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5 ABSTRACT: Graphene ribbons, which may be fabricated by a
6 wide variety of experimental techniques such as chemical
7 processing, unzipping or etching of carbon nanotubes, molecular
8 precursors, ion implantation, and so on, can find promising
9 applications in interconnects, terahertz sensors, and plasmonic
10 devices. Here we report measurements on self-assembled graphene
11 ribbons that are prepared by a controlled high-temperature
12 sublimation technique. The epitaxial graphene ribbons on SiC
13 can be readily and efficiently located by confocal laser scanning
14 microscopy for device fabrication using a removable metal
15 protection layer to avoid contamination of the graphene and
16 hexagonal boron nitride to serve as a top-gate dielectric spacer.
17 These self-assembled graphene ribbons have smooth edges, and the observation of a magnetoresistance side peak in such a structure
18 is consistent with diffusive boundary scattering in the quasi-ballistic regime. In contrast, graphene ribbons defined by electron-beam
19 lithography and subsequent conventional reactive ion etching on the same SiC wafer only show pronounced negative
20 magnetoresistance due to strong disorder in the edge structures (chemical dopants, the resolution of electron-beam lithography,
21 etc.). Our experimental approaches are applicable to wafer-scale, graphene-based integrated circuits.
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23 ■ INTRODUCTION

24 Graphene, which is a single layer of carbon atoms arranged in a
25 honeycomb lattice, continues to attract a great deal of
26 worldwide interest because of its extraordinary physical
27 properties. Graphene is an ideal two-dimensional (2D) system
28 for one to probe fascinating physical phenomena such as the
29 unconventional integer quantum Hall effect,1,2 the fractional
30 quantum Hall effect,3,4 Klein tunneling,5 and so on. By
31 imposing additional confinement upon a graphene 2D system,
32 one can create narrow ribbon devices from graphene. In
33 graphene-based microstructures and nanostructures, edge
34 effects and boundary scattering strongly affect the electrical
35 properties of devices.6 For example, irregular edges can cause
36 unwanted quantum dot structures in graphene nanoribbons,
37 giving rise to the Coulomb blockade effect.7,8 Moreover,
38 backscattering from irregular graphene edges can significantly
39 reduce the mobility with decreasing device width.9 Therefore,
40 atomically smooth edges are highly desirable for graphene-
41 based mesoscopic devices. In most cases, micrometer- or
42 nanometer-sized graphene devices are fabricated by electron-
43 beam (e-beam) lithography when PMMA is often used as the
44 e-beam resist. It is known that graphene could be doped by
45 PMMA and its residues, which are difficult to be fully removed
46 after e-beam lithography and subsequent processes. The

47presence of PMMA and other organic residues may
48significantly degrade the quality of bulk graphene and the
49smoothness of graphene edges and introduce carrier density
50inhomogeneity, resulting in unintentional variable range
51hopping (VRH) transport in graphene-based devices.10,11

52Here we report self-assembled epitaxial graphene ribbons on
53SiC prepared by a controlled high-temperature sublimation
54technique, similar to the approach of growing large-area
55monolayer graphene on SiC.12 In our work, graphene ribbons,
56whose widths are a couple of hundred nanometers, can be
57readily and efficiently located (10 min over an area of 360 μm
58× 360 μm) by confocal laser scanning microscopy (CLSM).13

59During our fabrication process, the graphene ribbon and its
60edges were completely protected by a 20 nm thick Au layer to
61avoid contamination of PMMA residues, leading to clean
62graphene surface and smooth graphene ribbon edges. We
63observed an anomalous magnetoresistance (MR) peak
64corresponding to the magnetic commensurability effect
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65 between cyclotron radius and the ribbon width.14−16 We also
66 studied the evolution of the MR peak with varying the top gate
67 voltage applied across a thin hexagonal boron nitride (h-BN)
68 dielectric. In contrast, on the same SiC substrate, a graphene
69 ribbon etched by reactive ion etching (RIE) only shows large
70 negative MR and no MR side peak is observed, which indicates
71 that the edge smoothness is substantially lower than that of the
72 self-assembled graphene ribbon. Our high-quality, self-
73 assembled graphene ribbons may find promising applications
74 in interconnects,17,18 plasmonic devices,19,20 energy storage,21

75 and terahertz sensors.22,23 Our characterization approach based
76 on efficient CLSM studies of high-quality self-assembled
77 graphene ribbons is portable to other 2D materials.
78 Before describing our experimental results, we would like to
79 mention the work on graphene nanoribbons grown on SiC. It
80 is possible to grow self-organized graphene nanoribbons (as
81 narrow as 40 nm) as specified positions on a templated SiC
82 substrate.24 This approach allows researchers to fabricate
83 10000 top-gated graphene transistors on a 0.24 cm2 SiC chip.24

84 Room-temperature ballistic transport in epitaxially grown
85 graphene nanoribbons on SiC on a length scale longer than
86 10 μm can be observed.25 It is also possible to observe electron
87 interference26 in graphene nanoribbons grown on side-walls of
88 SiC mesa structures.27 Recently, nanoscale imaging of electric
89 pathways in epitaxial graphene nanoribbons has been
90 reported.28

91 Fabrication. In our work, graphene ribbons are grown
92 epitaxially on SiC in ≈103 kPa ultrahigh-purity Ar gas at
93 ≈1900 °C within ≈200 s with heating and cooling rates both
94 ≈1 °C/s. The SiC substrate is positioned with the Si-
95 terminated surface placed directly against a glassy graphite

f1 96 disk,29 as shown in Figure 1a. In this case, the gas diffusion is
97 limited by the small space between SiC and graphite, and the
98 partial pressure of various decomposition byproducts at the
99 surface of SiC approaches equilibrium. This environment
100 stabilizes the Si loss rate and helps to ensure uniform growth at
101 temperatures around ≈1900 °C.30 At such a high temperature,
102 the SiC surface morphology reconstructs to form broad
103 terraces (Figure 1b). Meanwhile, primarily Si as well as other
104 species such as silicon dicarbide and disilicon carbide are
105 produced by sublimation. Decomposition of SiC occurs
106 preferably along the terrace edge, as shown in Figure 1c,
107 making regular indentations on the edge. As Si species leave
108 the surface, carbon atoms accumulate on the SiC surface and
109 recombine to form continuous graphene or graphene ribbons
110 (Figure 1d). Since the diffusion of C atoms on SiC surface is
111 anisotropic,31 graphene ribbons are more attainable for wide
112 and parallel terrace morphology, as shown in Figures 1d−f. In
113 our study, large-area and continuous graphene is usually
114 produced on SiC surface with narrow terraces.29,32 We note
115 that large-area monolayer graphene can be grown on
116 ultrashallow SiC terraces by using polymer-assisted sublima-
117 tion growth (PASG).33 Figure 1g shows that the thickness of
118 the sublimation area is ≈0.26 nm (Supporting Information
119 S1), indicating decomposition of a single atomic layer of
120 SiC(0001).34,35 In this work, we produced arrays of graphene

f2 121 ribbons with width of a couple of hundred nanometers (Figure
f2 122 2a). The edges in natural graphene ribbon arrays form

123 primarily along the SiC ⟨112̅0⟩ direction (Supporting
124 Information S2). The edge configuration is therefore mainly
125 armchair. It may be possible to grow zigzag edge ribbons by
126 lithographically patterned trenches in SiC.36

127Our novel fabrication process adopts CLSM images to select
128individual, well-formed graphene ribbons and nearby align-
129ment marks for e-beam lithography. Previously, scanning
130electron microscope (SEM) or atomic force microscope
131(AFM) imaging of selected graphene regions were usually
132required for device fabrication by e-beam lithography due to
133their high resolution. However, graphene may be doped by the

Figure 1. Schematic diagrams showing the growth mechanism of self-
assembled graphene ribbons on SiC. The blue regions correspond to
SiC/buffer layer, and the dark gray regions correspond to graphene
ribbons or large-area graphene. (a) Schematic diagram showing the
setup during the growth process. A SiC substrate is placed on a
graphite. The distance between SiC and the glassy graphite surface is
≈2 μm, limited only by surface flatness, and this space confines the
gas diffusion (dashed arrows). (b) Graphene ribbons grown from the
edges of terraces. (c) Top view of the growth processes of graphene
ribbons. Si atoms sublimate preferentially (as indicated by red arrows)
from equally spaced positions on the edge of terraces, forming
indentations. (d−f) A magnification of the selected area shown in (c).
(d) Carbon atoms rearrange to form graphene ribbons along the edge
of the terrace. The SiC decomposition rate at the center of a pair of
indentations becomes faster. (e) Direction of Si loss is determined by
the geometric limitation caused by preferred crystal orientation36 and
becomes straight to the left as indicated by the gray arrow. (f) Carbon
atoms further rearrange to form long graphene ribbons along the
edge. On the right, large-area monolayer graphene can be grown along
the edge of the terrace. (g) Side view of the SiC substrate along the
dashed line in shown in (f). The decomposition of SiC(0001) is layer
by layer, with each basal plane of thickness ≈0.26 nm.

Figure 2. (a) Large-area CLSM image taken on a grown sample. As
will be shown later, the blue, green, and red circles indicate the IFL/
SiC, monolayer graphene, and multilayer graphene, respectively. (b)
Map of the integrated G′(2D) peak from Raman spectra in the same
region as indicated in (a). (c) Raman spectra of the blue, green, and
red circles which are indicated in (a). The Raman spectra show the
regions around the G′(2D) band, with IFL/SiC (the blue curve),
monolayer graphene (the green curve), and multilayer graphene (the
red curve), and the fit to a Lorentzian for 1LG (the dashed curve in
black).
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134 high-energy electron beams emitted by an SEM or damaged by
135 an AFM tip. It has been demonstrated that CLSM is a
136 noninvasive method to evaluate the thickness of graphene on
137 SiO2 and SiC substrates.13 The brightness contrast of a CLSM
138 intensity image depends on the reflected energy from different
139 materials. In the case of graphene, the reflected intensity is
140 sensitive to the number of layers. The high spatial resolution of
141 CLSM (∼150 nm) is sufficient to identify the graphene
142 ribbons with widths of a couple of hundred nanometers. Figure
143 2a shows a CLSM intensity image of graphene ribbons on SiC.
144 Figure 2b shows a Raman map of integrated G′(2D) peak of
145 the same region. Figure 2c shows that the Raman spectra taken
146 on the blue, green, and red circles which are indicated in
147 Figure 2a. The absence of the G′(2D) peak in the blue curve
148 indicates that the darker regions correspond to the interfacial
149 layer (IFL) or bare SiC which are both electrically insulating.
150 The green curve shows a symmetric G′(2D) peak centered at
151 around 2750 cm−1 which can be well fitted by a single
152 Lorentzian, as shown in the dashed curve in black in Figure 2c.
153 Therefore, these regions (labeled by the green circle)
154 correspond to monolayer graphene (1LG). The wide and
155 asymmetric G′(2D) peak in the red Raman spectra indicates
156 that the region within the red circle is multilayer graphene. We
157 note that similar monolayer graphene ribbons (1LG) have
158 been probed by Raman studies.13 No increase in the D-peak
159 band (centered at around 1400 cm−1) for single-layer graphene
160 ribbons and two-layer graphene can be seen. There is little
161 change of the Raman D-band from the bare SiC background.13

162 We used a contamination-free method37 to fabricate
163 graphene ribbon devices. To this end, we began fabrication
164 by evaporating a 20 nm thick Au layer,37 which protected the
165 graphene ribbon from PMMA residues used in the subsequent

f3 166 lithography (Figure 3a,b). The selected ribbon and areas for
167 electrical contacts were covered with a thicker Au pattern37

168 which served as a mask (Figure 3c) when the adjacent area of
169 graphene was removed by Ar plasma RIE. Then, we deposited
170 Pt contacts to the graphene ribbon ends and etched the Au
171 layer on top of graphene ribbon by dilute aqua regia (Figure
172 3d). We can completely remove the Au protection layer from
173 the EG region by immersing the devices in dilute aqua regia
174 (by volume, HNO3:HCl:H2O = 1:3:4) for 45 s at room
175 temperature (the solution usually self-heats to 30 °C)38

176 (Figure 3d). This fabrication process initiates the attachment
177 of molecular dopants and could result in carrier concentrations
178 of ungated graphene around 1011 cm−2 as compared to as-
179 grown monolayer graphene with substrate-induced doping as
180 high as n ≈ 1013 cm−2. We note that both of the components of
181 aqua regia, nitric acid and hydrochloric acid, are potent p-
182 doping agents of graphene.39,40 Please see more details of the
183 fabrication (Supporting Information S3). Finally, we trans-
184 ferred an h-BN layer on top of the ribbon as a dielectric layer
185 and fabricated a top gate to control carrier density of the
186 graphene ribbon device.

187 ■ RESULTS AND DISCUSSION
188 In this work, in addition to the self-assembled graphene
189 ribbons (type A) which have been described earlier, for
190 comparison, we fabricated devices from a different type of
191 graphene ribbons (type B), which were etched by RIE from

f4 192 large-area epitaxial graphene (Figure 4b). Edges of these
193 graphene ribbons become irregular due to the resolution of the
194 electron-beam lithographic techniques. Moreover, their edges
195 could be doped by chemicals from subsequent fabrication

196because the gold pattern cannot cover the edges of a graphene
197ribbon. In contrast, for type A devices that were made from
198self-assembled graphene ribbon, the Au pattern was wider than
199the ribbon and protected the surface and the edges of graphene
200ribbons, guaranteeing cleaner and more uniform edges (Figure
2014a). The overlaying Au layers on top of graphene ribbons in
202both cases were completely removed by dilute aqua regia.
203We performed two-terminal resistance measurements on
204two types of graphene ribbon devices at low temperatures.
205Unless otherwise stated, the measurement temperature was 0.1
206K. In order to study possible MR peaks caused by boundary
207scattering14−16 in the graphene ribbons, we must first account
208for the reproducible conductance fluctuations clearly seen in
209Supporting Information S4. They are present as a function of
210magnetic field B and are caused by the fact that the graphene
211devices are small and comparable to the dephasing length.41

212The resistance results are averaged over a range of B = 0.05 T
213so that the averaged data clearly show the changes in resistance
214of the sample without the obscurity due to universal
215conductance fluctuations41 (Supporting Information S4).
216 f5Figure 5 shows the measurement results of a device made
217from a self-assembled graphene ribbon whose length and width
218are 2.5 μm and 300 nm, respectively. Its Dirac point was
219observed when top gate was swept to Vg = −12.5 V, confirming

Figure 3. (a) A 360 μm × 360 μm CLSM image after we evaporated a
gold protection layer (≈20 nm thick) on top of the whole substrate.
The gray (dark) regions correspond to graphene ribbons (IFL/SiC).
The bright white regions indicate Pt alignment marks. (b) A
magnification of the selected area shown in (a). The chosen graphene
ribbon was labeled by the red, unfilled rectangle. (c) A CLSM image
after we evaporated a thicker gold pattern on the ribbon. A second
gold pattern (a dark gray region) instead of PMMA was deposited to
protect the graphene ribbon. The brightness of the gold covered area
is darker than that of graphene because the reflective energy of an Au
pattern is smaller than that of graphene. (d) A CLSM image after the
Pt contacts are fabricated. The gold pattern was etched by dilute aqua
regia, and the single graphene ribbon indicated by the black arrow is
visible at the center. The bright white regions correspond to Pt
contacts.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://dx.doi.org/10.1021/acsaelm.9b00696
ACS Appl. Electron. Mater. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00696/suppl_file/el9b00696_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00696/suppl_file/el9b00696_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00696/suppl_file/el9b00696_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://dx.doi.org/10.1021/acsaelm.9b00696?ref=pdf


220 that it is an n-type graphene ribbon (Figure 5a). With weak
221 backscattering from smooth edges, the MR ratio [R(B) − R(B
222 = 0)]/R(B = 0) is ≈3% for Vg = −9 V and Vg = −10 V (Figure
223 5b). The anomalous MR behaviors of a type A ribbon are
224 dominated by boundary scattering.14−16 Our experimental
225 results are consistent with diffusive boundary scattering from
226 clean graphene edges in the quasi-ballistic regime as described
227 as follows. The properties of magnetotransport rely on the size
228 of the cyclotron radius. At low magnetic fields, a carrier
229 cyclotron orbit is much larger than the widths of samples, rc ≫
230 W, and carriers were scattered diffusively on the edge (the solid
231 curve in the inset of Figure 5c). The MR curve shows evidence
232 for weak localization (WL) due to intervalley scattering41 from
233 the sharp edges, and WL was quenched with increasing
234 temperature as shown in Figure 5d. As magnetic field increases,
235 the cyclotron radius by the Lorentz force becomes similar to
236 the ribbon width, rc ≈ W (the dashed curve in the inset of
237 Figure 5c), leading to increasing resistance due to increasing
238 collisions from the edges of samples and the probability of
239 backscattering. At higher magnetic fields, the cyclotron radius
240 is smaller than the width, rc < W. In this case, an orbit that
241 travels along the edges is formed, and the probability of
242 backscattering is decreased (the dotted curve in the inset of
243 Figure 5c). The resistance is again diminished with increasing
244 magnetic field. In Figure 5c, two side resistance peaks are
245 observed where the Bmax corresponds to the local maximal
246 value of MR when the cyclotron radius is close to the width.
247 Similar results are obtained in an ungated 190 nm wide self-
248 assembled graphene ribbon (Supporting Information S5). This

249relationship between the cyclotron radius and the width can be
250described by the proportionality constant α = W/rc. For the
251boundary scattering model for graphene, α is equal to 0.9 ±
2520.1.15,16 In a 2D system, the cyclotron radius can be written as

253
rc(B,n) = ( ) n

eB
πℏ , where e is the elementary charge, n is the

254carrier density, and ℏ is the reduced Planck constant. Thus,
255Bmax can be well described by the equation

B
e

n
Wmax α π= ℏ

256(1)

257Figure 5d shows that the Bmax is independent of temperature
258and is only affected by the carrier density as described by eq 1.
259To further study Bmax, we measure the MR at different top gate
260voltages. Figure 5e shows the MR ratio as a function of B at
261gate voltages Vg = −4, −5, −6, −7, and −8 V. The Bmax is
262shifted with varying gate voltages. We find that the Bmax has a
263linear dependence on gate voltage (Figure 5f). According to eq
2641, Bmax ∝ √n; therefore, it is deduced that n ∝ Vg

2 which will
265be explained in the following. In the Drude model, the carrier
266density nD is proportional to Vg, which is expressed as nD =

C
e
ox (Vg − VD), where Cox is the geometric capacitance of the

267gate oxide and VD is the voltage corresponding to the Dirac
268point.42 However, if the thickness of the insulator of the top
269gate is small (for this sample, the h-BN layer is ≈26 nm thick),
270the quantum capacitances from interfaces of the top gate
271should be considered.43,44 Under these conditions, n(Vg) can
272be described by the equation

n
C C

e C C
C

e
V V

1
1 /

( )s s

c

1 2
2 F

2 2

ox
g Dε+

+
=

+
−

γ 273(2)

274Here, εF is the Fermi level of the graphene ribbon and is
275expressed as εF = v nπℏ , where v, the Fermi velocity, is equal
276to 1.15 × 106 m/s. The quantum capacitance of interfaces is
277described by the capacitive items. The interface between the
278IFL and graphene is labeled by i = 1, and the interface (or
279dopants from fabrication) between h-BN and graphene is
280labeled by i = 2. The geometrical capacitance is described by
281Cci = ϵi/di, where ϵi is the dielectric constant and di = 0.3 nm is
282the distance between the graphene and its adjacent
283neighboring layers.43 The quantum capacitance is expressed
284as Cγi = γie

2, where γi is a parameter which corresponds to the
285chemical potential. Consequently, we can obtain the total

286
capacitance parameter as ( )Csi C C

1 1
1

ci i
= +

−

γ
. If the thickness

287of dielectric layer is more than a few hundred nanometers, Cox
288is dominant. The quantum capacitances are ignored, and eq 2
289becomes nD = (Cox/e)(Vg − VD). By solving eq 2, we deduce
290that n ∝ Vg

2 (Supporting Information S6). This result is the
291same as that from boundary scattering and proves that
292boundary scattering model fits this sample well. Putting Bmax,
293W, and Vg in eq 1, we can obtain the carrier density as a
294function of gate voltage Vg as shown in Figure 5g. As we have
295two-terminal devices, at present we are not able to eliminate
296the contact resistance which may actually dominate the
297measured two-terminal resistance. Moreover, we are not able
298to measure the Hall effect and are only able to measure the
299carrier density by Bmax by using eq 1. We can, however,
300estimate the mobility in the self-assembled graphene ribbon by
301the carrier density by referring to an earlier work done on
302continuous graphene.29 In this case, the low-temperature

Figure 4. Schematic diagrams showing the difference between two
types of graphene ribbon device fabrication processes. The first Au
layer (yellow regions) protected graphene (black regions) from
polymer contamination in the subsequent process. A second Au layer
(dark yellow regions) was patterned to cover selected area for a
graphene ribbon. The blue regions correspond to SiC. (a) The self-
assembled ribbon (type A) width is determined by the epitaxial
growth process. Consequently, a larger Au pattern is produced to
cover the edges of the ribbon to protect it from chemicals. (b) For a
sample with an etched ribbon (type B), a homogeneous graphene
monolayer region was selected. The width of the etched ribbon was
determined by the second Au pattern in the RIE process.
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303 mobility of our self-assembled graphene ribbon is estimated to
304 be between 3000 and 5000 cm2/(V s).
305 We note that experimental evidence for diffusive boundary
306 scattering is observed when the carrier density is higher than
307 1012 cm−2. As shown in Figure 5h, at Vg = −10 V, Vg = −11 V,
308 and Vg = −12.5 V, we were not able to observe Bmax, consistent
309 with the fact that Bmax approaches zero at Vg = −9 V as
310 suggested by extrapolating the linear fit shown in Figure 5f.
311 Near the Dirac point at Vg = −12.5 V, when B > 1 T and B ←
312 1 T positive magnetoresistance due to classical diffusive
313 scattering16 is observed.

f6 314 Figure 6 shows the results of a type B graphene ribbon
315 whose length and width are 5 μm and 200 nm, respectively.
316 We were not able to observe the Dirac point and Bmax;
317 therefore, we cannot estimate the carrier density as well as the
318 mobility of etched graphene ribbons (Figure 6a). Strong
319 negative MR behavior is observed (Figure 6b) and is
320 independent of gate bias voltage (Figure 6c). The MR ratio
321 is ≈13%, larger than that reported in Figure 5b. We speculate
322 that this phenomenon is not from the dopants or defects on
323 surfaces of samples. Based on the VRH model,45 the MR
324 behavior has a transition from WL to strong negative MR with
325 decreasing the carrier density, if the graphene surface contains
326 defects and chemical dopants that may create a high random
327 barrier for electronic transport. However, at Vg = −14 V, the
328 MR does not show a strong T dependence (Figure 6d). When
329 the measurement temperature is varied by a factor of 20, the
330 MR only changes by around 4% (Figure 6e), suggesting that
331 VRH is not the dominant mechanism. In our type B graphene

332ribbons, the MR behaviors are independent of gate voltage
333(and hence carrier density), suggesting that the graphene
334surface remains sufficiently clean during our fabrication and
335that the graphene is also sufficiently uniform so that there is
336little disorder. We speculate that the negative MR is due to the
337dopants or defects on the edge of graphene ribbons. Irregular
338edges of ribbons can cause a higher probability of back-
339scattering. When magnetic field is provided, paths of carriers
340become shorter due to the cyclotron radius and decreases the
341probability of backscattering. Consequently, the resistance is
342decreased, and it causes strong negative MR behavior. This
343behavior is still observed in wider samples, as the one shown in
344Figure 6f, whose width is 570 nm (length = 5 μm). Its MR
345ratio is smaller, 9%, possibly due to the edge effect being
346suppressed with increasing the sample width. The absence of
347the MR side peak due to diffusive boundary scattering in these
348two devices suggests that the edge smoothness of etched
349graphene ribbons is lower than that of epitaxially grown
350graphene ribbon device. Since both type A and type B ribbons
351are fabricated on the same SiC substrate, the interface of the
352ribbons to the SiC substrate should not play an important role
353in their vastly different transport properties. It is known that
354the edge effect become dominant with decreasing the width. In
355the seminal work by Masubushi et al. on boundary scattering in
356graphene,15 the widths of their samples are around 1 μm. In
357this case, the edge effect is relatively weak, and it may not be
358necessary to consider the causality between smooth edges and
359edge scattering. In contrast, with narrower graphene width, the
360rough edges may result in the strong backscattering and affects

Figure 5. MR behavior for the self-assembled graphene ribbon whose width is 300 nm. (a) Resistance as a function of gate bias voltage. The
maximal resistance, the Dirac point, is observed at Vg = −12.5 V. (b) MR ratio as a function of B measured at gate voltages Vg = −4, −5, −6, −7,
−8, −9, and −10 V (from top to bottom). Anomalous MR behaviors are observed. (c) MR ratio as a function of B at Vg = −6 V, and the WL effect
is dominant below 1 T. With increasing magnetic field, above 1 T, the MR transport is dominated by boundary scattering. The Bmax is at 1.5 T.
Inset: a schematic diagram showing trajectories of carriers in devices for rc ≫ W (the solid curve), rc ≥ W (the dashed curve), and rc < W (the
dotted curve). (d) Normalized resistance as a function of B measured at Vg = −7 V and T = 20 and 30 K. The WL effect is suppressed at a higher
temperature, but the Bmax as shown by the dashed lines is still observed apparently. (e) MR curves as a function of B measured at varying gate
voltages Vg = −4, −5, −6, −7, and −8 V (from top to bottom). Positions of the Bmax as indicated by black arrows are dependent on the gate voltage.
For clarity, only Bmax for positive B are labeled. (f) Bmax as a function of gate voltage, as inferred from (e) (Bmax ∝ Vg). There is a good linear fit to
the data (red line). (g) The carrier densities as a function of gate voltage is obtained by putting the Bmax, W, and gate voltage in eq 1. There is a
good quadratic fit to the data (red curve). Boundary scattering happened at n ≥ 1012 cm−2. (h) MR ratio as a function of B measured at gate
voltages Vg = −10, −11, and −12.5 V. At Vg = −12.5 V, the carrier density is low; when B > 1 T and B < −1 T, positive magnetoresistance due to
classical diffusive scattering16 is observed.
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Figure 6. MR behavior for etched ribbons (type B). (a) Resistance as a function of gate voltage. (b) Resistance as a function of magnetic field at
different gate voltages. (c) The width of the etched ribbon is 200 nm. Averaged MR ratio as a function of B measured at gate bias voltage = −15.5,
0, and 15.5 V. Strong negative MR is observed and independent of gate bias voltage. The MR ratio is roughly 13%. (d) Magnetoresistance at Vg =
−14 V at different temperatures. (e) MR at Vg = −14 V at different temperatures. (f) Averaged normalized resistance as a function of B for another
etched ribbon whose width is larger, 570 nm. In this wider sample, the strong negative MR still exists, and the MR ratio is 9%, which is smaller than
that observed in the narrower, etched graphene ribbon shown in (c).
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361 the edge scattering. We note that in ref 16 graphene edges as
362 atomically sharp defects dominate the elastic and inelastic
363 intervalley scattering, and the inelastic scattering mechanism is
364 electron−electron intervalley scattering in the ballistic regime.
365 Both diffusive boundary scattering as characterized by Bmax and
366 intervalley scatterings (WL) were observed simultaneously in
367 their graphene sample, consistent with our experimental results
368 obtained on self-assembled graphene ribbons. Therefore, the
369 graphene edge properties should play an important role in the
370 transport in graphene ribbons. The vastly different edge
371 preparation between our self-assembled and etched graphene
372 ribbons appears to be the key factor in determining the MR
373 properties of our ribbon devices.
374 We would like to point out that the length to width ratio
375 (2.5 μm/300 nm) of device type A is different from of that of
376 device type B (5 μm/200 nm). Therefore, the resistivity, rather
377 than the resistance, is perhaps the suitable physical quantity to
378 estimate the carrier densities of the graphene ribbon devices.
379 We note that for at Vg = −9 V the resistivity of device type A is
380 about 100 kΩ. On the other hand, at Vg = 0 V, the resistivity of
381 device type B is about 50 kΩ. If the resistivity can be used to
382 estimate the carrier concentration, the carrier density of device
383 type B at Vg = 0 is higher than that of device type A at Vg = −9
384 V. Moreover, we believe that the applied gate voltage is a more
385 suitable physical quantity to estimate the carrier density of the
386 graphene ribbon. For device type B, the Dirac point may well
387 be lower than −15.5 V since we do not see a local minimum
388 around Vg = −15.5 V. Even if the Dirac point is at −15.5 V, at
389 Vg = 0, the voltage difference between the applied gate voltage
390 and the Dirac point is 15.5 V. In contrast, for device type A, at
391 Vg = −9 V, the voltage difference between the applied gate
392 voltage and the Dirac point (VD = −12.5 V) is 3.5 V. Assuming
393 that the carrier density is proportional to (Vg − VD)

2, the
394 carrier density at Vg = 0 V for device B is at least 16 (=42)
395 times higher than that for device type A at Vg = −9 V. The fact
396 that no MR side peak is observed at device type B at Vg = 0
397 cannot be due to the low carrier density (device type A at Vg =
398 −9 V). Therefore, we can exclude the possibilities of low
399 density in device type B for not observing the MR side peak.
400 The most probable reason for this is the edge roughness in
401 device type B due to etching.

402 ■ CONCLUSIONS
403 We studied the edge effect in graphene ribbons through
404 magnetotransport measurements. We found that self-
405 assembled graphene ribbons on SiC have been prepared by
406 the high-temperature sublimation technique similar to the
407 method for growing large-area monolayer graphene on a SiC
408 substrate. Compared to SEM and Raman spectra studies, the
409 CLSM scans the sample rapidly in only 10 min and covers a
410 large area in ambient conditions. The spatial resolution of the
411 CLSM image is high, ≈150 nm,13 and it is an efficient
412 approach to choose suitable graphene ribbons for device
413 fabrication even when a gold protection layer (≈20 nm) is
414 deposited on top of the ribbon. Such a thin gold layer can
415 protect both the top surface and edges of the graphene ribbon
416 from contamination by PMMA and other residues. Selecting a
417 single high-quality graphene ribbon with smooth edges allows
418 us to observe a MR side peak which is consistent with the
419 commensurability effect between the ribbon width and
420 cyclotron radius. By using a high-quality, thin h-BN layer as
421 a dielectric, we are able to apply a top gate voltage in order to
422 study the evolution of the anomalous MR peak as a function of

423carrier density. In contrast, an etched graphene ribbon, which
424is also protected by a gold layer during the fabrication process,
425only shows large negative MR effect due to suppression of
426backscattering near rough graphene edges with increasing
427magnetic field. Our approach based on efficient CLSM studies
428and a metallic protection layer paves the way for preparing
429high-quality self-assembled graphene ribbons for practical
430device applications in terahertz sensors, interconnects, and
431plasmonic devices, all of which can be fabricated on a wafer-
432scale SiC substrate.

433■ EXPERIMENTAL METHODS
434Confocal Laser Scanning Microscopy (CLSM). In this work,
435CLSM images of multilayer graphene, graphene, graphene ribbons,
436and IFL/SiC were obtained by using an Olympus LEXT OLS4100
437system fitted with ×5, ×10, ×20, ×50, and ×100 objective lenses
438(numerical apertures: 0.15, 0.30, 0.60, 0.95, and 0.95, respectively)
439and with up to ×8 further optical zoom.13 This allows us to use the
440CLSM to image an area with field of view ranging from 2560 μm ×
4412560 to 16 μm × 16 μm in a single step. Many such images can be
442combined by an automatic stitching process. The CLSM system
443employs a 405 nm wavelength violet semiconductor laser, which is
444scanned in the X−Y directions by an electromagnetic micro-
445electromechanical systems scanner and a high-precision mirror
446galvanometer, and a photomultiplier to capture the reflected light
447and generate images up to 4096 × 4096 pixels with horizontal spatial
448resolution of 150 nm.13 As a noninvasive technique, CLSM does not
449modify the graphene/SiC interface.
450Atomic Force Microscopy (AFM). We performed AFM studies
451of graphene, IFL/SiC, and graphene ribbons in tapping-mode in air
452using a Bruker Dimension FastScan scanning probe microscope. In
453this mode, the probe oscillates at its fundamental resonance ( f 0) and
454a feedback loop tracks the surface of the sample by adjusting the Z-
455piezo height to maintain a constant amplitude of the cantilever
456oscillation.13

457Raman Spectroscopy. The Raman spectra and mapping of IFL/
458SiC, graphene, graphene ribbons, and multilayer graphene were
459obtained under ambient conditions with 633 nm excitation (Renishaw
460InVia), which is focused to an ∼0.8 μm spot on the samples through a
461×100 objective (0.85 NA). Raman maps were performed by raster
462scanning the laser with a step size of 100 nm and collecting the
463spectra with an exposure time of 1 s for each point, 1800 mm−1

464grating, and high confocality (20 μm slit opening). Raman maps of
465the G and 2D peaks area, intensity, width, and shift were generated
466from fitting the data.13

467Low-Temperature Electrical Measurements. The low-temper-
468ature experiments of graphene ribbon devices were performed in an
469Oxford Triton 200 cryo-free dilution refrigerator. Two-terminal
470resistance measurements were performed using standard ac lock-in
471techniques. Unless otherwise stated, the measurement temperature
472was 0.1 K.
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687Özyilmaz, B.; Ahn, J.-H.; Hong, B. H.; Iijima, S. Roll-to-roll
688production of 30-in. graphene films for transparent electrodes. Nat.
689Nanotechnol. 2010, 5, 574−578.

(41) 690Tikhonenko, F. V.; Kozikov, A. A.; Savchenko, A. K.;
691Gorbachev, R. V. Transition between electron localization and
692antilocalization in graphene. Phys. Rev. Lett. 2009, 103, 226801.

(42) 693Ashcroft, N.; Mermin, N. Solid State Physics; Saunders College:
6941976.

(43) 695Takase, K.; Tanabe, S.; Sasaki, S.; Hibino, H.; Muraki, K.
696Impact of graphene quantum capacitance on transport spectroscopy.
697Phys. Rev. B: Condens. Matter Mater. Phys. 2012, 86, 165435.

(44) 698Hu, J.; Rigosi, A. F.; Kruskopf, M.; Yang, Y.; Wu, B. Y.; Tian, J.
699F.; Panna, A. R.; Lee, H. Y.; Payagala, S. U.; Jones, G. R.; Kraft, M. E.;
700Jarrett, D. G.; Watanabe, K.; Taniguchi, T.; Elmquist, R. E.; Newell,
701D. B. Towards epitaxial graphene p−n junctions as electrically
702programmable quantum resistance standards. Sci. Rep. 2018, 8, 15018.

(45) 703Hong, X.; Cheng, S. H.; Herding, C.; Zhu, J. Colossal negative
704magnetoresistance in dilute fluorinated graphene. Phys. Rev. B:
705Condens. Matter Mater. Phys. 2011, 83, 085410.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://dx.doi.org/10.1021/acsaelm.9b00696
ACS Appl. Electron. Mater. XXXX, XXX, XXX−XXX

I

https://dx.doi.org/10.1021/nl300584r
https://dx.doi.org/10.1021/nl300584r
https://dx.doi.org/10.1109/LED.2009.2020182
https://dx.doi.org/10.1021/nn300989g
https://dx.doi.org/10.1021/nn300989g
https://dx.doi.org/10.1063/1.4773474
https://dx.doi.org/10.1063/1.4773474
https://dx.doi.org/10.1063/1.4773474
https://dx.doi.org/10.1002/aenm.201802439
https://dx.doi.org/10.1002/aenm.201802439
https://dx.doi.org/10.1103/PhysRevB.84.161407
https://dx.doi.org/10.1103/PhysRevB.84.161407
https://dx.doi.org/10.1021/nn406627u
https://dx.doi.org/10.1021/nn406627u
https://dx.doi.org/10.1038/nnano.2010.192
https://dx.doi.org/10.1038/nnano.2010.192
https://dx.doi.org/10.1038/nature12952
https://dx.doi.org/10.1038/nature12952
https://dx.doi.org/10.1103/PhysRevLett.116.186602
https://dx.doi.org/10.1103/PhysRevLett.116.186602
https://dx.doi.org/10.1063/1.4907041
https://dx.doi.org/10.1063/1.4907041
https://dx.doi.org/10.1007/s12274-019-2425-5
https://dx.doi.org/10.1007/s12274-019-2425-5
https://dx.doi.org/10.1016/j.carbon.2016.12.087
https://dx.doi.org/10.1016/j.carbon.2016.12.087
https://dx.doi.org/10.1103/PhysRevLett.102.106104
https://dx.doi.org/10.1103/PhysRevLett.102.106104
https://dx.doi.org/10.1103/PhysRevB.81.121411
https://dx.doi.org/10.1103/PhysRevB.81.121411
https://dx.doi.org/10.1088/1681-7575/aacd23
https://dx.doi.org/10.1088/1681-7575/aacd23
https://dx.doi.org/10.1088/2053-1583/3/4/041002
https://dx.doi.org/10.1088/2053-1583/3/4/041002
https://dx.doi.org/10.1021/acs.nanolett.7b00509
https://dx.doi.org/10.1021/acs.nanolett.7b00509
https://dx.doi.org/10.1103/PhysRevB.96.195437
https://dx.doi.org/10.1103/PhysRevB.96.195437
https://dx.doi.org/10.1021/nl502942z
https://dx.doi.org/10.1021/nl502942z
https://dx.doi.org/10.1002/smll.201400989
https://dx.doi.org/10.1002/smll.201400989
https://dx.doi.org/10.1109/JMEMS.2003.820936
https://dx.doi.org/10.1109/JMEMS.2003.820936
https://dx.doi.org/10.1021/nl072364w
https://dx.doi.org/10.1021/nl072364w
https://dx.doi.org/10.1038/nnano.2010.132
https://dx.doi.org/10.1038/nnano.2010.132
https://dx.doi.org/10.1103/PhysRevLett.103.226801
https://dx.doi.org/10.1103/PhysRevLett.103.226801
https://dx.doi.org/10.1103/PhysRevB.86.165435
https://dx.doi.org/10.1038/s41598-018-33466-z
https://dx.doi.org/10.1038/s41598-018-33466-z
https://dx.doi.org/10.1103/PhysRevB.83.085410
https://dx.doi.org/10.1103/PhysRevB.83.085410
pubs.acs.org/acsaelm?ref=pdf
https://dx.doi.org/10.1021/acsaelm.9b00696?ref=pdf


S-1

Supporting Information

A self-assembled graphene ribbon device on SiC

Bi-Yi Wu1, 2, †, Yanfei Yang1, †, Albert F. Rigosi1, Jiuning Hu1, Hsin-Yen Lee1, 
Guangjun Cheng1, Vishal Panchal1, 3, Mattias Kruskopf1, 4, Hanbyul Jin1, 4, Kenji Watanabe5, 

Takashi Taniguchi5, David B. Newell1, Randolph E. Elmquist1, *, and Chi-Te Liang2, *

1Physical Measurement Laboratory, National Institute of Standards and Technology (NIST), 
Gaithersburg, MD 20899, USA 
2Graduate Institute of Applied Physics, National Taiwan University, Taipei 10617, Taiwan 
3National Physical Laboratory, Hampton Road, Teddington, TW11 0LW, UK 
4Joint Quantum Institute (JQI), University of Maryland, College Park, MD 20742, USA
5National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan

†These authors contributed equally to this work
*randolph.elmquist@nist.gov and ctliang@phys.ntu.edu.tw

S1 AFM and CLSM imaging for identifying monolayer graphene ribbons  

Figure S1. (a) An AFM image of self-assembled graphene ribbons. The different 
brightness of color corresponds to the different terraces. The thickness of the 
sublimation area which is pointed out in the middle terrace by the white arrow 
is 260 pm. (b) A CLSM image of graphene ribbons in the same region as (a). 
The grey regions correspond to graphene ribbons or large-area graphene (1LG). 
The dark regions indicate the interfacial layer (IFL) or SiC substrate. Graphene 
ribbons are found on the edge of each straight SiC sublimation area. 

 
We can confirm the mechanism of growing graphene ribbons by the AFM image as 

shown in figure S1 (a). In the AFM image, three terraces are in the different brightness of colors. 
In the middle terrace, the SiC sublimation area which is formed from the edge of the terrace is 
observed. The thickness of the sublimation area indicated by the white arrow in figure S1 (a) 
is 260 pm and blurring graphene ribbons on the edge of the sublimation area is observed. We 
can compare the AFM image with the CLSM image as shown in figure S1 (b), and two 
graphene ribbons on the edge of each straight sublimation area are observed. It proves that the 
mechanism of the growing graphene ribbons is determined by the surface diffusion of Si atoms.
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S2 Crystal orientation of self-assembled graphene ribbon arrays

Figure S2. A CLSM image of graphene ribbon arrays. The edges in natural graphene 
ribbon arrays form primarily along the SiC<11 0> direction as indicated by the red 2
lines. The scale is 10 m. The green and blue arrows indicated the IFL/SiC and one-
layer graphene (1LG) regions, respectively.
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S3 Fabrication of graphene ribbon by e-beam lithography reactive ion etching

Figure S3. Schematic diagrams showing the contamination-free processes in our 
fabrication. The blue regions correspond to the SiC substrate. The black regions 
correspond to graphene on SiC. The green regions indicate the resist, PMMA, for 
electron-beam lithography. (a) A 20-nm-thick Au layer (the yellow region) is 
evaporated to protect graphene. (b) Spin-coating of bilayer electron-beam resists, 
PMMA. (c) To expose the pattern with electron-beam lithographic techniques. 
(d) A 35-nm-thick Au layer (the dark yellow region) is fabricated to make gold 
patterns. (e) Lift-off in acetone. (f) Graphene is dry etched with Ar plasma by 
RIE. The Au patterns determine the shapes of graphene. (g) Pt is used as electrical 
contacts to graphene which correspond to the bright blue regions. (h)Put the 
devices in dilute aqua regia (DAR) and DAR only etched the Au layers. Graphene 
is visible at the center.  (i) In general processes, PMMA touches directly graphene 
and doped it. (j) Use PMMA patterns to determine shapes of devices when 
graphene is dry etched with O2 plasma by RIE. (k) When electrical contacts, 
which are the bright blue regions, are fabricated, PMMA touches directly the 
graphene again.

We use a contamination-free processes in our fabrication. To protect graphene from 
contamination of PMMA residues, first we evaporate a 20-nm-thick Au layer on surfaces 
(figure 2 (a)). Next, Au patterns (figure 2 (f)) were adopted instead of PMMA patterns (figure 
2 (j)) since metal layer on the top and graphene are etched by Ar plasma with RIE. Au patterns 
determine the shapes of devices. In addition, we adopt Pt to make contacts with general 
processes (figure 2 (g)). Finally, devices are put in dilute aqua regia (DAR). DAR only etches 
the Au layer at the center and Pt contacts, which have an anti-erosion effect of DAR, remain 
on the device (figure 2 (h)). Residues of resists, PMMA, disappear when the protective metal 
layer is removed by DAR. With these processes, surfaces of graphene are protected from 
chemical and keep the graphene surface remarkably clean. 
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S4 Data averaging

Figure S4. (a) R(B)-R(B=0) as function of B at Vg = -4 V, -5 V, -6 V, -7 V, -8 
V, -9 V and -10 V (from top to bottom). Universal conductance fluctuations 
(UCFs) exit at different gate voltages (b) The black curve corresponds to R(B)-
R(0) as function of B at Vg = -6 V. Red dashed curve shows that the averaged 
data. We can label the Bmax as the purple dashed line in the MR curve which is 
with stronger UCFs. After averaging the resistance in each region, the weak 
localization become clear as shown in red curve.

Universal conductance fluctuations (UCFs) exist in mesoscopic devices, because the 
interference of carriers waves travels along the graphene device. In figure S3 (a), the resistance 
fluctuations are observed at different gate voltages. Though fluctuations were too strong to 
distinguish the weak localization from the MR structure, we could also determine the Bmax 
apparently by the maximal resistance (figure 3 (b)). To suppress the effect of UCFs, the 
resistance results are averaged over a range of B = 0.05 T. The red curve shown in figure 3 (b) 
is the averaged result and the weak localization effect becomes clearer at low magnetic fields1.  
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S5 Evidence for diffusive boundary scattering as indicated by the observation of Bmax in 
an ungated self-assembled graphene ribbon.
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Figure S5 MR as a function of magnetic field at various temperatures. The data was taken on 
an ungated 190-nm-wide self-assembled graphene ribbon. The arrows indicate Bmax due to 
diffusive boundary scattering. 
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S6 The relation between the carrier density and the top gate voltage when the dielectric 
layer is thin

Figure S5. Schematic diagram showing a top-gated graphene device. The grey 
and black region indicate the IFL and graphene, respectively. The interface 
between the IFL and graphene is labelled by i=1, and the interface between 
graphene and the insulator (dielectric) layer is labelled by i=2.

Figure S6 shows a top-gated graphene device. If the thickness of the insulator of the 
top gate is small, n(Vg) can be described by Eq. (2)

                .𝑛 +
𝐶s1 + 𝐶s2

𝑒2 𝜀F =  
1

1 +
𝐶r2

𝐶c2

𝐶ox

𝑒 (𝑉g ― 𝑉D)

where  =  We can suppose that A =  , B =  and Veff = 𝜀F  ℏ𝑣 𝜋𝑛.
𝐶s1 + 𝐶s2

𝑒2  ℏ𝑣 𝜋
1

1 +
𝐶r2

𝐶c2

𝐶ox

𝑒

(Vg - VD). Eq. (2) cam be re-written as 

 .                                (3)𝑛 + 𝐴 𝑛 =  𝐵𝑉eff

We can solve equation (3) and obtain that 

.𝑛(𝑉eff) = 𝐵𝑉eff +
1
2𝐴

2
±

1
4𝐴

4
+ 𝐵𝐴2𝑉eff

The third term can be expanded by the binomial theorem as the following equation

+ ) .1
4𝐴4 + 𝐵𝐴2𝑉eff = (

1
2𝐴2 +𝐵𝑉eff ―

𝐵2

𝐴2𝑉2
eff + 2

𝐵3

𝐴4𝑉3
eff …

Then, we know that carrier density is equal to 0 when Veff = 0, and the constant term in this 
equation should be equal to 0. Consequently, Eq. (3) is re-written as

𝑛(𝑉eff) = 𝐵𝑉eff +
1
2𝐴

2
―

1
4𝐴

4

+ 𝐵𝐴2𝑉eff

= 𝐵𝑉eff +
1
2𝐴2 ― (12𝐴2 + 𝐵𝑉eff ―

𝐵2

𝐴2𝑉2
eff + 2

𝐵3

𝐴4𝑉3
eff + …)



S-7

. (4)=
𝐵2

𝐴2𝑉2
eff ―2

𝐵3

𝐴4𝑉3
eff +…

We can estimate that A  107 and B  1011 with parameters2 listed as below: (1) , ≈ ≈  𝜖𝐵𝑁 = 3.9𝜖0

, and , where  is the vacuum permittivity (2)  𝜖1 = 9.7𝜖0 𝜖2 = 3𝜖0 𝜖0 𝛾1 = 1.2 × 1014eV ―1cm ―2

and  (3) dox = 45 nm, d1 = d2 = 0.3 nm and we obtain that  . 𝛾2 = 1.5 × 104eV ―1cm ―2 𝐵2

𝐴2 ≫
𝐵3

𝐴4

Thus, Eq. (4) is approximated by the following equation

.                      (5)𝑛(𝑉eff) =
𝐵2

𝐴2𝑉2
eff 
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