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Direct growth of self-aligned spindle-shape graphene nanoribbons (GNRs) on SiC(11-20) substrate is
demonstrated. It is found all the GNRs are monolayer and one of edges of each endpoint of GNR is along
direction of zigzag-edge. The length directions of the GNRs are all coincided with the [0001] direction of
SiC due to the anisotropy surface energy of SiC. Furthermore, the doping type of GNRs is p-type and its
carrier density is changing with the variation of ribbon width. The size-dependent Fermi level variation

in sub-micron scale GNR renders a P"P*P~ potential configuration in a single GNR. The existed zigzag
edges and a special potential configuration in a single GNR make it promise for fabrication of graphene
based devices as triode and spintronic device.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene-based nanostructures exhibit excellent electronic
properties that are not present in extended graphene [1—4]. Ori-
ented graphene nanoribbons (GNR) are commonly used as the
basic unit for electronic device [5—7]. Therefore, controllable
growth of the unidirectional GNRs are a premise to realize their
applications. Usually, two traditional technique procedures for
fabrication of GNRs are adopted, which are top-down [8—12] with
the help of lithographic method and bottom-up [13,14] in terms of
in-situ growth. However, lithography [8—10] brings about rough
edges in the GNRs [15,16]. Although chemical vapor deposition
(CVD) as one of bottom-up way has been used to grow oriented
GNRs on Ge(001) [14], the GNRs are not single orientation but are
randomly along two normal directions. And the GNRs on Ge(001)
must be transferred to other insulation substrate to fabricate
electronic devices due to the narrow bandgap of Ge. To overcome
the shortcoming of the current techniques for GNRs, developing a
method of direct growth of unidirectional GNRs on insulation
substrate is desirable.

As well known, epitaxial graphene (EG) on SiC is compatible
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with the modern semiconductor procedure for graphene devices. It
is expectable to grow graphene ribbons (GRs) on SiCin situ [ 17—20].
The GRs in micrometer scale in width grown on (11-20) oriented
SiC (SiC(11-20)) [20] were reported. However, how to control the
size of GRs is not concerned there, which is our focus. Here, we
developed a two-step growth method on SiC(11-20), and GNRs
with unidirectional alignment are achieved. The GNRs have special
spindle-shape with widths 35—262 nm in their centers and
11—25 nm at their two endpoints. As a result of prominent width
reduction of the ribbon from center to the endpoint, a P"PTP~
potential configuration exists in a single ribbon along its length
direction. These special properties of the GNRs on SiC(11-20)
promise a potential applications in graphene based microelec-
tronic and spintronic devices.

2. Experimental

The GNRs were in-situ grown on 6H-SiC(11-20) through thermal
decomposition of SiC in a custom-built physical vapor transport
(PVT) equipment. The surface morphology of a SiC(11-20) substrate
is shown in Fig. S1. To obtain GNRs, a two-step growth process was
designed: the step-Iis a temperature-raise process and the step-Il is
a graphene growth process (as schematic shown in Fig. S2). In the
step-I, growth temperature was raised from room temperature to
about 1000 °C within 180 min under argon (Ar) gas protection in
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pressure about 50 kPa. Then, the temperature was set to ramp to
about 1500, 1600 and 1700 °C named as “growth temperature”
within 15 min, correspondingly for Samples A, B and C. Because
there is no temperature monitor equipment in our system, a true
temperature does not know accurately. So an estimated tempera-
ture according to our experiences as illustrated in S2 is used.
Simultaneously, the ambient pressure in growth system was low-
ered down rapidly from 50 kPa to 0.2—3 kPa by pumping. At the end
of the step-II, the pressure was increased to 50 kPa immediately
with filling Ar gas into the system. Then power was turned off, so
that the further graphene growth was hindered. The detailed
growth parameters concerning temperature and pressure are
schematic shown in Fig. S2. In the whole process, the both of
nucleation and evolution of GNRs happened in the step-IL It is
found the size and density of GNRs can be well controlled through
controlling the growth temperatures. The atomic force microscopy
(AFM) (Bruker, Multimode 8) was used to characterize the
morphology and the surface potential of GNRs samples. The Raman
scattering instrument of HR800 was adopted to analyze layer
number of GNRs, where a 532 nm laser focused to a spot in 1 um
diameter with a power 1 mW was used. The epitaxial orientation of
graphene relative to SiC was drawn from analyzing transmission
electron microscopy (TEM) diffraction pattern (the TEM instrument
used here is Tecnat F20) on a continuous monolayer EG on SiC(11-
20), which was perfectively developed from the GNRs such as
Sample B by extending growth time.

3. Results and discussion

The AFM morphology images of Samples A, B and C are shown in
Fig. 1(a)—(c). It is found that the GNRs are all self-similarity of a
spindle-shape, and are all aligned along <0001> (C-axis) direction
of SiC, no matter their sizes and densities. The density of GNRs rises
with growth temperature increasing. They are 2.6 x 107/cm?,
4 x 107 /cm? and 5.2 x 107 /cm? respectively for Samples of A, B and
Cas shown in Fig. 1(a)—(c). It can be seen in Fig. 1(a)—(c), the higher
the growth temperature, the wider and longer the most of GNRs.

(@) 2.6X107/cm? (b)

4x107 /cm?

The narrowest GNR in width about 35 nm is observed in Sample B
as shown in Fig. 1(d), which was measured at position of its half-
length (the center), while the width at the endpoint of the GNR is
lowered down to 11 nm. Because of the spindle-shape, the width at
the endpoint of a GNR can always be as small as 25 nm, although
the center width is as large as 262 nm (as shown in Fig. S3). To
determine the layer number of GNRs, the height profiles crossing
the GNRs were measured as marked with color lines shown in
Fig. 1(a)—(c). The sinkage depths of the GNRs relative to neighbor
SiC are most in the range of 0.6 nm—0.7 nm as shown in
Fig. 1(e)—(g), which is about 41% as the statistical analysis from 22
GNRs as shown in Fig. 2(a). Based on analysis, decomposition of
each five Si-C single layers will form a monolayer of graphene with
the same area and each of Si-C single layer of SiC(11-20) is in
thickness of a/2 (a = 0.3073 nm). Considering the distance between
graphene and SiC about 0.33 nm [21], the graphene thickness and
the complex growth process of graphene, it is inferred that a
sinkage depth of forming monolayer graphene should be around
0.7 + 0.1 nm. A detailed analysis on this is given in supporting in-
formation S4. So, the most of GNRs obtained here should be
monolayer according to the statistical results of Fig. 2(a). The
inference is confirmed by analysis on Raman scattering spectra
(Fig. 2(b) and Fig. S5). The Raman spectra randomly collected from
GNRs in the three samples are shown in Fig. 2(b), where Raman
signal from SiC was subtracted. The positions of 2D (G) peak for
Samples of A, B and C are 2715 cm~! (1601 cm™'), 2706 cm™!
(1603 cm™ 1), and 2703 cm~! (1599 cm ') respectively. The narrow
full width at half maximum (FWHM) of 2D peaks about 38 cm ™,
37 cm~! and 40 cm~! and the high Ip/lg intensity ratio about 3.5,
1.9 and 3.2 for Samples A, B and C respectively suggest the GNRs are
monolayer [22,23], which agrees well with the conclusion derived
from sinkage depth profiles analysis. The clear D peaks in Raman
spectra are due to the edges of GNRs. Besides the analysis on GNRs
layer number, the width and length distribution as well as their
aspect ratios were analyzed on 43 GNRs collected from Samples of
A, B and C, as shown in Fig. 2(c) and (d). It is found that the widths
of all the GNRs can be controlled smaller than 262 nm as supported
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Fig.1. AFM morphology images of Samples of A in (a), B in (b) and C in (c) respectively. The densities of GNRs in these three samples are expressed with the white numbers in their
images. The morphology image of the narrowest GNR observed in Sample B is shown in (d). In Fig. 1(e)—(g), the height profiles of the marked GNRs with orange and blue lines are

depicted under their images. (A colour version of this figure can be viewed online.)
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Fig. 2. Characterization on layer number and sizes of GNRs. (a) Histogram of the graphene sinkage depth proportion measured on 22 GNRs collected in the three samples. (b)
Typical Raman spectra of GNRs in the samples after subtracting the Raman signal from SiC. (c¢) and (d) are distributions of width and length of GNRs, and their aspect ratios. (A

colour version of this figure can be viewed online.)

by Fig. 2(c), and the average aspect ratio is around 13 for the GNRs
on the three samples as manifested by the slope of the fitting line in
Fig. 2(c). That indicates the influence of growth temperature is
insignificant on the aspect ratio itself, but is prominent on the
aspect ratio dispersion degree as shown in Fig. 2(d).

The observation of unidirectional orientation of GNRs suggests
that the EG on the SiC(11-20) must have an inherent orientation
relation with respect to SiC(11-20) substrate. To reveal the crys-
tallographic orientation of graphene on SiC(11-20), a plane view
TEM was performed on a continuous monolayer EG grown on
SiC(11-20). The unique one set of hexagonal symmetry diffraction
pattern coming from graphene, as partly sketched with red dot
lines in Fig. 3(a), suggested that the graphene is monolayer or
multilayers with the same orientation. However, the possibility of
multilayer graphene is excluded as explained in S6. Meanwhile, the
diffraction reveals the orientation relation between graphene and
SiC. The yellow dot line is a guide for SiC <0001> direction (C-axis).
It is found the armchair direction of GNR is rotated 21° with respect
to the <0001> direction of the SiC. The orientation relation be-
tween the basic vectors of graphene (red arrows) and SiC(11-20)
(black arrows) are shown in Fig. 3(b), where the red dashed line
direction is along armchair direction of GNR. To reveal the edge
structures of the GNR, the angle values of two sharp endpoints of
GNRs were statistically analyzed as shown in Fig. S7. The angles of
the GNRs edges relative to C-axis of SiC are labeled as a, 3 for one
endpoint, y and d for another respectively. It is found that the values
of angles B and vy are almost 9°. Concurrently the / (a+f) is always
smaller than £ (y+9) in the same GNR. Furthermore, it is deter-
mined that the terminal endpoint composed of angle (a4-f) is al-
ways pointing to the [0001] direction of SiC, while the other
endpoint composed of angle (y+39) is pointing to the [000-1] di-
rection. The conclusion is deduced by identifying the polar of the

{0001} planes of the used SiC(11-20) substrate by etching the SiC
polar plane with molten potassium hydroxide. A detailed analysis is
given in S8. According to the orientation relation between the EG
and SiC as shown in Fig. 3(a), together with the angle values of
and v, it is deduced that the edges of GNR constructing angles of
and vy are along the direction of zigzag-edge as schematically
shown in Fig. 3(c). That means the most parts of the edges may be
zigzag edges, although there may exist some irregular parts. The
spin states in zigzag edges at the narrow terminal ends are inter-
esting for exploring novel properties for graphene spintronics [4] to
need studying in-depth.

The reason of direct growth of unidirectional GNR on SiC(11-20)
is ascribed to the anisotropy growth rate of graphene, which is
considered to be driven by the anisotropy surface energy of SiC. On
a SiC(11-20) surface, there may exist irregular steps or kinks due to
miscut along [11-20] crystal axis. The steps or kinks are usually
composed of facets of {0001} or {10-10} facets. It is known that
surface energies of (10-10), (0001) and (000-1) planes of SiC are to
be 3.36 J/m? 2.20 J/m? and 0.30 J/m? respectively [24,25]. The
smaller surface energy means the large distance between the
adjacent planes and the lower density of dangling bonds on the
exposed surface. Therefore, the atoms at the kinks or steps with low
surface energy are tending to decomposition first at high temper-
ature. That means Si-C atoms on the {0001} facets decomposed
first, so a fast evolution of graphene along C-axis direction
happened and a graphene ribbon with its length direction along C-
axis of SiC is developed. Because the decomposition rate on (000-1)
facet is faster than on (0001) facet due to even lower surface energy
of SiC (000-1) plane, a faster graphene growth towards [0001] di-
rection happened with the retreat of SiC (000-1) facets. Thus an
even smaller terminal angle pointing to [0001] direction is resulted
as shown in Fig. 3(c). Furthermore, the surface energy of (10-10)
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[000-1]

Fig. 3. Epitaxial orientation relation of GNR with respect to SiC, as well as the edge structure of GR. (a) TEM diffraction patterns of EG on SiC(11-20). (b) Schematic illustration of
structures of 6H SiC and graphene, and their relative orientations, where the red (black) arrows are vectors of graphene (SiC). (c) Schematic edge structures of GNR near the terminal
ends. The angles constructed by the edges of GNR and the C-axis of SiC at the two ends are marked as o, B, y and 3, where angles of ¢+ and y+3d are pointing to [0001] and [000-1]
directions respectively, and two edges constructing angles of § and y are along the direction of zigzag-edge. (A colour version of this figure can be viewed online.)

facet is more than ten times of that of (000-1), so that growth rate
of graphene along <0001> direction is more than ten times of that
along <10-10> direction, which is supported by a large aspect ratio
(about 13) of GNR as shown in Fig. 2(d).

Usually a substrate offers doping effect on graphene [26]. To
make sure the carrier type of GNRs on SiC(11-20), the AFM in an
electrically biased tapping mode (eb-TM) is adopted as shown in
supporting information S9 [27,28]. A p-type carriers was deduced
in the GNRs, distinguished from that a continuous graphene on
SiC(11-20) with a n-type doping [21]. Besides carrier type, the
Fermi level of graphene is also important for electronic device. To
explore Fermi level of GNR, surface potential was adopted and
measured using Kelvin Probe Force Microscopy (KPFM). Sample C

s
5
Q
9
a
S
>
¥
z
Q
=
S
>

as a representative was measured. Contact potential difference
(Vepp) between the tip of KPFM and the surface of a sample is used
as the detecting signal (detailed defined is given in supporting in-
formation S10). Fig. 4(a) shows the Vcpp mapping. A magnified local
mapping of the V¢pp in the rectangle area outlined by yellow line is
shown in Fig. 4(b). Here the Vcpp values of GNR and SiC are
expressed as Vepp-gnr and Vepp-sic respectively. It is found that the
Vcpp-GnR is obviously larger than the Vepp.sic. The larger Vepp cor-
responds to a larger work function as well as a lower Fermi level. As
schematically illustrated in inset of Fig. 4(b), the work function of
GNR is larger than the work function of SiC, so that Fermi level of
GNR is lower than that of SiC. Fig. 4(c) gives a statistically analysis
on the contact potential difference (Vcpp-gnr -Vepp-sic) between the
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Fig. 4. The surface potential analysis of Sample C. (a) Surface potential mapping. (b) A magnified mapping in area of a yellow line outlined rectangle area in (a). (c) The values of
(Vepp-cr -Vepp-sic) from five different regions in Sample C distinguished with different symbols and colors. (d) The Vcpp.gnr along a single GNR. The bottom insets are morphology
image of the GNR marked in (a) with a rectangle outlined by blue line and the schematic band structure at the three corresponding positions of the morphology image. (A colour

version of this figure can be viewed online.)
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GNRs and SiC, where the data are coming from 28 GNRs in five
different regions of Sample C. Quantitatively, the Fermi level dif-
ference between the GNR and SiC is about 10—40 meV. As Fermi
level of semi-insulate 6H-SiC is located in middle of its band gap
about 4.95 eV [29], therefore the Fermi level of GNR should be in
the range of 4.96 eV—4.99 eV. Because the Dirac point of intrinsic
graphene is about 4.5 eV lower than the vacuum level [30], the
Fermi level of GNR on SiC(11-20) is below Dirac point of
0.46 eV—-0.49 eV, so that a p-type doped GNR is derived. The
conclusion agrees well with the inference deduced from eb-TM
analysis mentioned above. Noticeably, it can be clearly seen that
(Vepp-gNR -Vepp-sic) shows increasing tendency with GNR's width
widening. As Vcppsic is nearly a constant if considering the SiC is
uniform, it is inferred that Vpp_gngr increases with width of GNR
increasing. That means the Fermi level of GNR will lower down
with width of GNR increasing. The Vcpp_gnr profile along length of a
single GNR is show in Fig. 4(d), where the same variation rule of
Vepp-gnr Versus the width of GNR is observed. The Vcpp-gnr at the
narrow ends is smaller than that in the center, which is a common
phenomenon in our GNRs as show in supporting information S11.
This variation of work function along the length provides an
inherent P"P"P~ potential configuration, which is analogous to a
NPN configuration, in one single GNR as depicted in a schematic
band structure in the inset of Fig. 4(d).

The clear Fermi level variation with width of GNR is well studied
and reported both in theory and experiments [1—3], where quan-
tum confinement of size effect is the dominant causes to lead to the
variation of Fermi level and even to open a gap. However, the center
width of our GNR is too wide over several tens nanometers to open
a band gap. Thus, Fermi level variation here is due to other reasons,
such as decorations on GNR edges in the air atmosphere. It is clear
that the unbinding atomic density on the edges of a narrow GR is
higher compared with that of a wider one, so the adsorption
especially the polar molecules as H,O is more considerable, which
provides more free electrons to graphene [31], resulting in a higher
Fermi level. On the other hand, comparing with the fresh samples
just after growth, Fermi levels of the stale samples become even
higher because the adsorption at edges become severer after
exposed in air for a long time (as shown in supporting information
S12). These two phenomena both support that the Fermi level up-
shift is a result of the adsorption on edges of GNR. That indicates the
higher edge density is responsible to the observed higher Fermi
level in a narrower GNR. Hence, Fermi level of GNR can be modu-
lated via changing the width of GNR in the sub-micrometer scales.
If GNR is decorated by special molecule, the variation of its Fermi
level will become serious. Thus, our experimental results provide a
new way for adjusting Fermi level of graphene ribbon.

4. Conclusion

Controllable fabrication of spindle-shaped monolayer GNRs
were realized on the SiC(11-20) by two-step growth method
developed here. The GNRs are self-aligning along the C-axis of SiC
with their smaller terminal angle pointing to [0001] direction and
each terminal end has at least one edge along the direction of
zigzag-edge. The narrowest width of GNR in center is as small as
35 nm, and the width at the terminal ends of the most of GNRs are
narrower than 25 nm. Furthermore, the Fermi level of GNR can be
modulated through changing width of GNR and an inherent
P™P*P~ potential configuration is observed in one single GNR. Our
spindle-shape GNR with edges along zigzag-edge direction com-
bined with the special potential configuration will provide poten-
tial advantages for fabrication of graphene triode or spintronic
devices.
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