al.

(b)

Graphene

monolayer, bilayer, and multilayer graphenes on the dia-
mond (111) surface by the B-doping. The graphene thickness
can be accurately controlled by regulating the growth time.
Raman study indicates that the graphenes are defect free,
judging by the complete absence of the D band in the Raman
spectrum. The 2D band intensities relative to the G band fur-
ther indicate the good quality of the graphene layers. The
mobility of the graphene layers has been estimated to be in
the range of 10000 cm2/V s from the Hall measurement.
These values from our untreated samples are comparable to
those of untreated free-standing graphene sheets.

Unpolished single-crystal diamond (111) particles syn-
thesized by high pressure and high temperature (HPHT) were
used as the substrates. A boron doped diamond film was
grown epitaxially by using a hot-filament CVD (HFCVD)
method on the single crystal (SC) diamond (111) substrate.
HFCVD is a standard process for growing diamond films.
More details about the HECVD system are given elsewhere.'®
Before the deposition of the diamond film, the diamond (111)
substrates were ultrasonically pretreated in an ethanol solu-
tion. In addition to the CH4 (4 sccm) and H, (100 sccm) used
as reaction gases, boron was introduced during the growth pro-
cess by bubbling H, gas (3—5 sccm) through a B(OCH3)5 lig-
uid precursor at room temperature. The total pressure was at
40-55 Torr. The substrate temperature was about 700-900 °C,
measured by a thermocouple mounted on the substrate. The
duration of the deposition was 2-3 h, and an epitaxial B-doped
diamond coating about 2 um thick was formed. The film resis-
tivity and carrier concentration were measured in a Bio-Rad
Microscience HL5500 Hall system by the van der Pauw and
Hall Effect method. Silver paint contacts were applied at the
corners of the rectangular samples. The phase purity of the
coatings on the diamond (111) was characterized by JY-6000
micro-Raman spectroscopy with a 532-nm laser.

Figure 1(a) shows the SEM image of the triangular (111)
facet of a 200-um diamond, and an epitaxial B-doped dia-
mond coating covered by monolayer graphene is shown in
Fig. 1(b). We used Raman spectroscopy to verify the nature
of the coating. Figure 2 shows the Raman spectra of the dia-
mond (111) substrate before and after the deposition of the
B-doped diamond film. For the diamond (111) substrate, one
can see clearly a strong 1332cm™' peak, corresponding to
optical vibration in the diamond crystal. The intensity and
width of the peak confirm that the sample is a single crystal.
For the diamond (111) substrate after deposition, Fig. 2(b)
shows dramatically a single layer graphene on the substrate
after 2h growth. Its G peak at 1584 cm ™" that corresponds to
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FIG. 1. (a) SEM image of the diamond
(111) substrate. (b) Schematic of gra-
phene grown out of the diamond (111)
surface.

the E,, phonon at the center of the Brillouin zone and the 2D
peak at 2668 cm ™' are also strong and clear. The major fin-
gerprint of graphene in Raman spectra is the 2D peak; its
shape, position, and intensity relative to the G peak depend
sensitively on the number of layers. Figures 2(c) and 2(d)
show the bilayer and multilayer graphene after 2.5h and 3h
growth, respectively. The positions of the G and 2D peaks
with respect to the ones in Fig. 2(b) have not changed at all.
Note that there is no defect-related D peak in any of the
examples. We know that the D peak at 1360cm ™' is due to
the out-of-plane breathing mode of sp® carbon atoms and is
active in the presence of defects. The D band is an effective
probe to assess the level of defects and impurities in gra-
phene; for example, it is completely absent in high-quality
graphene such as the micromechanically exfoliated ones,
except in the proximity of edges. On the other hand, the pene-
tration depth of the Raman laser at 532 nm is several hundred
nanometers, so the Raman signal was generated from the
entire film thickness. However, in our experiment, the strong
Raman signal from the diamond substrate does not appear to
overshadow the expected G peak of the graphene, which can
be attributed to the perfect symmetry and high quality of the
defect-free graphene on the diamond (111) substrate.'”

The low thermal boundary resistance (Rg) between the
graphene and the substrate is important for applications in
thermal interface materials and as a heat spreader in devi-
ces.’’ However, graphene’s thermal coupling to substrate
materials depends sensitively on the substrate’s surface
roughness and the presence of any suspended regions in the
graphene layers. To transfer graphene onto a diamond, it is
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FIG. 2. Raman spectra of a diamond (111) substrate, (a) bare, and with (b)
single-layer, (c) bilayer, and (d) multilayer graphene on the surface.
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necessary to polish the diamond to obtain roughness of less
than 1 nm."? However, polishing a diamond is difficult due to
its hardness and hence is impractical for device applications.
In our study, unpolished HPHT diamond (111) was used as
the substrate, despite the surface roughness being larger than
100 nm, as can be seen in Fig. 1. Raman spectra from differ-
ent regions on the (111) surface of the 200 um diamond grain
indicate the uniformity of the bilayer graphene, as shown in
Fig. 3. No significant defect D peak was detected across the
whole (111) facet. These results strongly suggest that grow-
ing graphene directly out of diamond (111) eliminates the
substrate contact effect; thereby, the degradation of thermal
conductivity that was generally found in transferred graphene
on the substrate is prevented. This is important for heat dissi-
pation in device applications.

One of the interested intrinsic properties of graphene is
the high carrier mobility. At ambient conditions, the mobility
in graphene on the substrate is typically on the order of several
thousand cm?/V's (about 2000 cm?/V's on SiC substrate) due
to surface adsorbates.”' Improved sample preparation, includ-
ing post-fabrication desorption of surface adsorbates by cur-
rent annealing, enables mobility exceeding 20000 cm?/V s.>
Generally, the dominant scattering mechanism of the carrier
transport in graphene is due to defects. In oxide-supported
graphene, trapped charges are the dominant scatterers.
Because our graphene sample is grown out of its diamond
substrate, it is defect-free and tends not to trap charges due
to the inherent high carrier mobility of diamond (10°-10"
higher than that of Si0,),”> so the graphene layer is
expected to have higher mobility here than on other sub-
strates. However, since our graphene is grown by B doping,
the graphene’s mobility cannot be simply measured directly,
as any possible effect of the B-doped diamond layer under
the graphene must be considered.

We measured the room-temperature Hall Effect and
resistivity in bilayer graphene on diamond (111). The mea-
sured resistivity is 1.6 x 107° Qcm, very close to the known
resistivity of suspended graphene. The measured hole Hall
mobility is 57.4cm?/Vs. Note that the mobility here has
contributions from both the graphene and the underlying
B-doped diamond layer. In order to extract the mobility of
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FIG. 3. Raman spectra in different regions of a 200 um diamond (111) sub-
strate: (a) center, (b) near center, 30 um from center, (c) near edge, 70 um
from center, and (d) at edge, 100 um from center.
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the graphene, we used a parallel bilayer conductivity model
where the first layer is the graphene and the second layer is
the highly conductive B-doped diamond, which is 2 um
thick.>* The Hall mobility uyy (57.4cm?/Vs) for the bilayer
can be expressed as>*

e 2nandy + > ninds
L dy + Wptypdy

= D

where [y, nyyq, d; are the Hall mobility, carrier concentra-
tion (10"?cm™2), and thickness (0.335nm) of the graphene
layer, and py, Ny, d, are the Hall mobility (10.1 cm?/V S),
carrier concentration (1.2 x 103 cm_3), and thickness of the
B-doped diamond coating (2 um). To find the mobility of the
substrate, we first removed the graphene by boiling the sam-
ple in HCIO4 and then measured the resistivity and hole
mobility of the B-doped layer.

Using Eq. (1), the graphene mobility is estimated to be
1.0767 x 10* cm?/V s. Note that our measurement was carried
out in air in ambient conditions, under which the graphene
easily adsorbs gaseous molecules and other contaminants
from the air. Therefore, our estimated mobility should be
smaller than the actual mobility of epitaxial graphene. Even
so, the value of 1.0767 x 10* cm?/V's is still higher than in
most reports of unsuspended graphene, hinting at some suc-
cess here in obtaining high-quality as-grown graphene from
diamond, which offers a different direction toward the impor-
tant goal of minimizing the interface resistance while improv-
ing carrier mobility in graphene devices.

As mentioned earlier, first-principles calculations have
been carried out to predict the growth of graphene out of dia-
mond (111). The calculations used the Vienna ab initio simu-
lation package (VASP).> The electron-core interactions were
described by the Vanderbilt ultrasoft pseudopotential. The
exchange correlation energy was described employing the
generalized gradient approximation (GGA).*® A plane wave
basis set was used with a kinetic energy cutoff of 350eV. The
theoretical bulk lattice constant of diamond (3.574 A) was
used in all calculations of the diamond (111) surface. A
2 x 2 x 1 k-point mesh in the Monkhorst-Pack scheme was
used for Brillouin zone integration.”” All atoms were fully
relaxed except for those at the bottom two layers, which were
fixed at their respective bulk positions. To minimize interac-
tions between the top and bottom surfaces, 12 layers of car-
bon atoms with a bottom layer passivated by hydrogen and a
vacuum region larger than 15 A were used.

To elucidate the underlying physics for the growth of
graphene on diamond, here we highlight the key findings of
the first-principles calculations, while the details of the cal-
culations and discussions will be published elsewhere. The
ability to convert a surface diamond (111) bilayer into a gra-
phene layer depends on the depth of the B dopant. If it is too
deep, one can expect that the effect will be vanishingly
small. The outmost surface layer may not be the best choice,
either. Instead, we found that the 5th layer has low substitu-
tion energy for B, as well as being most effective in promot-
ing surface graphitization.

Consider first the case with 1/16 B doping in the 5th
layer (calculated using a 4 x 4 surface cell, and B is shown
in pink in Fig. 4(a), whereas all other layers are free of B).
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FIG. 4. (a) Optimized atomic structure at 0 K. This shows the transition of the first bilayer above the B atoms into a local hexagonal graphene-like structure
(see the blue balls representing the sp” surface carbon). (b) Structure obtained by MD simulations when heating up the system to 900 K. (c) The structure after
another 130 fs equilibration at 900 K. The inset is the top view of two layers of formed graphene. Pink ball is B and green balls are the back surface H.

Figure 4(a) shows the optimized structure at 0 K, in which a
local graphene-like structure, due to bulging up of the carbon
atoms in the 2nd layer (denoted by blue balls), is visible.
The carbon bond lengths inside the graphene-like structure
are approximately 1.44 A instead of 1.55A. The distances
between the carbon atoms in the 3rd layer and those in the
graphene-like structure are elongated from 1.55 Ato242A.
This, compared to the normal C-C bond length 1.55A in
bulk diamond, suggests that no more bonding exists between
the carbon atoms in adjacent layers. This particular case
demonstrates that shallow dopant B will induce a local sp”
structure on the surface. Going further, we increased the B
doping concentration in the 5th layer to !/4. In this case, gra-
phene will spontaneously form even at T=0K, with no
energy barrier.

To understand the physics of graphene forming on dia-
mond (111) by B doping under our experimental conditions,
we also performed ab initio molecular dynamics (MD) simu-
lations with a time step = 0.5 fs and canonical NVT ensemble,
in which we heated the system steadily to the experimental
temperature, around 900K, and a Nosé-Hoover thermostat
was used to control the temperature. All atoms were allowed
to move. Equilibration was reached by gradually heating the
system up from O to 900K. We then examined the effect
of thermal oscillation on the atomic structure at around
900 K. Figure 4(b) shows that the Ist bilayer has completely
become graphene. Figure 4(c) shows that when the constant-
temperature dynamics continues for another 130 fs, the 2nd
bilayer (i.e., atomic layers #3 and 4) also transforms to gra-
phene. It is worth noting that the thermal effects are small in
the simulation. Consider, for example, the H is used to termi-
nate the back surface. At the end of the simulation, they all
remained at their original positions. This means that thermal
energy is not enough to cause structural change, not even to
lift H off the back surface, despite H having only a single
bond.

The physics of B inducing spontaneous formation of gra-
phene can be summarized as follows: once a B atom is incor-
porated into the 5th layer, it creates a dangling bond on the
nearest C atom (which in our case is in the 4th layer, right on
top of the B atom). Changing the carbon from sp> hybridiza-
tion to sp> hybridization, accompanied by atomic reconstruc-
tion, can reduce or eliminate the number of dangling bonds,
lowering system energy. Therefore, surface reconstruction, as
a result of the B doping, creates a graphene-like seed struc-
ture, which then catalyzes the growth of a larger graphene

sheet. As the B concentration increases, such carbon sz—
hybridization seeds on the surface will increase as well.
Thermo fluctuation will accelerate the process where all C
atoms tend toward the sp” state, eventually forming graphene.
So the graphene formed spontaneously grows out of diamond
(111) and copies the perfect symmetry of the diamond (111)
surface, which presents unique properties of no defects, no
suspended regions, excellent uniformity, and high carrier
mobility.

In summary, we theoretically predicted and experimen-
tally demonstrated that graphene can spontaneously form on
the diamond (111) surface after B doping. This allows one to
obtain the intrinsic properties of graphene on a foreign sub-
strate, with superb characteristics of both graphene and dia-
mond. We also found that the graphene grown this way is
defect-free, with high phase purity and carrier mobility, has
a controllable number of layers and good uniformity at a
large scale of hundreds of microns, which might be a poten-
tial approach for fabrication of future high-performance
devices based on graphene/semiconductor hetero-structures.
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Graphene” and the U.S. Department of Energy under Grant
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