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G
raphene is a one atom thick honey-
comb-shaped 2D sheet of sp2-bonded
carbon atoms with extraordinary

material properties such as extremely high
carrier mobility, high optical transparency,
and high surface area/mass ratio.1�5 Gra-
phene is also a member of sp2-bonded 2D
monolayer materials, which include boron
nitride (BN)6,7 and molybdenum disulfide
(MoS2).

8 Heterojunctions (both vertical and
lateral) of graphene and other 2D materials
are opening up exciting new device and
materials possibilities.
In order to realize the whole potential of

2D materials, it is essential to develop a
practical growth technique and understand
the nature of growth. Catalyst-free growth
of graphene on an insulating substrate can
eliminate problematic transfer processes
and has been studied on several different
substrates. Polycrystalline graphitic filmwas

grown on sapphire9 and (111) Si10 bymolec-
ular beamepitaxy (MBE). Graphene syntheses
on MgO,11 SiO2,

12,13 Si3N4,
14 HfO2,

14 BN,15,16

and sapphire17 were studied using low-
temperature (∼400 �C) or conventional (950�
1000 �C) CVD. However, these methods have
not produced material to date competitive
with either graphene grown on metal such
as Ni and Cu18,19 or epitaxial graphene on
SiC.3,20 Typically, defect-related RamanD-peak
is larger than G-mode in these samples,
indicating small grain size (e14 nm)21,22

and carrier mobility is limited to 1,9 40,12

or 100�600 cm2/V 3 s.
17 Oxygen-aided synth-

esis onSiO2,
23 remote catalyzationon silica,24

and CVD on Cu/dielectrics and in situ eva-
porationofCu25werealso reported.With these
techniques, the Raman D-peak significantly
decreased, but the carrier mobility did not
improve much (531 cm2/V 3 s in ref 23 and
100�600 cm2/V 3 s in ref 24). High-temperature
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ABSTRACT van der Waals epitaxial growth of graphene on

c-plane (0001) sapphire by CVD without a metal catalyst is presented.

The effects of CH4 partial pressure, growth temperature, and H2/CH4
ratio were investigated and growth conditions optimized. The

formation of monolayer graphene was shown by Raman spectros-

copy, optical transmission, grazing incidence X-ray diffraction (GIXRD),

and low voltage transmission electron microscopy (LVTEM). Electrical

analysis revealed that a room temperature Hall mobility above

2000 cm2/V 3 s was achieved, and the mobility and carrier type were

correlated to growth conditions. Both GIXRD and LVTEM studies confirm a dominant crystal orientation (principally graphene [10�10] || sapphire [11�20]) for

about 80�90% of the material concomitant with epitaxial growth. The initial phase of the nucleation and the lateral growth from the nucleation seeds were

observed using atomic force microscopy. The initial nuclei density was ∼24 μm�2, and a lateral growth rate of ∼82 nm/min was determined. Density

functional theory calculations reveal that the binding between graphene and sapphire is dominated by weak dispersion interactions and indicate that the

epitaxial relation as observed by GIXRD is due to preferential binding of small molecules on sapphire during early stages of graphene formation.
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CVD (1550�1650 �C) route produced well-ordered
graphitic film26 or graphene27 on sapphire with ma-
terial qualities as close as those of graphene on metal
or SiC. This material exhibited the Raman ID/IG value of
0.05 with ∼3000 cm2/V 3 s Hall mobility, suitable for
practical applications.27 However, the growth optimi-
zation was not fully explored in that study other than
growth temperature, and the growth mechanism was
not well examined regarding nucleation and epitaxial
relation.
Here, we report graphene growth on c-plane (0001)

sapphire, which can be viewed as van der Waals
epitaxy. We also present a growth model and growth
mechanism by carefully investigating the initial stages
of growth, the epitaxial relationship of the graphene to
the sapphire, and the binding energy between the film
and substrate. The van der Waals epitaxy28�30 of 2D
materials involves the epitaxial growth of a layered
material that proceeds with a van der Waals force
resulting in good epitaxy even with large lattice mis-
match between the grown and substrate material. It
was observed that the substrate and film grown with
van der Waals epitaxy are rotationally commensurate,
in spite of the fact that their lattice constants are
usually incommensurate with each other. The van der
Waals epitaxial growth mechanism differs significantly
from the sublimation growth of graphene produced
by the thermal decomposition of SiC under ultrahigh
vacuum (UHV)3 or atmospheric argon pressure20 at
high temperatures. In the sublimation approach, gra-
phene is aligned to the substrate due to step flow
evaporation of Si. Growth of graphene on sapphire
examined in this study also differs from CVD of graphene
on single- and polycrystalline transition metals.18,19 While
van der Waals epitaxy is the likely growth mechanism for
CVD on metals, the strong catalytic action of the metals
allows for the cracking of the methane at much lower
temperatures than those used in this study.

RESULTS AND DISCUSSION

Graphene growth using methane (CH4) required a
high partial pressure of methane. For example, if
methane concentration is lower than∼0.2%, graphene
or graphitic films were not formed at a growth tem-
perature higher than 1450 �C regardless of growth
time and the amount of hydrogen flowed. We believe
that the suppression of graphene growth is due to
carbon etching by hydrogen31 and oxygen32 (carbo-
thermal reduction of sapphire), which is more domi-
nant at high temperatures with the low CH4 partial
pressures. Hydrogen, which we supply during the
growth, is the first source of carbon etching through
the formation of hydrocarbon gases. Sapphire (Al2O3)
is stable at high temperature but starts to decompose
at much lower temperature, if it comes into contact
with carbon, by releasing CO. This “carbo-thermal
reduction of sapphire”32 is another very important

carbon etching process in this growth. A two-step
growth was employed in the case of the low methane
concentration (<∼0.2%) to promote the nucleation at a
lower temperature (e1350 �C), and lateral expansion
of the nuclei was performed at a higher temperature
(where nucleation of graphene is suppressed). The
effect of methane partial pressure on nucleation was
examined using the two-step growth at a tempera-
ture between 950 and 1450 �C with a fixed methane
concentration of 0.15% and the H2/CH4 ratio of 10.
After the nucleation, graphene was grown at 1550 �C
with the same methane flow and H2/CH4 ratio. The
detailed data can be seen in the Supporting Informa-
tion. If the nucleation temperature is higher than
∼1350 �C, no growth was observed with the given
methane partial pressure. As the CH4 concentration
decreased from 0.15 to 0.08%, the critical nuclea-
tion temperature also dropped from 1350 to 1225 �C,
independent of nucleation time. This is the same
observation that the one-step direct growth is not
possible at a temperature higher than∼1450 �C when
the methane partial pressure is lower than 0.2%. From
this study, it was found that the critical nucleation
temperature increases as the methane partial pressure
increases.
A small amount of hydrogen was added during the

growth in order to promote the decomposition of
methane and 2D growth.31 It was observed that the
surface of graphene became rough and started to form
3D island-like structures when the H2/CH4 ratio was
smaller than the optimum point. If the ratio is too high,
no graphene was produced. This behavior was still
observed even with a prolonged nucleation or growth
time. The highest possible H2/CH4 ratio was desirable
to obtain the higher quality graphene as long as the
condition allowed the formation of graphene. How-
ever, the optimum range of the ratio was narrow, and
the final result varied widely, showing growth or no
growth of graphene. Also, the effect of nucleation and
growth temperature was investigated. As expected from
the previous results,26,27 the higher the nucleation/
growth temperature is, the higher the crystal quality of
grown graphene is. It is inferred that higher growth
temperatures enhance the surface mobility of active
carbon and produces higher quality crystals. The de-
tailed data of the H2/CH4 ratio and growth temperature
can be found in the Supporting Information.
Growth times were adjusted to obtain a monolayer

graphene with a full coverage ranging from 45 s to
5 min depending on other growth conditions. It was
observed that higher growth temperature or lower
H2/CH4 ratio needed less growth time once the
methane partial pressure is higher than the critical
value and allows the growth of graphene. It indicates
that the methane cracking efficiency increases more
rapidly than the carbon etching rate by hydrogen or
oxygen as growth temperature increases.
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All of these observations suggest a growthmodel, as
shown in a simplified drawing of Figure 1, balancing
carbon supply and carbon removals. Carbon is sup-
plied by the thermal cracking of methane, and carbon
is removed by the hydrogen etching forming hydro-
carbon gases and the carbo-thermal reduction process
releasing carbon monoxide (CO). Once the sapphire
surface is completely covered by the first layer of
graphene, the sapphire surface is protected and one
of the carbon removal processes (etching by oxygen
originated from the sapphire substrate) would stop
working. In this case, it is expected that the growth rate
increases. To support this, we did additional experi-
ments by heating graphene on sapphire under Ar
environment (600 Torr). Two types of graphene sam-
ples were prepared. The first one was exfoliated gra-
phene (5 and 20 μm) obtained by mechanical cleaving
of kish graphite, and theywere transferred on sapphire.
The other sample was prepared like the atomic force
microscopy (AFM) image in Figure 3c (small grain
graphene patches on sapphire by incomplete CVD
growth on sapphire). Then, the samples were annealed
at a growth temperature (1550�1650 �C) without
methane and hydrogen flow. After the annealing, small
graphene patches of the second sample all disap-
peared, leaving an etching mark and roughening of
the sapphire surface. However, the large graphene
sheet from the exfoliation stayed on the sapphire
surface without any noticeable change in the sur-
face roughness. This experiment supports that the
large area graphene patch or sheet can protect the
sapphire surface at high growth temperature, resulting
in less carbon etching by oxygen. This also agrees quite
well with our experimental observations showing a
super linear increase of graphene thickness after one
layer growth. This makes it difficult to control the
thickness of multilayer graphene. The detailed me-
chanism of nucleation and growth of the second layer
is not well understood at this point, and future inves-
tigation is needed. With an optimized condition, both
the high-temperature direct growth and the two-step

growth produced a monolayer graphene on sapphire,
as confirmed by Raman spectroscopy, optical transmis-
sion measurement, grazing incidence X-ray diffraction
(GIXRD), and low voltage transmission electron micro-
scopy (LVTEM).
Figure 2 shows Raman spectroscopy data of gra-

phene grown on sapphire by the high-temperature
direct growth and the two-step method after all opti-
mization. For the direct growth, sampleswere grown at
1550 �Cwith a CH4 concentration of 1.2% and a H2/CH4

ratio of 12. In the cases of the two-step method, the
samples were nucleated at 1350 �C for 3 min with a
H2/CH4 flow ratio of 14 and then grown at a temperature
between 1450 and 1650 �C with a H2/CH4 flow ratio of
10. The partial pressure of CH4 was 0.15% for both the
nucleation and high-temperature growth. These were
the optimum growth conditions determined by
Raman, AFM, and electrical measurements. The detailed
optimization process can be found in the Supporting
Information. The Raman spectra in Figure 2a shows the
signature of graphene with the G-peak (∼1580 cm�1)
associated with the in-plane vibration and the 2D-peak
(∼2700 cm�1) from a second-order process involving
two phonons. In most of the samples, the Raman I2D/IG
ratios are about 2, which can be interpreted as a thin
film (1�2 ML).18,33�36 Also, the curve fitting of the 2D-
peaks showed that they are single Lorentzian with the

Figure 1. Growth model for CVD graphene on sapphire.
Carbon is supplied by the cracking of CH4, and it is balanced
by carbon etching by hydrogen and oxygen. Aluminum
atoms on the sapphire surface were not shown here for a
simplified view.

Figure 2. Raman spectroscopy analysis of graphene on
sapphire. (a) (Bottom) Raman spectrum of graphene grown
directly at 1550 �C with CH4 concentration of 1.2% and H2/
CH4 ratio of 12. (Top) Raman spectrum of graphene nu-
cleated at 1350 �C for 3 min with a H2/CH4 flow ratio of 14
and then grown at a temperature of 1650 �C with a H2/CH4

flow ratio of 10. The partial pressure of CH4 was 0.15% for
both the nucleation and high-temperature growth. (b,c)
Raman mapping of one-step growth sample over 30 μm �
30 μm area. (b) ID/IG and (c) I2D/IG.
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best fwhm values of 43 and 33 cm�1 for the sample
directly grown at 1550 �C and the sample nucleated at
1350 �C and grown at 1650 �C, respectively, indicating
a high-quality monolayer graphene.34�37 Disorder-
induced D-peaks (∼1350 cm�1) were also detected
with the ratio of the D-peak to G-peak intensity (ID/IG)
varying depending on growth conditions. The Raman
ID/IG ratio has been known to be inversely proportional
to crystallite or grain size and was extensively used in
this study to estimate the quality of graphene and the
degree of disorder.21,22 The grain size of this material
can be estimated to be ∼270 nm, based on the
formula22 La(nm) = 2.4 � 10�10 � λ4 � (ID/IG)

�1, when
the wavelength of the excitation laser, λ, is 488 nm and
the ID/IG ratio is 0.05. Figure 2b,c shows Raman map-
ping of a one-step growth sample (ID/IG and I2D/IG over
30 μm� 30 μm area). The excitation laser spot is about
1.5 μm, and Ramandatawere obtained at every 1.5μm.
These maps show the uniformity of this material, and

the average values of ID/IG and I2D/IG are 0.06 and 2.1,
respectively, in this area. There was no noticeable
difference in the uniformity of two-step growth sam-
ple, asmeasured by the same Ramanmapping, and the
average values of ID/IG and I2D/IGwere 0.05 and 2.2 over
the same 30 μm � 30 μm area.
Figure 3 shows AFM images and height profiles of

graphene on sapphire. Graphene grown by the high-
temperature direct method is seen in Figure 3a. This
sample was grown at 1550 �C for 3 min with a CH4

concentration of 0.8% and a H2/CH4 ratio of 12. Several
white lines were observed, and the heights are mea-
sured to be approximately 12 Å as seen in the profile
AA0. These folds are seen in many large area graphene
films such as epitaxial graphene or CVD graphene on
metal. Some roughening of the sapphire surface was
also observed with pit formation, the depth of which is
about 10Å as shown in profile BB0. This could be caused
by the carbo-thermal reduction process of the sapphire

Figure 3. AFManalysis of graphene on sapphire. (a) Graphenewas directly grownat 1550 �C for 3minwith CH4 concentration
of 0.8% and aH2/CH4 ratio of 12. (b) AFMof “nucleation only” sample. This samplewas nucleated at 1350 �C for 3minwith the
CH4 concentration of 0.15% and a H2/CH4 ratio of 14 and then immediately cooled. (c) AFM of “partially grown” sample. This
sample was nucleated at the same condition described in panel b and then grown at 1650 �C for 1 min with a CH4

concentration of 0.15% and a H2/CH4 ratio of 10. It was an intentional incomplete growth to see the lateral growth of
nucleation domains. The size distributions of the graphene domains in a 1 μm2 area are shown here together. Solid
circles indicate the distribution after nucleation as seen in panel b, and the open circles represent the distribution after
nucleation þ1 min short growth as seen in panel c. (d) This sample was grown by the two-step method. This sample was
nucleated and then grown at the same condition of panels b and c but for 3 min at 1650 �C to complete growth.

A
RTIC

LE



HWANG ET AL. VOL. 7 ’ NO. 1 ’ 385–395 ’ 2013

www.acsnano.org

389

surface. The root-mean-square (rms) roughness over a
2.0 μm � 2.0 μm area, where there is no fold, was
1.9�2.4 Å. Another direct growth sample with 1.2%
CH4 showed almost the same surface features, but the
rms roughness varied between 2.8 and 3.7 Å on the
same size areas.
The early stage of graphene growth was studied

with a low CH4 concentration since the growth rate
during the high-temperature direct growth with a high
methane flow is too high to control precisely. Figure 3b
shows an AFM image of “nucleation only” sample. It
was nucleated at 1350 �C for 3 min with a CH4 con-
centration of 0.15% and a H2/CH4 ratio of 14. The
growth stopped and cooled immediately after the
nucleation step without completing the actual high-
temperature growth. Many white speck-like features
sized between 25 and 100 nm are seen in Figure 3b,
and it is believed that those spots are nucleation sites.
The height measurements across the spots, shown
in profile CC0 revealed that they were about 3�4 Å
high, which agreed well with the thickness of 1 ML
graphene.18,34,38 The nucleation density was roughly
estimated to be ∼26 μm�2 by counting the white
features. The horizontal wavy lines are thought to be
steps of (0001) sapphire, and the height of the steps is
about 2.2 Å as seen in profile DD0. This matches with
the reported value of a sapphire unit step (c/6, where
c = 12.99 Å is the vertical direction lattice constant of
c-plane sapphire) before annealing.39 The rms rough-
ness over this 2.0 μm � 2.0 μm area was 1.2 Å.
Nucleation domains were uniformly distributed across
the sample surface with no discernible tendency for
step edge nucleation.
Figure 3c shows an AFM image of a sample nu-

cleated at 1350 �C like the sample in Figure 3b and then
grown at 1650 �C for 1min with a CH4 concentration of
0.15% and a H2/CH4 ratio of 10. It was intentionally
grown for a shorter time (1 min) at the high tempera-
ture to see the growth of nucleation domains. The
circular-shapedwhite features were also observed, and
sizes ranged from about 50 to 350 nm. The height of
these features was about 3�4 Å (profile EE0)18,34,38 like
the one in Figure 3b profile CC0, but the lateral size
increased as compared to the ones in Figure 3b. The
step heights of sapphire (profile FF0) increased signifi-
cantly due to step bunching under high temperature.39

The density of domains was estimated to be∼24 μm�2

and shown to be almost the same as that of the
nucleation stage in Figure 3b. The size distribution of
the domains in a 1 μm2 area is seen together with the
distribution after nucleation. The solid and open circles
represent the distribution of “after nucleation” and
“after 1 min growth”, respectively. Most seeds in
Figure 3b have domain sizes between 25 and 50 nm
with an average value of 48 nm after nucleation.
However, the distribution became broader and shifted
to the right side (larger size) after nucleation þ1 min

short growth. The average grain diameter was 130 nm.
If we can assume that the average-sized nucleation
seed grew and became one of the average-sized grains
in Figure 3c, then the lateral growth rate would
be∼82 nm/min. The rms roughness over this 5.0 μm�
5.0 μm area was 12.1 Å, but it dropped to 1.5 Å if we
only considered a 0.5 μm� 3.0 μm area on the terrace
of sapphire. After completing a full growth cycle (3 min
nucleation and 3 min high-temperature growth), the
surface feature associated with graphene was not very
distinguishable by AFM in a small scan area and only
the sapphire steps were observed. However, if a larger
area was scanned, the folds of graphene similar to the
ones seen in Figure 3a were observed. They are shown
in the profile GG0 of Figure 3d along with the sapphire
surface morphology (profile HH0).
High-resolution X-ray photoelectron spectroscopy

(XPS) measurements (see Figure S4 in the Supporting
Information) showed that there are no detectable
chemical bonds of Al�C (281.5 eV)40 or Al�O�C
(282.5 eV)40 at the graphene/sapphire interface, indi-
cating that the grown graphene is suspended on the
sapphire substrate. This result also agrees with the
previous report by Fanton et al.27 and our density
functional theory (DFT) calculation described in this
paper. However, the folds observed by AFM suggest a
compressive strain in the grown graphene. Compres-
sive strains could be built in the graphene during the
cool down process due to the mismatch of thermal
expansion coefficient, and probably the strains were
partially relieved by the formation of folds or wrinkles.
However, we did not observe any obvious relation be-
tween thewrinkles and surface features of the sapphire
substrate in either one-step growth (Figure 3a) or two-
step growth (Figure 3d). Some wrinkles or folds start at
the step edge or etch pits of sapphire, but some of
them do not.
Strain in the grown graphene was also investigated

by tracing the Raman 2D-peak position. Raman 2D-
peaks are slightly blue-shifted in these graphene on
sapphire compared to exfoliatedmonolayer graphene,36

and the positions range from ∼2697 cm�1 (growth at
1450 �C) to∼2704 cm�1 (1650 �C) when the graphene
samples were grown by the one-step method with a
methane partial pressure larger than 0.6% (see Figure 4
and the section for electrical properties). The 2D-peak
position almost linearly increased as the growth tem-
perature increased from 1450 to 1650 �C (∼1.8 cm�1

per 50 �C), and these shifts in the 2D-peak correspond
to compressive strains smaller than ∼0.3%.41 The blue
shift of 2D-peak can be caused by hole doping42 or
compressive strain,41,43 but the main reason in these
samples is attributed to the compressive strains since
Hall effect measurements showed that these graphene
are n-type and the charge densities are very small. It is
known that the 2D-peak width linearly increases as a
function of strain, so approximately 3 cm�1 broader
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2D-peak is expected with the maximum strain value
of 0.3%.43 A recent report also showed that 2D-peak
intensity can be varied due to strains, but a consistent
trend or a quantitative relation was not presented in
that study.44 This effect needs to be accounted for in
Raman analysis (such as I2D/IG), but more future re-
search is required to be able make a conclusive state-
ment. In other growths (one-step growth with a lower
methane partial pressure or two-step growth), Raman
also showed a slight blue shift of 2D-peak. In these
cases, the grown graphene are p-type (see Figure 4),
suggesting that the upshift is due to the combined
effects of compressive strain and hole doping.
Room temperature ambient Hall measurements on

6mm� 6mmsize samples showed that themobility of
grown graphene was 300�2050 cm2/V 3 s with a sheet
carrier density of 5� 1011 to 8 � 1012 cm�2. Note that
this includes non-optimized samples to see a trend of
mobility and carrier density. The relation between
mobility and carrier density can be categorized into
three groups, as shown in Figure 4. The relatively
higher mobility with a lower carrier density shown in
group A was obtained when the samples were grown
at a high temperature (1550 �C) directly with a CH4

concentration higher than ∼0.6%. Under this growth
condition, all of the grown graphene were n-type.
However, if samples were grown with a CH4 concen-
tration lower than ∼0.6%, all of the grown graphene
turned out to be p-type. They are seen in groups B and
C. Samples in group B were obtained using a direct
growth method with a methane concentration lower
than ∼0.6% but higher than ∼0.2%. Graphene grown
with a two-step method with an even lower methane
partial pressure (e0.2%) is shown in group C. Samples
in group C have relatively higher sheet carrier densities
between 4 � 1012 and 8 � 1012 cm�2, compared to
other samples directly grown at high temperature. The

origin of this different carrier type is not well under-
stood at this time, but it is speculated that oxygen is
doped in the p-type samples. The p-type samples were
grown when the CH4 concentration was relatively
lower, so oxygen at the sapphire surface can be in-
corporated into the growth through site competition
against the cracked down methane molecules. The
positions of G- and 2D-peaks were carefully investi-
gated to see the doping effect. In the case of group A,
theG- and 2D-peakswere found approximately at 1586
and 2700 cm�1, respectively. However, those moved
to ∼1587 and ∼2704 cm�1 in group B and to ∼1589
and ∼2707 cm�1 in group C at the sample growth
temperature. These blue shifts of G- and 2D-peaks
could be attributed to hole doping rather than com-
pressive strain since the ratios in the blue shifts of G-
and 2D-peaks do not agree well with a known value
(1:3).42,45 High-resolution XPS spectra (C1s and O1s)
were also obtained from the p-type sample to examine
the oxygen incorporation. As shown in the Figure S4
(see Supporting Information), there were no distinct
split peaks associated with carbon�oxygen bonds, but
the combined percentage of carbon�oxygen bonds in
the C1s and O1s peaks is not trivial and this would
explain the p-type conductivity in the sample. Inside
each group, no strong trend was observed between
the CH4 partial pressure and mobility or between the
Raman ID/IG and mobility once the samples were grown
with an optimized condition. In many cases, the carrier
mobility data were not presented in the metal-free
growth of graphene on insulating or dielectric substrates.
The best Hall mobility of ∼2000 cm2/V 3 s with ∼7 �
1012 cm�2 sheet carrier density in this study is higher
than that of most other metal-free growths9�17,23�25

and comparable to the previous result27 of high-
temperature CVDon sapphire (as grown sample before
vacuum annealing treatment).
Epitaxial relation of the grown graphene was deter-

mined using grazing incidence X-ray diffraction. Figure 5

Figure 5. Epitaxial relation between grown graphene and
sapphire substrate determined by GIXRD. XRD azimuthal
scans by rotating the sample about the surface normal,
through graphene {10�10} and sapphire {11�20} peaks.
Graphene [10�10] is mainly aligned to sapphire [11�20].

Figure 4. Electrical properties of graphene on sapphire
determined by Hall effect measurements. Graphene sam-
ples representedby groupA (CH4 concentration >0.6%) and
group B (0.2% < CH4 concentration e 0.6%) were directly
grown at 1550 �C. Samples in group C were grown with the
two-step method at a temperature between 1600 and
1650 �C with a CH4 concentration lower than 0.2%. Samples
in group A are n-type, and the others in groups B and C are
p-type.
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shows azimuthal scans, corresponding to rotation of
the sample about the surface normal, through the
graphene {10�10} and sapphire {11�20} peaks. The
scans show that the growngraphene has 60� rotational
symmetry, and the graphene unit cells are principally
rotated by 30� with respect to those of sapphire. This
result contrasts with those reported earlier,26 which
exhibited graphitic domains whose [10�10] directions
were aligned, in equal proportion, to both the sapphire
[11�20] and sapphire [10�10]. Here, there is a small
amount (∼5%) of intensity at j = 30�, corresponding
to graphene [10�10] || sapphire [10�10]. The film in
Figure 5 was grown at the optimal conditions as deter-
mined by Raman measurements described above.
Films grown at other conditions were found to be very
similar to that in Figure 5, but growth at nonideal
conditions showed a larger proportion of misaligned
graphene grains aligned with [10�10] || sapphire
[10�10]. In addition to azimuthal scans as in Figure 5,
out-of-plane XRD scans along the graphene [10�1L]
direction, such as those (in Figure 4 and ref 26), were
also performed. As expected for monolayer graphene,
and in contrast to the previous results,26 these scans
(shown in Figure S5 of Supporting Information) exhibit
a slow, monotonic decay of intensity from grazing in-
cidence through Q_perp = 1 graphite reciprocal lattice
units (rlu). On the basis of prior studies,26 we interpret
the absence of intensity modulation through this region
to indicate the absence of multiple graphene layers.
To further investigate the grain alignment, we em-

ployed low voltage transmission electron microscopy
to evaluate the fabricated graphene sheets after trans-
fer. A typical example of a transferred sheet residing
on a holey carbon Quantifoil TEM grid is provided on
Figure 6a. Observations of the graphene material
(Figure 6b,c) indicate that the material is for the most
part monolayer. See, for example, the small hole at
the bottom of Figure 6c, which confirms monolayer
graphene. To investigate the crystalline order of the
material, selected area electron diffraction (SAED) was
conducted at various positions on graphene sheets
several times for each sample. Figure 6b shows the
different positions investigated by SAED from a gra-
phene sheet fabricated using a one-step process (see
Figure S7 in the Supporting Information for an equiva-
lent example from a graphene sheet grown through a
two-step route). From the SAED pattern, we evaluate
the relative orientation of the graphene at the different
spatial positions investigated. Most SAED patterns
show only six reflex spots that arise due to graphene's
six-fold symmetry and correspond to a signal from a
single domain (Figure 6d). Other SAED patterns show
more than six spots ( Figure 6e), which indicate multi-
ple domains. More detailed studies using dark-field
imaging, on such an area having multiple sets of re-
flex, enable one to confirm and map multiple grains.
Figure 6f shows an example in false colors (note this is

not from the 12 investigation points shown in
Figure 6b). This multiple domain region is intentionally
shown here since it is difficult to see the polycrystalline
nature at a location having a large single grain. The
individual dark-field images of the grains are provided
in Figure S8. By comparing all of the SAED patterns,
one can determine the relative crystal orientations for
different locations along a graphene sheet, and this
can be easily represented using arrows placed within
the circles where the SAED was collected as shown in
Figure 6b and Figures S6 and S7 in Supporting Infor-
mation. It is obvious from these arrows that a single
dominant orientation exists. However, sometimes
there are deviations from the dominant direction. We
investigated numerous sheets for single-step and two-
step grown graphene samples with at least 12 SAED
measurements in each case. The relative angles be-
tween them can be found in Tables S1 and S2 and
frequency plots for Figures S6 and S7 in the Supporting
Information. In all cases, we observe that approxi-
mately 80% of the graphene area has a preferential
crystal orientationwithin a(3� range (in the frequency
plots for Figures S6 and S7, the central area within(3�
range below the Lorentzian fits is about 80% of the
total area). This finding is concomitant with that of the
GIXRD studies; namely, a dominant graphene orienta-
tion exists in the as-produced graphene.
In order to elucidate the origin of the epitaxial

relation between sapphire and graphene, we calculate
the binding energy of graphene on sapphire and of a
small graphene fragment on sapphire for different
orientations. For the binding of graphene to sapphire,
we systematically determine all possible epitaxial re-
lationships by constructing supercells for graphene on
the Al-terminated (0001) surface of sapphire. Allowing
the graphene to be strained by up to 3% and searching
over cells with lattice vectors up to 23 Å ensures that
we identify all possible alignments with small induced
strains and short repeat length that may be energeti-
cally favorable. The method of finding these commen-
surate cells is described in detail in the Supporting
Information.
For the three smallest commensurate cells, we cal-

culate the binding energy of graphene to the Al-
terminated (0001) surface of sapphire using density
functional theory (DFT). The binding energy calcula-
tions are performed with two exchange-correlation
functionals, the generalized gradient approximation
PBE46�49 and the vdW-DF which is a nonlocal correla-
tion functional added to the revPBE functional to
account for dispersion interactions.50,51 Figure 7 shows
the resulting epitaxial relationships and binding en-
ergies. The PBE functional, which lacks a description of
the dispersion interaction, does not result in any sig-
nificant binding energy, indicating a lack of electro-
static or bonding interactions between the sapphire
surface and graphene. In contrast, the vdW-DF functional
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results in a binding energy of about 45 meV per carbon
atom and a binding distance of 3.1 Å for all three cells,
demonstrating that the interaction between graphene
and sapphire is dominated by dispersion interactions.
The similarity of the binding energy for all three com-
mensurate cells shows that the dispersion interaction

only weakly depends on the orientation of the graphene
layer on the sapphire surface.
The strain on the graphene required to obtain a

commensurate epitaxial relation between the gra-
phene and sapphire significantly reduces the binding
energy. Considering the observed variation in the

Figure 6. LVTEM evaluations of the produced graphene confirming a dominant crystal orientation. (a) Overview of LVTEM
micrograph of a transferred graphene sheet (single-step growth). (b) Magnified region showing graphene residing over a
single hole on the grid. The different locations from which SAED patterns were acquired are indicated by white circles. The
orientation of the graphene grains in these locations normalized with respect to orientation of the SAED pattern taken from
region 1 is represented by arrows. Green arrows represent the dominant crystal orientation, while orange arrows indicate a
deviation of greater the 3� from the dominant orientation. (c) LVTEM imageofmonolayer graphene (note the small hole at the
bottom of the image confirming monolayer graphene). (d,e) Two SAED patterns corresponding to (d) a single grain and (e)
two grains. (f) False colored dark-field TEM image showing a region with multiple grains with different crystal orientations.

Figure 7. Theoretical calculation. (a) Lattice mismatch and orientation plotted with a lattice vector length of the
commensurate cell. (b) Calculated binding energy of sapphire and graphene for three orientations with different functionals
shows that dispersion interactions between sapphire and graphene dominate and that the binding is independent of
orientation of graphene on sapphire. (c) Side view of a commensurate cell. (d�f) Three commensurate cells with orientations
of (d) 0�, (e) 11�, and (f) 22� have lattice mismatches of 1.68, 0.13, and 1.68% respectively.
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binding energy, which is significantly smaller than
20 meV per carbon atom, we find that strains larger
than about 0.5% would reduce the binding energy so
much as to make these configurations unfavorable.
The two observations that (i) the binding energy is
dominated by dispersion interactions that do not
depend significantly on the orientation between gra-
phene and sapphire and (ii) that any strain significantly
reduces the binding energy indicate that the experi-
mentally observed orientation relation between gra-
phene and sapphire is not due to a preferential binding
between graphene and sapphire.
To determine if the observed orientation relation

could be a result of the nucleation, we calculate the
binding energy of a small graphene fragment, pyrene,
on the (0001) sapphire surface. The calculations show
that the binding energy strongly depends on the
rotation angle of the pyrene ranging from about 60
to over 100 meV per carbon atom. Altogether, the
density functional calculations for graphene and pyr-
ene on sapphire show that the experimentally ob-
served preferential orientation of graphene on
sapphire is most likely developed at the early stages
of the graphene layer formation when nucleation
occurs in the presence of small hydrocarbons such as
methane, benzene, pyrene, etc. It is likely that a critical
graphene fragment size exists above which the bind-
ing energy becomes independent of orientation and
below which the small graphene fragments bind to
sapphire preferentially and coalesce to form larger
grain such as those present in the experimental
samples.

CONCLUSIONS

We have proved that a high-quality monolayer
graphene can be grown by van der Waals epitaxy on
a c-plane sapphire substrate. Raman spectroscopy,
optical transmission, GIXRD, and TEM showed the
nature of monolayer graphene. The quality of gra-
phene measured by the Raman ID/IG improved as the

nucleation and growth temperature increased. Hydro-
gen played an important role in obtaining high-quality
films. High hydrogen flow causes complete etching of
surface carbon, but the best quality graphene was
achieved with a hydrogen flow just slightly lower than
this critical value. Room temperature Hall effect mea-
surements showed that more than 2000 cm2/V 3 s
mobility can be obtained with an optimized growth
and the grown graphene can have a different type of
carrier depending on growth condition. The p-type
samples were obtained when the methane partial
pressure is lower than 0.6%, and n-type graphene
was grown if the concentration is higher than the
critical point. AFM showed that the nucleation was
not initiated at a specific site, but the nucleation seeds
were uniformly distributed on the sapphire surface.
Also, the lateral two-dimensional growth of the
domains was observed, and the growth rate was
estimated. Epitaxial relation determined by GIXRD
revealed that the grown graphene has 60� rotational
symmetry and the unit cells of graphene are mainly
rotated by 30� compared to those of sapphire sub-
strate. The LVTEM studies show monolayer graphene
which is partly polycrystalline; nonetheless, detailed
spatial SAED studies confirm a single dominant crystal
orientation for around 80% of the material. DFT calcu-
lations show that the binding between sapphire and
graphene is dominated by dispersion interactions and
only weakly depends on the orientation. The prefer-
ential binding orientation of small graphene fragments
on sapphire during early stages of formation is likely
the origin of the experimentally observed epitaxial
orientation relation. The rotational alignment to the
substrate and the theoretical calculations support the
assertion that this growth can be described as van der
Waals epitaxy. This van der Waals epitaxy could be
applied to the growth and analysis of other 2D materi-
als and their heterostructures, which have strong
bonding only in the 2D direction but van der Waals
nature at the interface.

METHODS

Growth. A conventional vertical cold wall CVD system, which
was originally developed for SiC epitaxy, was used for this study.
Graphite filaments located below the wafer carrier were heated
by DC electric power, and growth temperature was monitored
by pyrometers. The main carrier gas for the growth was argon
(Ar) with a flow rate of ∼10 000 sccm, and methane (CH4) and
hydrogen (H2) were introduced independently. Methane was
used as a carbon source with a flow rate between 5 and
200 sccm. The flow rate of hydrogen was 5�15 times more than
that of methane, and the H2/CH4 flow ratio was varied to optimize
the growth. Chamber pressure was kept at 600 Torr. Graphene
was grown directly at a high temperature when the methane
partial pressure was higher than 0.2%. Two-step growth was
employed when the methane concentration was lower than
0.2%, which consisted of lower temperature nucleation at
1250�1350 �C for a short time (2�3 min) followed by an actual

growth at higher temperature of 1450 to 1650 �C. The typical
growth time for the higher temperature (1450 to 1650 �C)
growth was 45 s to 5 min. Samples were cooled (at a rate of
150 �C/min) right after growth, under Ar but without methane
or hydrogen flow.

Characterizations. Grown samples were characterized by
Raman microscopy (Renishaw InVia) utilizing a 488 nm Ar ion laser
and ambient atomic force microscopy (Veeco Dimension 3100).
Carrier type, mobility, and sheet density were obtained by Hall
effect measurements at room temperature with a magnetic
field of 0.2 T. The grown samples were cleaved into 6 mm
� 6 mm size, and metal contacts were made with indium (In)
dots using a conventional van der Pauw contact geometry.
Infrared transmission experiments were conducted in a Nicolet
8700 Research FT-IR spectrometer over the energy range of
0.25�0.85 eV using a KBr beam splitter and MCT detector. A
motorized precision stage was employed to alternate between
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the sample and reference. Successive scans were averaged to
improve the signal-to-noise ratio. XPSmeasurements were carried
out in an angle-resolved (with a takeoff angle of 20� for higher
surface sensitivity) ultrahigh vacuum system (Surface Science SSX-
100) using an Al KR X-rays at 1486.66 eV. Curve fitting of the
spectra was carried out using a Gaussian�Lorentzian peak shape
after Shirley background correction. GIXRD data were obtained at
the G2 station at Cornell High Energy Synchrotron Source (CHESS)
using a beam energy of 10.0( 0.01 keV (λ = 0.124 nm), selected
using a single-crystal Be crystal monochromator. Motorized slits
were used todefine a 0.2� 2 (V�H) mm2beam,with a typical flux
of 5� 1010photons/s.Datawere collectedusinga640-element 1D
diode array, each element of which incorporates its own pulse
counting electronics and is capable of count rates of ∼105
photons/s. For grazing incidence diffraction, a set of 0.1� Soller
slits were used on the detector arm to define the in-plane
resolution. The low voltage aberration-corrected transmission
electron microscopy studies were conducted on a JEOL 2010F
retrofitted with both image and probe spherical aberration (Cs)
correctors by CEOS. All measurements were conducted using an
acceleration voltage of 80 kV. Dark-field LVTEM was carried out
using an objective aperture to filter the diffraction spots corre-
sponding to individual graphene grains. Selected area electron
diffraction patterns were acquired using the smallest SAED aper-
ture allowing a viewing area of ca. 100 nm. The graphene was
transferred to holey carbon Quantifoil TEM grids using a poly-
(methyl methacrylate)-based transfer route. The detailed descrip-
tion of this graphene transfer from the sapphire substrate will be
published in a forthcoming article.

DFT Calculation. All binding energies were calculated by
means of DFT simulations using the Vienna Ab-initio Simulation
Package (VASP).52�55 The core states were described by the
projector-augmented wave method. Calculations are per-
formed with the PBE and vdW-DF revPBE exchange-correlation
functionals. The 0, 11, and 22� orientations were represented by
commensurate cells with 38, 264, and 446 atoms, respectively,
as shown in Figure 7d�f. A cutoff energy of 700 eV and a
vacuum separation between the periodic images of the slabs of
10 Å ensure convergence of the binding energy to better than
1 meV per carbon atom. The Brillouin zone integration was
performed using k-point meshes with 20 points Å�1 and a
Gaussian smearing with a width of 0.2 eV. Relaxations of the
structures were performed until the forces were below 0.05 eV/
Å. Cells with 236 atoms were used for computing the binding
energies of pyrene on sapphire. For this cell size, interactions of
pyrene with its periodic images were found to be below 4 meV
per carbon atom.
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