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a  b  s  t  r  a  c  t

Epitaxial  graphene  thickness  distribution  grown  on Si-terminated  SiC  (0 0 0 1)  surface  was  analyzed  by
using  an  X-ray  diffraction  (XRD)  pattern  and  a simple  equation.  These  results  were  confirmed  by  low  accel-
erating  voltage  scanning  electron  microscopy  and  angle  resolved  photoemission  spectroscopy.  Despite
its  simplicity,  proposed  XRD  analysis  provides  fairly  accurate  information  on layer  spacing  and  thickness
distribution  of  graphene  layers.  It is  expected  that  this  method  is useful  for quick  evaluation  of graphene
eywords:
iC
pitaxial graphene
-ray diffraction
ngle-resolved photoemission

layer  numbers  on large  scale  substrate.
© 2013 Elsevier B.V. All rights reserved.
pectroscopy

. Introduction

Graphene is an allotrope of carbon created by arrangement of
arbon atoms in a two-dimensional honeycomb lattice. The unit cell
f graphene, in which two carbon atoms are contained, is formed
y two lattice vectors, |aG| = |bG| = 2.4589 Å [1,2]. In the electronic
and structure, graphene has two important bonding types which
re � bond (perpendicular to the planar sheet) and � bond (in-
lane sheet). Graphene also has many exotic properties such as
igh mobility and linear dispersion (Dirac cone) at the K-point in
he Brillouin zone where the valence and conduction band touch
ach other [3–5]. These unique properties of graphene make it a
romising candidate for the future electronic [6,7] and photonic
evices [8].

Graphene can be formed by many ways such as mechanical
xfoliation of graphite, chemical vapor deposition (CVD) of carbon-
earing gases on the surface of copper films [9], and cutting open
anotubes [10]. The growth of graphene by annealing SiC substrate

s also one of the efficient approaches for a large scale produc-
ion of graphene. The estimation of the graphene film thickness on
iC substrate is necessary since the properties of graphene depend

n its thickness. In general, there are several techniques, such as
canning electron microscope (SEM) [11], Auger electron spec-
roscopy (AES) [12,13], X-ray photoelectron spectroscopy (XPS)
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[14], attenuation of substrate Raman intensity [14], angle-resolved
photoemission spectroscopy (ARPES) [1] and surface X-ray diffrac-
tion (SXRD) [15,17] to determine the layer number of graphene
grown on SiC. For the AES and XPS, the thickness determination
relies on the Si/C intensity ratio and the model which assumes
that graphene is grown uniformly on SiC substrate. Their accuracy
could suffer from the unrealistic model and the inaccurate knowl-
edge of the inelastic mean free path of electrons [12–14,18]. In the
case of the estimation by attenuation of substrate Raman intensity,
the accuracy depends on the Raman intensity of SiC which varies
in position. In the case of ARPES, it can reveal the graphene band
structure which implies only the combination of graphene layer but
not respective coverages. The SXRD is a wonderful method which
can estimate the film thickness. Nevertheless, this method is rather
complicated and time consuming, that is the SXRD needs hundreds
of truncation rod intensity measurements (which takes tens of
hours) [16,17] and also needs many fitting parameters (such as
3-dimensional atomic positions of each atoms including interface
and SiC layers and surface roughness) for structural analysis [15].
In particular, large number of parameters causes many candidates
of best fit parameter sets as well as time consuming analysis. Low
accelerating voltage SEM (LV-SEM) is a technique which can locally
distinguish the relative graphene thickness regions by difference
in contrast but it cannot exhibit the absolute graphene thickness
unless contrast-thickness relation for each sample is obtained.
In this report, an X-ray diffraction (XRD) pattern around a
graphene peak was used for layer number distribution determi-
nation of non-uniform graphene layers on SiC substrate. The XRD
pattern was analyzed by using a simple equation and few numbers
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f parameters (such as layer spacing and layer coverage of graphene
lm). The XRD results were compared with LV-SEM and ARPES for
onfirmation.

. Experimental

N-type Si-terminated 6H-SiC (0 0 0 1) substrates were employed
or the graphene growth. The substrate was precleaned by ultra-
onic in acetone. After acetone was evaporated, the substrate was
mmediately mounted on the sample holder and put in the main
hamber with the base pressure of ∼10−8 Pa followed by silicon
eposition (about 2 layers) on the substrate. After that the sub-
trate was transferred to an argon chamber without exposure to
ir and then annealed in argon gas with a pressure of 0.05, 0.3 and
.5 atm. The samples were named as the value of argon pressure
here they were annealed in. The annealing temperature was in

ange from ∼900 ◦C to graphitization temperature (1550 ◦C for the
.05 atm sample, 1675 ◦C for the 0.3 atm sample and 1700 ◦C for
he 0.5 atm.sample) with increasing temperature by ∼100 ◦C. The
nnealing time was about 10–15 min  for each temperature to pro-
uce a few layered graphene. The sample heating was  carried out
y direct current through the sample.

After annealing, an ex situ XRD measurement was  carried out
t the beam line 4C, Photon Factory, KEK (Tsukuba, Japan). Diffrac-
ion data were collected at X-ray energy of 10.2 keV and incident
eam size of 1 mm at room temperature. An ARPES measurement
as also conducted at room temperature at the beam line 5U of
VSOR-II in the Institute for Molecular Science, Okazaki, Japan. The
xcitation photon energy was set to 80 eV. An ultra-high vacuum
UHV)-SEM (Omicron Nano Technology) observation with incident
eam of 1.7–2.2 keV was also carried out.

. Results and discussion

Fig. 1 shows XRD profiles (blue dots) of graphene films grown on
iC under argon pressure of (a) 0.05 atm, (b) 0.3 atm, and (c) 0.5 atm.

s indicated in the figure, diffraction peaks of graphene layers and
iC are observed at ∼20◦ and 27.8◦, respectively. The d-spacings of
he SiC can be calculated from the peak position as about 2.51 Å,
hich corresponds to SiC bilayer spacing (2.52 Å) [1].

ig. 1. Experimental XRD profiles (blue dots) of graphene films grown on SiC (0 0 0 1) surf
ritten  in the figures, peaks at ∼20◦ and 27.8◦ correspond to graphene layers and SiC bila
sing  fitting Eq. (1) with parameters N = 1 and N = 2, respectively. A solid line in each figu
n  ˇj parameters for 0.3 atm sample. (For interpretation of the references to color in this 
e Science 282 (2013) 297– 301

To estimate graphene thickness from XRD profiles, Laue diffrac-
tion function were used. At first, a simple model was assumed that
the graphene was  grown uniformly on SiC substrate. Under this
assumption, the following simple equation was used for profile
calculation.

∣∣F
∣∣2 ∝

∣∣f (�)
∣∣2

∣∣∣∣∣∣

N∑

j=0

eikajj

∣∣∣∣∣∣

2

. (1)

Here, F is a structure factor, N is the number of graphene layer,
and f(�) is an atomic scattering factor which can be taken from
Ref. [19]. kaj = (4�dj sin �)/� where dj is a lattice spacing (between
jth and (j − 1)th layers) perpendicular to the surface, � is an angle
between the incident ray and the scattering planes, � is a wave-
length of X-ray. In order to avoid the effect of SiC substrate, the
fitting was operated in the range of 2� from 10 to ∼22◦. Green dot-
ted line and red broken line in Fig. 1(a) are calculated curves from
Eq. (1) with graphene layer number (N) of 1 and 2, respectively.
The spacing d of 3.60 Å was  employed. As shown in the figure, there
are large discrepancy between the calculated curve and the exper-
imental one, i.e. too broad for N = 1 or too narrow for N = 2. This
suggests that the number of graphene layers on the SiC substrate
is not uniform, but has a distribution.

In order to improve the fitting, another model which includes
graphene thickness distribution was introduced as shown in Fig. 2.
With this model and the Laue functions, XRD intensity can be cal-
culated as

∣∣F
∣∣2 ∝

∣∣f (�)
∣∣2

∣∣∣∣∣∣

N∑

j=0

ˇje
ikajj

∣∣∣∣∣∣

2

, (2)

where ˇj is a occupancy of jth graphene layer (its value is between
0 and 1). Solid lines in Fig. 1(a)–(c) show results of fitting by using
Eq. (2). Parameters (dj and ˇj) used in those calculations are shown
in Table 1. It is apparent that the curve obtained from the modi-
fied model exhibits better fitting than those of the uniform model.∑

�2 (= (O − E)2/E; O is intensity from the calculation, E is that
from experiment) dependence on ˇj parameter change is shown
in Fig. 1(d). It reveals steep valley which suggests the fitting reso-
lution is good enough (less than 2%). For the interlayer spacings dj,

ace, which was annealed under argon pressure of (a) 0.05, (b) 0.3 and (c) 0.5 atm. As
yers respectively. Green dotted line and red broken line in (a) are calculated results
re shows a calculated result using Eq. (2) and (d) the chi-squared (�2) dependence
figure legend, the reader is referred to the web version of the article.)
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Table 1
XRD fitting parameters, dj ’s (inter layer spacing) and ˇj ’s (occupancy of jth graphene layer).

Ar pressure 0.05 atm 0.3 atm 0.5 atm

j 1 2 1 2 3 1 2

3.30 ± 0.05 3.30 ± 0.05 3.40 ± 0.10 3.40 ± 0.05
35 ± 5 10 ± 5 90 ± 5 36 ± 5
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d (Å) 3.55 ± 0.05 3.50 ± 0.05 3.30 ± 0.05 

ˇ  (%) 47 ± 2 14 ± 2 75 ± 5 

here is one thing to point out. d value for bulk graphite is known
s 3.35 Å and fittings result for 0.3 and 0.5 atm.samples agree with
his value. While for 0.05 atm sample, calculated d values are about
.5 Å and about 5% larger than that of the bulk value. The reason
f the increase in interlayer spacing of this sample is not clear but
imilar values were also obtained by X. Weng group measured by

 high-resolution high-angle annular-dark-field (HAADF) scanning
EM (STEM) [20]. Coverages of n-layers graphene regions (�n) can
e calculated from  ̌ values as �n = ˇn − ˇn+1, and those results are
hown in the “by XRD” line in Table 2.

To confirm layer number distribution obtained by XRD analysis,
ow acceleration UHV-SEM experiments were carried out. Fig. 3
hows respective SEM images for 0.05, 0.3 and 0.5 atm.samples. As
hown in the figure, there are clear contrasts on the sample surfaces
indicated by 0, 1, and 2 in the figure). As described in the introduc-
ion, SEM contrast corresponds to number of layer of graphene.
owever, absolute values of numbers cannot be determined. To
vercome this weakness, the following procedure was  carried out.
amples used in this experiment were heated by direct current,
o that sample area near electrode could not be heated as high as
raphitization temperature. Thus SiC surface remains in this area.
herefore continuous observation from SiC area to graphitized area
ives contrast-layer number relation for each sample. As a result,
t was confirmed that area 0, 1 and 2 in SEM images correspond
o buffer layer, monolayer and bilayer graphene regions. Unfortu-
ately, it was impossible to distinguish more than 2 layers region

rom bilayer region under our experimental condition (accelera-
ion voltage, S/N etc.). It is also a problem to compare XRD and
EM results that observation area is different, ∼1 mm for XRD and
10 �m for SEM. Therefore SEM measurements were carried out
t several points within XRD measurement area, and area of each
ontrast was summed up. Coverage of n-layers graphene region
btained by SEM images are show in “by SEM” line in Table 2. As
hown in the table, coverages determined by XRD analysis are in
ood agreement with those measured by SEM.

For qualitative inspection, ARPES experiment was also carried
ut and its result is shown in Fig. 4. The sample used in this exper-
ment is graphene grown under 0.05 atm of Ar pressure, which
as determined as mixture of 33% monolayer and 14% bilayer
raphene using the XRD analysis. Here, the origin of the energy
xis is taken at the Fermi energy EF. The inset curves at the bottom

ig. 2. Schematic of thickness distribution model used in Eq. (2). ˇ0 is assumed
s  1.

Fig. 3. Low accelerating voltage UHV-SEM images of (a) 0.05, (b) 0.3 and (c)
0.5  atm.samples taken with accelerating voltage of 2.2, 2.2 and 1.7 kV, respectively.
There are 3 contrast levels in these images, bright (indicated 0 in the figure), dark
gray (1), and black (2), those correspond to buffer layer, monolayer and bilayer
graphene, respectively. Inset figure in (a) is the magnified image in the broken line
square. The image contrast was adjusted to make a distinction of graphene thickness
clearly.
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Fig. 4. ARPES spectra of the 0.05 atm sample around the K point of graphene. Upper
right illustration represents a schematic electronic band structure which originated
from a graphene monolayer. An inset at the bottom shows momentum distribution
curves of photoelectrons at the energies of −1.5, −2 and −2.5 eV. Broken lines in

the graph show the components of the monolayer electronic structures fitted using
Gaussian functions. Vertical arrows indicate two of noise signal lines (both in ARPES
mapping and the inset graph).

of Fig. 4 display intensities of photoelectrons with energies of −1.5,
−2 and −2.5 eV against wave number (the momentum distribu-
tion curve). The intensity profile was fitted by Gaussian functions,
and the results were shown by broken lines. In this fitting noise
peaks indicated by vertical arrows were ignored. The electronic
band obtained by ARPES experiment consists of a single branch
as shown by the fitting result, which implies this sample consists
of monolayer graphene [1]. However, the band apparently shows
a band gap (∼0.3 eV) and binding energy shift (∼0.4 eV), which is
different from free standing graphene monolayer [5]. It is consid-
ered that the band gap opening and the energy shift are caused by
interaction (strain and/or doping) between monolayer graphene
and the substrate [21]. Since ARPES evaluates only graphene layers
(but not a buffer layer). It can be said that majority of graphene
area is monolayer region. However, it is very difficult to obtain
quantitative value of layer distribution. XRD analysis delivered that
70% (33/(33 + 14)) of graphene region of this sample is monolayer,
which is qualitatively consistent with the ARPES result.

4. Conclusion

In this report we offer the new method to deliver absolute and
reliable information on graphene thickness distribution on SiC sub-
strate using XRD experiments and simple Laue functions. Unlike
other methods like low acceleration SEM, this is a standardless
method i.e. you do not need a standard or a known sample to deter-
mine absolute values of layer number distributions. However, it still

has a limitation since the graphene peak is only considered. This
approach is, therefore, suitable for the sample on which at least 1
carbon layer (buffer layer) covers the whole area shone by an X-ray
beam.
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