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Various methods have been suggested to realize freestanding or suspended graphene, which is
expected to exhibit the intrinsic properties of graphene. However, in previously reported methods,
multiple-step processes have been applied to produce freestanding graphene on a substrate. Here,
we demonstrate that quasifreestanding graphene on a substrate can be realized through a simple
single-step process. In this experiment, self-etching of nano-scale SiC steps of 8◦ off-axis vicinal SiC
contributed to the formation of quasifreestanding graphene on an Si-faced SiC wafer, which was
confirmed using low-energy electron diffraction, Raman spectroscopy, scanning electron microscopy
and two-probe resistance measurements. Such a single-step technique for the growth of quasifree-
standing graphene could pave the way towards graphene-based silicon-carbide micro-electronics.
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I. INTRODUCTION

Graphene, a two-dimensional carbon material, pos-
sesses various unique features like ultrahigh carrier mo-
bility [1], excellent mechanical strength and flexibility
[2], superior thermal conductivity [3], high optical trans-
parency [4], and potential chemical activity [5]. However,
these intrinsic properties cannot be fully achieved in ex-
periments, mainly owing to substrate effects. Various
factors, such as surface structure, crystallinity, defects,
and chemical compositions, govern the substrate effects
[6–12]. For effective exploitation of the intrinsic prop-
erties of graphene, it has to be prepared and handled
in such a way to minimize the influence of the afore-
mentioned factors ignoring the surrounding environment.
One of the possible ways to achieve this is through free-
standing or suspended graphene, which comes very close
to the ideal nature of graphene and, therefore, has at-
tracted significant attention since its discovery owing to
its unique properties [10,13,14]. Until now, various tech-
niques such as chemical vapor deposition growth on a
Ni/Cu foam [15], microwave plasma treatment [16], var-
ious treatments of epitaxial graphene on SiC like chemi-
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cal etching [17], flash annealing at high temperature [18],
and growth of three-dimensional freestanding graphene
[19], have been developed to obtain large-area freestand-
ing monolayer graphene. Similarly, the intercalation of
graphene using H2, F2, O2, Au, or Pb can decouple it
from the substrate [20–24] and twisting a graphene layer
can decouple it from the underlying graphene layers [25,
26], rendering quasifreestanding graphene. However, all
these methods require multiple steps to fabricate the
freestanding graphene.

Here, we demonstrate that quasifreestanding graphene
can be grown on a substrate through a single-step pro-
cess. In this experiment, a single-step thermal treatment
was applied to a vicinal SiC(0001) wafer (8◦ off axis)
without further processing. High densities of irregular
nanoscale step-edges with very narrow step terraces act
as a 3D nanoscale architecture on the SiC wafer [19].
Such irregular nanoscale step-edges enable graphene lay-
ers to decouple from the substrate. The nanoscale step-
edges were self-etched at high temperatures, resulting in
quasifreestanding graphene on the substrate, as shown
in Fig. 1. The quasifreestanding graphene was grown
on a millimeter scale with a spatial uniformity of a few
tens of micrometers. The growth mechanism was also
confirmed based on a comparative experiment between
a flat SiC wafer and a vicinal SiC wafer. The surface
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Fig. 1. Schematics of the single-step growth process of
quasifreestanding graphene on a vicinal SiC(0001) wafer. (a)
Schematic of nanoscale step-edge structures. (b) Typical
growth of graphene on the nanoscale step-edge structure. (c)
Self-etching of the nanoscale step-edge structures, which is
shown in more detail in (e). (d) Quasifreestanding graphene
on a self-etched surface. We note that the growth of graphene
and the self-etching of nanometer-scale step-edge structures
happen at the same elevated temperature.

morphology and the crystallinity were investigated us-
ing Raman spectroscopy, scanning electron microscopy
(SEM), atomic force microscopy (AFM), and low elec-
tron energy diffraction (LEED). The conductance of the
quasifreestanding graphene on the vicinal SiC wafer was
enhanced compared to that of typical epitaxial graphene
on a flat SiC wafer, as inferred from the two-probe resis-
tance measurements.

II. RESULTS AND DISCUSSION

Growth of quasifreestanding graphene was carried out
using Si-faced vicinal 4H-SiC(0001) (8◦ off-axis) wafer in
an Ar-chamber at 180 Torr. Samples were first chem-
ically cleaned with acetone and isopropyl alcohol in an
ultrasonic bath for 10 min total. After the samples were
immediately introduced into the Ar gas chamber at a
180 Torr pressure and then annealed at a temperature in
the range from 1700 to 1900 ◦C for a duration ranging

Fig. 2. SEM images of an on-axis SiC(0001) wafer (a) be-
fore and (b) after graphene growth at 1800 ◦C. The inset of
(b) is the LEED pattern of graphene grown on the on-axis
SiC(0001) wafer. (c) SEM image of the vicinal SiC(0001)
wafer before and (d) after graphene growth at the same tem-
perature of 1800 ◦C. The inset in (d) is the LEED pattern of
graphene grown on the vicinal SiC(0001) wafer.

between 3 and 15 min. Raman mappings of the sam-
ples were carried out at a laser wavelength of 532 nm.
For crystalline structure analysis, samples were loaded
into an ultrahigh vacuum chamber, where we performed
LEED measurements. For comparison, SEM images of
the vicinal and the flat SiC wafers were taken before and
after the growth.

For comparative experiments, graphene was grown
both on on-axis and vicinal SiC (0001) wafers at the
same temperature of 1800 ◦C. Figures 2(a) and 2(b)
show SEM images of the on-axis SiC(0001) wafer before
and after graphene growth. Figure 2(a) shows an SEM
image of the hydrogen-terminated SiC surface that was
formed by etching an on-axis SiC(0001) wafer in a cham-
ber filled with hydrogen gas at 1580 ◦C. The edge struc-
tures shown in the SEM image are bunched steps due to
the migrations of step edges at high temperatures [27].
When the hydrogen-terminated surface was heated at
1800 ◦C, typical epitaxial graphene was grown on the on-
axis SiC(0001) wafer, as observed in the LEED pattern in
the inset of Fig. 2(b) [28]. We observed a typical LEED
pattern of the buffer layer of the epitaxial graphene,
(6
√

3 × 6
√

3)R30◦ [29]. In addition, bunched step-edge
structures similar to those before the high-temperature
heating treatment were also observed in the SEM im-
age (Fig. 2(b)). In comparison with the growth on a
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Fig. 3. (a) Raman spectra of graphene grown on a vicinal
SiC(0001) wafer at different temperatures. (b) Raman spec-
tra of graphene on a vicinal SiC(0001) wafer for growth at
1800 ◦C with different annealing times.

on-axis SiC(0001) wafer, graphene growth on a vicinal
SiC(0001) wafer at high temperature was quite different.
After a vicinal SiC(0001) wafer had been etched in a hy-
drogen chamber, high-density bunched step-edge struc-
tures with nanometer-scale heights were observed in an
SEM image (Fig. 2(c)). After the hydrogen-terminated
vicinal SiC(0001) wafer had been heated at 1800 ◦C, the
bunched step-edge structures were no longer observed in
the SEM image (Fig. 2(d)). This SEM image suggests
that the step-edge structures were self-etched, as de-
scribed in Fig. 1. The self-etching of the nanometer-scale
SiC architecture was also reported in the formation of
three-dimensional freestanding graphene [19]. After the

Fig. 4. (a) Raman mapping (I2D/IG) of quasifreestanding
graphene grown on a vicinal SiC(0001) wafer. Raman spectra
at (b) region 1 and (c) region 2 in (a).

bunched step-edge structures self-etched, the LEED pat-
tern of only graphene was observed without the LEED
pattern of the buffer layer (see the inset of Fig. 2(d)), as
self-etching inhibits the formation of buffer layer.

To optimize the growth conditions of quasifreestand-
ing graphene, we measured Raman spectra of graphene
grown on a vicinal SiC(0001) wafer at different tempera-
tures and annealing times. First, we varied the heat-
ing temperature and measured the Raman spectra of
graphene grown on a vicinal SiC(0001) wafer (Fig. 3(a)).
For a bare vicinal SiC(0001) wafer, a typical Raman peak
at 1520 cm−1, called the SiC peak, was observed (see
Fig. 3(a)) [28]. The intensity of the SiC peak reduced
upon increasing the heating temperature while the inten-
sities of the typical Raman peaks of epitaxial graphene,
called G (1597 cm−1) and 2D (2736 cm−1) peaks, were
enhanced [30]. Here, the G and the 2D peaks originate
from the doubly degenerate (iTO and LO) phonon mode
at the Brillouin zone center and the second-order pro-
cess (two iTO phonons near the K points), respectively
[31]. Especially, when the heating temperature was more
than 1800 ◦C, the SiC peak in the Raman spectrum
could not be observed. These Raman spectra suggest
that the nanometer-scale step-edge structures are com-
pletely self-etched at temperatures above 1800 ◦C, as re-
ported in the formation of three-dimensional freestand-
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Fig. 5. (a) Optical image of graphene grown on a vicinal
SiC(0001) wafer, where the wafer was heated with a ther-
mal gradient. Quasifreestanding graphene, typical graphene,
and bare SiC surfaces were observed in regions A, B, and C,
respectively. (b) I-V curves in the different regions.

ing graphene [19]. We also measured the Raman spectra
of graphene grown on a vicinal SiC(0001) wafer with dif-
ferent annealing time at the same heating temperature of
1800 ◦C (Fig. 3(b)). For a short annealing time below 1
min, the SiC peak was observed in the Raman spectrum
(see Fig. 3(b)). The SiC peak disappeared for anneal-
ing times above 3 min, as shown in Fig. 3(b). These
observations suggest that the nanometer-scale step-edge
structures are completely self-etched for annealing times
above 3 min, resulting in quasifreestanding graphene.

We also measured Raman maps of I2D/IG of the
quasifreestanding graphene, where I2D and IG are the
intensities of the 2D and the G peaks in the Raman spec-
trum, respectively. The blue shifts of the Raman peaks
at high heating temperatures can be explained in terms
of the compressive strain of epitaxial graphene grown
on SiC [17, 32]. The quasifreestanding graphene can
be grown up to a millimeter scale, as inferred from the
LEED experiments. However, the spatial uniformity of
quasifreestanding graphene was approximately 30 µm2,
as shown in Fig. 4(a). In the greater part of the area,
quasifreestanding graphene was in the form of a mono-

layer, as reflected by the Raman spectra in Fig. 4(b),
where the I2D/IG is greater than 1.5 [33]. Quasifree-
standing graphene was in the form of bilayers on the
rest of the area as shown in Fig. 4(c), where the I2D/IG
is approximately 1 [34].

The growth mechanism of the quasifreestanding
graphene is described schematically in Fig. 1. A vic-
inal SiC wafer with 8◦ off axis contains a high den-
sity of terraces with randomly oriented facets. The 4H-
SiC(0001) wafer used in this experiment was 8◦ off-axis
along the [11-20] direction. Therefore, it contained a
large number of facets preferentially oriented towards
[11-20] and [1-100] in comparison with other orientation
facets [27]. The Edges of the step terraces are the pri-
mary factors in the growth of typical epitaxial graphene
on SiC wafer [35]. In our experiments, the step edges
played an important role. The step edges are bunched
in the preparation of a hydrogen-terminated SiC(0001)
wafer (Fig. 2(c)), which is required in a high-quality
SiC surface without defects, as shown in Fig. 2(c) [36].
The bunched steps became nanoscale three-dimensional
SiC structures. As reported for the formation of three-
dimensional freestanding graphene on a SiC wafer [19],
three-dimensional nanoscale SiC structures can be self-
etched at high temperatures when the structures are
covered with graphene. The growth mechanism of the
quasifreestanding graphene on a vicinal SiC wafer can
be understood in terms of self-etching. When a vicinal
SiC wafer is heated at a high temperature, the initial
growth of the graphene is in the form of a stepped struc-
ture (Fig. 1(b)). Subsequently, the stepped structures
are self-etched at the same temperature. In the process
of self-etching, Si atoms evaporated thermally from the
SiC bulk begin to etch C and Si atoms (Figs. 1(c) and
1(e)). Finally, the stepped SiC structures flatten, re-
sulting in the formation of quasifreestanding graphene
(Fig. 1(d)).

Graphene was grown on a vicinal SiC(0001) wafer with
a temperature gradient, as shown in Fig. 5 to measure
the changes in the resistance of graphene on a vicinal
SiC(0001) wafer. While heating, the temperature at the
center (A) of the sample was higher than that at the
edge (C) of the sample. Figure 5(a) shows the sample in
which quasifreestanding graphene and typical epitaxial
graphene were grown in regions A and B, respectively,
as confirmed by the LEED patterns (see the insets of
Figs. 2(b) and 2(d)). In contrast, in region C, graphene
was not grown. We measured the resistance in the three
different regions with a two-probe measurement system.
The I-V curves measured for the regions are plotted in
Fig. 5(b). Region C is insulating because it is pure SiC,
which is insulating in the bulk. The relative resistance
in region B is higher than that in region A. This rel-
ative resistance is consistent with our experimental re-
sults. The freestanding or quasifreestanding graphene
has higher conductance than typical graphene on a sub-
strate [37].
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III. CONCLUSION

We successfully fabricated quasifreestanding graphene
on a large scale by using a single-step process. The
bunched steps on a vicinal SiC wafer play a crucial role in
the formation of quasifreestanding graphene. Graphene
was grown on the stepped structures of a vicinal SiC
wafer at a given temperature; subsequently, the under-
lying stepped SiC structures were self-etched, resulting
in the formation of quasifreestanding graphene. The
growth of the freestanding graphene was verified through
SEM images, LEED patterns, Raman spectra, and I-V
measurements.

ACKNOWLEDGMENTS

This study was supported by a grant from
the National Research Foundation of Korea (NRF-
2019R1A2C1087494).

REFERENCES

[1] M. Hajlaoui et al., Sci. Rep. 6, 18791 (2016).
[2] L. G. De Arco et al., ACS Nano 4, 2865 (2010).
[3] A. A. Balandin et al., Nano Lett. 8, 902 (2008).
[4] R. R. Nair et al., Science 320, 1308 (2008).
[5] Q. H. Wang et al., Nat. Chem. 4, 724 (2012).
[6] A. V. Babichev et al., ACS Appl. Mater. Interfaces 8,

240 (2016).
[7] T. Ma et al., Nat. Commun. 8, 1 (2017).
[8] L. Vicarelli, S. J. Heerema, C. Dekker and H. W. Zand-

bergen, ACS Nano 9, 3428 (2015).

[9] G. Paolicelli et al., Nanotechnology 26, 055703 (2015).
[10] K. I. Bolotin et al., Solid State Commun. 146, 351

(2008).
[11] H-W. Kim et al., ACS Nano 13, 1127 (2018).
[12] S. Adhikari et al., Nanoscale 8, 18710 (2016).
[13] X. Du, I. Skachko, A. Barker and E. Y. Andrei, Nat.

Nanotechnol. 3, 491 (2008).
[14] C. N. Lau, W. Bao and J. Velasco Jr, Mater. Today 15,

238 (2012).
[15] Z. Chen et al., Nat. Mater. 10, 424 (2011).
[16] E. Tatarova et al., Appl. Phys. Lett. 103, 134101 (2013).
[17] S. Shivaraman et al., Nano Lett. 9, 3100 (2009).
[18] T. Hu et al., Carbon 120, 219 (2017).
[19] J-H. Park et al., ACS Nano 8, 11657 (2014).
[20] C. Riedl et al., Phys. Rev. Lett. 103, 246804 (2009).
[21] A. L. Walter et al., Appl. Phys. Lett. 98, 184102 (2011).
[22] M. H. Oliveira Jr et al., Carbon 52, 83 (2013).
[23] I. Gierz et al., Phys. Rev. B 81, 235408 (2010).
[24] T. Hu et al., Nanotechnology 26, 105708 (2015).
[25] D. A. Siegel, C. Hwang, A. V. Fedorov and A. Lanzara,

Phys. Rev. B 81, 241417 (2010).
[26] J. A. Garlow et al., Sci. Rep. 6, 19804 (2016).
[27] J. Bao et al., Appl. Phys. Lett. 109, 081602 (2016).
[28] Z. Ni et al., Phys. Rev. B 77, 115416 (2008).
[29] F. C. Bocquet et al., J. Phys. D 47, 094014 (2014).

[30] Z. Zhang et al., Nanoscale Res. Lett. 13, 1 (2018).
[31] A. C. Ferrari and D. M. Basko, Nat. Nanotechnol. 8, 235

(2013).
[32] N. Ferralis, R. Maboudian and C. Carraro, Phys. Rev.

Lett. 101, 156801 (2008).
[33] S. Sahoo, R. Palai and R. Katiyar, J. Appl. Phys. 110,

044320 (2011).
[34] Z. Zhang et al., Opt. Mater. Express 6, 3527 (2016).
[35] A. Nakajima, H. Yokoya, Y. Furukawa and H. Yonezu,

J. Appl. Phys. 97, 104919 (2005).
[36] F. Ming and A. Zangwill, J. Phys. D 45, 154007 (2012).
[37] C. Yu et al., Appl. Phys. Lett. 108, 013102 (2016).


