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Freestanding graphene on a trench has been fabricated extensively using a transfer process of chemical vapor
deposition grown graphene. Here, we demonstrate that freestanding graphene can be grown directly on a trench
without a transfer process. A shallow trench was made on a 6H-SiC(0001) wafer using a focused ion beam
lithography. The shallow trench was heated to a high temperature under Ar atmosphere. The heat treatment

made the shallow trench become deeper and wider. Subsequently, epitaxial graphene was floating on the trench,
resulting in freestanding graphene, where underlying bulk SiC was self-etched after the growth of epitaxial
graphene. The freestanding graphene on a trench was characterized using Raman spectroscopy and atomic force
microscopy. Such freestanding graphene writing can be applied to semiconductor fabrication process of free-
standing graphene devices without a transfer process.

1. Introduction

The study of freestanding graphene is considered to be a valuable
research topic in terms of both fundamental physical properties and its
application to devices based on it [1-4]. Numerous researches on
fundamental properties have been reported, including an ultra-high
electron mobility in suspended graphene [5]. The mechanical and
electrical properties of freestanding graphene were studied using free-
standing graphene on a trench or a hole substrate [5-7]. Especially, as a
graphene membrane, the freestanding graphene can be applied to
microelectromechanical system (MEMS) based sensors, biological
membranes, and molecular filtration materials [2,8,9]. The freestanding
graphene on a hole substrate was usually obtained by using exfoliation
method from graphite, and it was used to measure its mechanical
properties [10]. In addition, studies have been conducted to observe the
quasi-freestanding behavior of graphene by intercalating various atoms
(or molecules) between the substrate and the graphene layer [11,12]. In
terms of application, chemical vapor deposition (CVD) grown graphene
or graphene oxide sheets were transferred onto a hole or a trench to
fabricate MEMS and optical devices or membranes [13-16]. Graphene
oxide sheets transferred on a hole substrate were used for selective gas

transport [17,18]. Nano pored CVD grown graphene on a hole substrate
could be wused for DNA sequencing[19-21]. For MEMS as
stochastic-frequency oscillators, transferred CVD graphene on a hole
substrate was widely used [22,23]. Recently, graphene nano-membrane
arrays was fabricated without a transfer process, where graphene was
grown on a Cu film deposited on a hole substrate and subsequently the
Cu film was wet-etched [24]. According to previous studies, transfer
and/or wet-etching process is required to fabricate freestanding gra-
phene that is difficult to apply to semiconductor device fabrication
procedure [7,25]. Therefore, it has been highly recommended to fabri-
cate such freestanding graphene on a trench or a hole substrate without
both transfer and wet-etching process and with minimizing number of
processes.

2. Results and discussion

Here, we demonstrate that freestanding graphene can be fabricated
on a trench without a transfer process on a silicon carbide (SiC) wafer,
Si-terminated surface of 6H-SiC(0001). Furthermore, the fabrication of
freestanding graphene on a trench consist of simple two-step process, as
show in Fig. 1. First, a shallow trench structure were made on a 6H-SiC
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(0001) wafer using focused ion beam (FIB) lithography (see Fig. 1(a)).
The trench structured SiC wafer was heated in 180 torr of argon gas at
1800 °C for 7 min. Epitaxial graphene began to be created on the heated
SiC surface. Then, the graphene was grown along the trench, as shown in
Fig. 1(b). Interestingly, with further heating, the bulk SiC around the
trench was self-etched and the graphene on the trench exhibits free-
standing behavior (Fig. 1(c)). The self-etching occurred due to the
sublimation of Si atoms within trench. The Si atoms evaporated out and
C atoms contributed to forming freestanding graphene as shown in the
schematic illustration Fig. 1(d). The bulk SiC was self-etched by Si-
sublimation in the original trench at high temperature. As a result of
self-etching, the shallow trench became deeper and wider. Conse-
quently, epitaxial graphene that grew along the shape of the trench
became a freestanding graphene due to the expansion of the shallow
trench, as shown in Fig. 1(c). This directly grown freestanding graphene
has a structural similarity of the graphene transferred over the trench
from graphite or CVD grown graphene. However, this freestanding
graphene does not require any transfer or wet-etching process because
bulk SiC could be self-etched during the growth of the graphene.

Fig. 2 shows the freestanding graphene grown on various trenches.
The shallow trenches with a 40 pm length and a 250 nm depth were
fabricated on a 6H-SiC(0001) wafer using FIB lithography and their
widths ranged from 1 to 2 pm, where Fig. 2(a) shows atomic force mi-
croscopy (AFM) images of the shallow trenches. The trench structured
SiC wafer was heated to 1800 °C in 180 torr Ar atmosphere for 7 min.
Fig. 2(b) shows a Raman map image of epitaxial graphene grown on the
shallow trenches, in terms of the ratio of the 2D and G peak intensity
(Iop/Ig) of a Raman spectrum. Here, the two representative Raman
peaks of graphene, called G (~1580 em™) and 2D (~2700 cm™ D),
originate from the breathing modes of sp? carbon atoms and two pho-
nons with opposing momentum in the highest optical branch near the K
point of the Brillouin zone of graphene [26]. The Raman map image
suggests that the epitaxial graphene was grown on the overall surface
area of the SiC wafer. However, the different intensity ratio value be-
tween the inside and outside of the trench shows that the characteristics
of epitaxial graphene inside trench is quite different from outside trench.
The Iyp/Ig intensity ratio value was above 1 on the inside of the trench
region and below 1 on the outside of the trench region, respectively. To
understand the characteristics of the epitaxial graphene, we measured
the Raman spectra on the inside and outside of the trench, as shown in
Fig. 2(c), where the measuring positions are indicated in Fig. 2(b). The
Raman spectra obtained at the region I (inside of the trench) and II
(outside of the trench) show entirely different result. The Raman spec-
trum at the region II is typical one of epitaxial graphene grown on SiC
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substrate, where the Raman spectrum has characteristics of both gra-
phene and bulk SiC. In contrast to the Raman spectrum at the region II,
the Raman spectrum at the region I shows only characteristics of gra-
phene. There is a finite intensity at the position of the G peak in the
Raman spectrum of bulk SiC so that the intensity ratio can be below 1.
When graphene is located on bulk SiC [27,28]. Furthermore, the in-
tensity ratio suggests that the epitaxial graphene inside the trench has
characteristics of bilayer graphene. The different Raman spectra suggest
that bulk SiC inside trench is removed during or after the growth of
epitaxial graphene. In other words, the Raman spectra show that
epitaxial graphene outside the trench is located on bulk SiC and is
floating from bulk SiC on the inside of the trench. For the understanding
of the temperature dependence of the freestanding graphene growth, we
measured Raman spectra with increasing a heating temperature up to
1900 °C, as shown in Fig. 2(d). The Raman spectra were measured on the
trench after the growth of graphene that were produced with the same
heating time and Ar pressure at each heating temperature, 7 min and
180 torr, respectively. The typical Raman spectrum of bulk SiC have
Raman shifts between 1000 and 2000 cm ™! (see the Raman spectrum at
the bottom of Fig. 2(d)). With increasing the heating temperature, the
Raman spectrum of bulk SiC fade away while the Raman spectrum of
graphene grow gradually. In particular, when the heating temperature is
above 1800 °C, the Raman spectrum of bulk SiC almost disappear. The
temperature dependence suggests that the freestanding graphene can be
synthesized at a heating temperature above 1800 °C. The blue shifts of
the Raman spectra at high heating temperatures can be explained in
terms of the compressive strain of epitaxial graphene grown on SiC [16,
29]. The 2D peak becomes sharper and the intensity ratio Iyp/Ig in-
creases with raising the heating temperature above 1800 °C. In contrast
to the freestanding graphene, when epitaxial graphene is located on bulk
SiC, the 2D peak becomes broader and the intensity ratio Iop/Ig de-
creases with raising the heating temperature or time [27,30]. The
Raman spectra suggest that the characteristics of freestanding graphene
become similar to that of single-layer graphene with increasing heating
temperature above 1800 °C. Moreover, the full width at half-maximum
(FWHM) of the Raman 2D peak is correlated with hall carrier mobility
[31]. Narrower FWHM exhibit higher room temperature mobility. With
narrower 2D peak FWHM from 68 to 35 cm ™! of freestanding graphene
shows a room temperature hall mobility of the freestanding graphene is
increased over 3000 cm 2/V s[31]. In a recently published article,
freestanding three-dimensional (3D) graphene was reported to be grown
on a 3D SiC structure [4]. According to the article, bulk SiC was sug-
gested to be self-etched during or after the growth of freestanding gra-
phene at a similar high temperature to that used for this direct growth of

Fig. 1. (Color online) A schematic drawing of the
direct growth of a designed freestanding graphene on
a SiC wafer. (a) A trench on a SiC wafer. (b) The
growth of graphene on the SiC trench at a high
temperature of 1800 °C. (c) The graphene grown on
the trench becomes freestanding after the trench is
etched further at a high temperature of 1800 °C and
becomes wider and deeper. (d) The mechanism of the
self-etching of the SiC trench in (c). The trench is
etched at a high temperature by the Si and C atoms
evaporated from the SiC trench. (For interpretation
of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

9 g, aphene

1436



E.H. Kim et al.

Current Applied Physics 20 (2020) 1435-1440

(a) (b) 0a.u.
el Lt R
Bt T S o
N I N At
e L P TSROy
1.38
(c) — 1 (@
—1I
g £
3 2
g =
© ©
s = 47 °
> z 1850°C
g g 51 1800°C
E £ e AT R
A [x2 Ao . 1700°C
© A 6H-SIC
1 1 1 L 1 1 1 1
1500 2000 2500 3000 1500 2000 2500 3000

Raman shift (cm1)

Raman shift (cm)

Fig. 2. (Color online) (a) AFM images of trenches on SiC after FIB lithography. (b) Raman mapping of the ratio of the 2D and G peak intensity (I5p/Ig) after graphene
growth. (c) Raman spectra of the region I (inside trench) and II (outside trench). (d) The Raman spectra of graphene on trench of SiC measured with increasing
heating temperature. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

freestanding graphene on a trench. The self-etching can happen because
Si atoms evaporated from bulk SiC are trapped temporally between
graphene and bulk SiC and etch Si and C atoms of bulk SiC. Furthermore,
3D SiC structures contain more step edges than flat SiC structures and
the evaporation rate of Si atoms is much activated at step edges,
compared to terraces [32-34]. Similar to the result of 3D structure, the
trench also has high density of step edges so that it can be explained by
the self-etching phenomenon. In contrast to the freestanding 3D gra-
phene grown on a 3D SiC structure, freestanding two-dimensional gra-
phene was grown on the trench. This result suggests that a convex SiC
structure can be used to make freestanding 3D graphene while a concave
SiC structure can be used as a platform for the fabricating freestanding
2D graphene.

As shown in Fig. 3, in order to understand the growth mechanism of
the freestanding graphene, the geometrical change of the SiC trench
before and after the growth of freestanding graphene was observed.
Fig. 3(a) shows the AFM image of the SiC trench before the growth of
freestanding graphene. The depth and width of the SiC trench were 250
and 2 pm, respectively, as shown in the line profile of the AFM image
(Fig. 3(b)). After the growth of freestanding graphene, freestanding
graphene covered the SiC trench and the area was flattened, as shown in
Fig. 3(c). The line profile of the AFM image (Fig. 3(d)) shows more
clearly that the freestanding graphene (blue solid line) is flat in com-
parison to the SiC trench (red dotted line) before the growth of free-
standing graphene. To observe the geometrical change of the SiC trench
after the growth of freestanding graphene, freestanding graphene was
removed using oxygen plasma and the SiC trench was observed using
AFM. Fig. 3(e) shows that the SiC trench still exists after the growth of
freestanding graphene. The line profile of the AFM image (Fig. 3(f))
provides clues of the growth mechanism of the freestanding graphene.
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The SiC trench (green solid line) after the growth of freestanding gra-
phene became deeper and wider in comparison to that (red dotted line)
before the growth of freestanding graphene. This suggests that the
graphene grown on the SiC trench became freestanding because of the
further etching of the SiC trench, as described in Fig. 1.

The direct growth of freestanding epitaxial graphene was also stud-
ied on different types of concave structures, as shown in Fig. 4. The ring
structures were made using FIB lithography. As shown in the optical
image in Fig. 4(a), the ring size was 2.0, 0.5, and 0.2 pm, respectively. A
SiC wafer with the ring structures was heated at 1800 °C for 7 min in Ar
atmosphere 180 torr. Fig. 4(b) shows an optical image after the growth
of graphene. We obtained Raman spectral images on the defects, where
the brightness is proportional to the intensity of 2D peak (Iop), as shown
in Fig. 4(c)-(e). Two different regions were observed on each image. The
clear difference in brightness is similar to that in Fig. 2(b). As described
above, the difference in brightness originates from the self-etching of
bulk SiC underlying epitaxial graphene. The rings with 0.5 and 0.2 pm
diameters were widened, resulting in freestanding graphene on a ring
(see Fig. 4(d) and (e)). The 0.5 and 0.2 pm diameters of the rings were
widen up to 2 and 1 pm, respectively, as shown in Fig. 4(d) and (e),
where the insides of the rings look dark in the optical image in Fig. 4(b).
In comparison to the rings, freestanding graphene grown on the ring
with a 2.0 pm diameter is located on a circular trench (see Fig. 4(c)). The
circular trench is more clearly observable in the optical image in Fig. 4
(b), corresponding to a dark ring in the image. When a heating time
increases, the bottom of the ring is expected to be self-etched fully and
subsequently the circular trench could be transformed into a hole shape.
The difference in the shape of freestanding graphene suggests that when
the area of the bottom of the ring is large enough, only the edge of the
bottom is self-etched because the central region of the bottom becomes
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Fig. 3. (Color online) (a) An AFM image of a SiC trench and (b) a line profile (red solid line) across the SiC trench before the growth of freestanding graphene (FG).
The line profile in (b) was measured along the red line in (a). (c) An AFM image of freestanding graphene and (d) a line profile (blue solid line) across the trench after
the growth of freestanding graphene. The red dotted line in (d) is the line profile of the SiC trench before the growth of freestanding graphene. The white dotted line
in (c) is the position of the SiC trench. (e) An AFM image of the SiC trench and (f) a line profile (green solid line) across the SiC trench after etching the freestanding
graphene. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

similar to a flat region. The dependence of self-etching on the size of the
defective region also suggests that the self-etching is much activated at
the edges and side walls of a defective region.

3. Conclusions

2D freestanding epitaxial graphene was directly grown on a Si-face
6H-SiC(0001) wafer using artificial concave structure fabricated by
FIB lithography. The concave structures such as a trench and a hole were
fabricated on a SiC wafer. High temperature heat treatments made the
2D freestanding epitaxial graphene grow on the concave structures,
where the concave structures were widened and deepened. Subse-
quently, the epitaxial graphene was floating from the concave struc-
tures. In addition to the rectangular shape, we can construct various
concave structure with the desired shape or letter, which can be trans-
formed simply into freestanding graphene. Up to date, this method is the
simplest and interesting way to fabricate 2D freestanding graphene on
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concave structures. In addition, since this method does not require any
transfer or wet-etching process, it is expected to be applicable to
graphene-based device fabrication process.

4. Methods

Sample preparation: Concave structures were fabricated on a
6H-SiC wafer (CREE) using focused ion beam (FIB). Freestanding gra-
phene were grown using thermal heating. Samples were heated at
1800 °C under 180 torr of argon gas (99.999% purity and 900 SCCM) for
7 min for the growth of freestanding graphene.

Sample characterization: Raman measurements were performed
using a WITEC Raman microscope and a WITEC confocal microscope
using a 532 nm laser and a 600/1800 groove grating. Raman maps were
acquired using a laser with an output power of 1 mW and a spatial
resolution of 600 nm. AFM measurements were performed using a
HITACHI atomic force microscope with a contact mode. Topography
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0.2 pm

Fig. 4. (Color online) (a) An optical image of rings with different sizes made by FIB. (b) An optical image of the rings after graphene growth. (c)-(e) Raman mapping
of 2D peak intensity of each ring indicated by rectangles drawn in the same color in (b). Insets in (c)—(e) are schematic side views of the freestanding graphene on the
rings. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

and line profiles were acquired using a CONTPT-10 probe with a reso-
nance frequency of 13 kHz and a force constant of 0.2 N/m (NANO
WORLD).
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