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 Graphene is an allotrope of carbon, the structure of which is 
a two-dimensional (2D) layer with closely packed hexagonal 
lattices that resemble a honeycomb. [  1  ]  Since the fi rst report of 
discovering exfoliated graphene in 2004, its value to both fun-
damental physics and electronics has been demonstrated. [  2  ]  The 
most notable of this work resulted in a Nobel Prize in 2010. 
Because graphene is a zero-bandgap material, [  3  ]  it is inher-
ently infeasible as an active material for fi eld-effect transistors. 
Therefore, most graphene-related research has been focused 
on the utilization of its high carrier mobility and the transpar-
ency of graphene-based electrodes. [  4–7  ]  However, Son et al. theo-
rized that a bandgap opening in graphene could be created by 
scaling down the width of graphene nanoribbons, [  8  ]  and Kim 
and co-workers [  9  ]  and Avouris and co-workers [  10  ]  experimen-
tally explored a fi nite energy gap opening as the width of the 
graphene ribbons decreased as narrow as 20 nm, arising from 
electron localization due to impurities and/or localized edge 
states. Initially, the researchers who investigated the bandgap 
opening utilized conventional scanning methods such as 
electron-beam lithography (EBL) [  11  ]  and scanning tunnelling 
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microscopy (STM) lithography [  12  ]  to fabricate sub-15 nm 
graphene nanoribbons, despite the fact that these processes 
were time-consuming and expensive, with a low throughput. 

 Other innovative nonscanning methods were actively being 
investigated. Li et al. developed a fabrication technique in which 
dispersed graphite was centrifuged and broken into pieces of 
graphene nanoribbons with various ribbon widths. [  13  ]  However, 
the fabrication of aligned graphene nanoribbons with a high 
density was impossible via this technique. Jiao et al. attempted 
to cut carbon-nanotube side-walls longitudinally by a simple 
argon (Ar) plasma etching process, [  14  ]  and Bai et al. fabricated 
graphene nanoribbons by employing silicon nanowires that 
were in close contact with a graphene sheet as an etching mask, 
in conjunction with oxygen plasma treatment. [  15  ]  The width 
of graphene nanoribbons is dependent on the diameter of the 
nanowire and the duration of the etching. However, the fabrica-
tion of aligned graphene nanoribbons in a controlled manner 
over a large surface area remains a challenge. 

 For practical applications, a dense array of ordered quasi-
nanoribbons such as a graphene nanomesh, composed of hex-
agonally arranged nanopores with graphene necks between the 
neighboring pores that measure only a few nanometers, was 
demonstrated by utilization of a nanomesh template gener-
ated by a poly(styrene- block -methyl methacrylate) (P(S- b -MMA)) 
block copolymer, [  16  ]  nanoimprint lithography, [  17  ]  and polystyrene 
nanosphere lithography, [  18  ,  19  ]  recently. In the work presented 
here, we fi rstly report the fabrication of large-area, high-density, 
and aligned graphene nanorings (GRNRs) that are sub-15 nm 
in width, and we confi rm their successful fabrication and prop-
erties by using various measurement tools such as scanning 
electron microscopy (SEM), atomic force microscopy (AFM), 
transmission electron microscopy (TEM), and Raman scat-
tering spectroscopy. 

 The schematic in  Figure    1   depicts the entire fabrication 
process of a GRNR array. Three layers comprising a 90 nm-thick 
imprint resist, 260 nm-thick poly(methyl methacrylate) (PMMA), 
and 120 nm-thick poly(vinyl alcohol) (PVA) were spin-coated in 
sequence onto a graphene/SiO 2 /Si substrate (Figure  1 a). The 
PVA was utilized as a lift-off layer with water. The PMMA was 
used to compensate for the low thickness of PVA after spin-
coating because the aspect ratio of trench structures is critically 
important to the successful angle metal deposition, as shown 
in Figure  1 d. Prior to nanoimprint lithography (NIL), an anti-
sticking self-assembled monolayer (SAM), which reduced 
the surface energy of a transparent stamp, was employed to 
enhance stamp demolding from the imprinted layer. [  20  ]  The 
pillars on the stamp were imprinted into the imprint resist, 
and the hole patterns were transferred to the under layers by a 
bH & Co. KGaA, Weinheim 1wileyonlinelibrary.com
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     Figure  1 .     Schematic of the graphene nanoring (GRNR) fabrication process: a) nanoimprint on the imprint resist using an imprint stamp having 
120 nm-high pillar features with a diameter of 240 nm at a period of 450 nm. b) Demolding the stamp, leaving behind hole patterns with the same 
diameter and period as the stamp. c) Etching the residual imprint resist by CF 4  plasma and the subsequent etching of the PMMA/PVA layers by O 2  
plasma, deliberately leaving a 30 nm-thick layer of PVA. d) Ni-nanocup structures were produced by glancing-angle deposition on a rotating substrate 
through a DC-sputtering system. e) Etching of the bottom of Ni nanocups by Ar plasma and subsequent etching of the whole PVA layer and the 
underlying graphene layer by O 2  plasma, which resulted in a narrower width of the graphene nanorings. f) Ni-nanotube lift-off by dissolving the PVA 
layer in H 2 O.  
reactive-ion-etching process using a CF 4  plasma to remove the 
residual imprint resist and subsequent O 2  plasma treatment to 
etch both the PMMA and the PVA layers, as shown in Figure  1 c. 
As a result, hole patterns with a diameter of 300 nm and a 
height of 420 nm were fabricated.  

 Here, a 30 nm-thick PVA residual layer was deliberately left 
as a buffer layer, and Ni was deposited by DC sputtering with 
a sample stage that was rotated at 15 rpm at an angle of 40 ° , 
as depicted in Figure  1 d. A series of preliminary experiments 
revealed that an aspect ratio of 1.4 for the trench features is 
ideal for the angle deposition to consistently generate Ni nano-
cups (see Supporting Information, Section S1). 

 To convert the Ni nanocups shown in Figure  1 d into the Ni 
nanotubes shown in the middle of Figure  1 d,e, the bottoms of 
the Ni nanocups were extracted by Ar plasma after the angle 
deposition. A controlled etching process was performed to etch 
only the Ni bottoms and expose the PVA buffer layer. Without 
the PVA buffer layer, the inductively enhanced Ar plasma, at 
a power of 300 W, etched the bottom of the Ni nanocups ani-
sotropically and destroyed the graphene layer underneath. 
Furthermore, back-scattered Ar ions with a high energy at the 
substrate surface could attack the thin sidewalls of the as-made 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
Ni nanotubes, thereby causing the nanotube walls to collapse. 
The substrate was then submerged in acetone to remove the 
Ni/imprint resin/PMMA layers, which left only the PVA layer, 
in which the Ni nanotubes were embedded (Figure  1 e). Finally, 
O 2  plasma was used to remove both the PVA layer and the 
graphene underneath. Because the inner portion of a Ni nano-
tube has a much thinner PVA layer, over-etching was conducted 
to generate undercuts in the PVA layer under the Ni nanotubes, 
which resulted in a reduction of the GRNR width, as depicted 
in the middle of Figure  1 e,f. Because of the undercuts, the 
nanoring width was reduced to sub-15 nm, on average, from the 
20 nm-wide Ni sidewalls. Finally, the sample was submerged 
in water to lift-off the PVA layer and the Ni on top of it. The 
defi ned GRNRs were then annealed in a chemical vapor deposi-
tion (CVD) system at 400  ° C for 1 h to remove organic debris 
and moisture (see the Experimental Section for more details). 

   Figure 2  a shows the polymeric template, having the 
imprinted holes with a diameter of 240 nm at a 450 nm pitch; 
Figure  2 b shows the resultant Ni-nanotube array obtained 
after the Ar plasma etching/acetone soaking/O 2  plasma steps 
depicted in Figure  1 e. The Ni nanotubes were created in the 
entire imprinted area of nearly 3 cm  ×  3 cm. The diameter of 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 
DOI: 10.1002/adma.201202626
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     Figure  2 .     SEM and AFM images of a major step of the GRNR fabrication process. a) SEM image of nanoimprinted hole patterns with a 240 nm diam-
eter at a 450 nm period. b) SEM image of the Ni-nanotube array with a 300 nm diameter and the magnifi ed tilt-view of four nanotubes showing that 
the Ni-nanotube bottom was etched away by the anisotropic Ar etching (inset). c) SEM image of GRNRs array for a 15  μ m  ×  15  μ m area (the inset is a 
magnifi ed image covering 16 GRNRs). d) AFM image of the GRNR array. e) Surface profi le of one GRNR. The 12 nm-wide and 0.7 nm-thick graphene 
nanorings arrays were generated in a controlled manner.  

   Table  1.     Representative Raman peaks and ratios for SLG and GRNRs. 

Types D 
[cm  − 1 ]

G 
[cm  − 1 ]

2D 
[cm  − 1 ]

  I  D / I  G  I  2D / I  G 2D FWHM 
[cm  − 1 ]

SLG 1341.3 1588.1 2684.5 0.2 1.7 29.5

GRNR 1351.7 1589.1 2687.1 0.6 1.2 33.5
the Ni-nanotube array was expanded from 240 nm of polymeric 
holes to 300 nm during the pattern transfer by dry-etching. 
The height and width of the Ni nanotubes were approximately 
250 nm and 20 nm, respectively. In the inset of Figure  2 b, 
four Ni nanotubes and the trace of the nanocup bottom edges 
(between the white arrows) demonstrate that the plasma 
process used to convert the nanocups to nanotubes was feasible 
without destruction of the basic nanotube array. Figure  2 c is an 
SEM image of GRNRs, taken for a 15  μ m  ×  15  μ m area, and a 
magnifi ed SEM image covering 16 GRNRs is inset. The fi nal 
GRNRs are produced in half of the total substrate area of 9 cm 2 , 
demonstrating the feasibility of wafer-scale GRNR fabrication. 
Among them, statistically, 30% of GRNRs were found to have a 
perfect ring structure with a width of sub-15 nm, but the rest of 
the GRNRs were broken locally along the perimeter.  

 The AFM image in Figure  2 d shows the aligned GRNRs 
that remain after the water lift-off and the thermal annealing. 
The surface profi le between the two red arrows in the inset of 
Figure  2 d, which is a high-resolution AFM image of a graphene 
nanoring, demonstrates that the as-made GRNR had a thick-
ness of less than 0.7 nm, which indicates that near-single-layer 
graphene nanorings were generated. Taking into consideration 
that the AFM was scanned in noncontact mode, the fl at region 
of 12 nm represented by the two red triangles (Figure  2 e) 
is considered to be the GRNR width. The rough SiO 2  surface 
(especially the inside area of the GRNRs) was attributed to the 
bombardment of O 2  ions. As found in the surface profi le, a dif-
ference exists between the inside and outside depths around 
the GRNR: 0.7 nm vs. 1 nm, respectively. The difference in 
depth originated from the initial difference in thickness of the 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 
DOI: 10.1002/adma.201202626
PVA layers between the two regions, which were removed by 
anisotropic O 2  plasma etching. The inside, shallow PVA layer 
was fi rst etched away, and the exposed SiO 2  surface was then 
bombarded by the ions, which resulted in a rougher surface 
and a greater depth. 

 Micro-Raman scattering was measured to observe the 
changes in the graphene layer during the fabrication process. 
A Nd:YVO 4  diode-pumped solid-state laser with a wavelength 
of 532 nm was used at a power of 14 mW and focused onto 
the sample using a micro-objective lens with a spot diameter of 
1  μ m. Finally, the Raman scattering signal was dispersed and 
detected by a triple monochromator attached to a charge-coupled 
device (CCD) (ACTON TRIVISTA) with a spectral resolu-
tion of 0.2 cm  − 1 .  Figure    3  a and 3b show the Raman scattering 
spectra of the pristine graphene and the GRNR, respectively. 
The corresponding Raman peak positions are summarized 
in  Table    1  . From the full-width at half-maximum (FWHM) 
of the 2D band (29.5 cm  − 1 ) of the pristine graphene (inset of 
Figure  3 a), we conclude that the pristine graphene used in this 
study was very close to being single-layer graphene (SLG). [  21  ]  
After the fabrication of the GRNRs, although the FWHM of the 
2D band was broadened to 33.5 cm  − 1  (inset of Figure  3 b), the 
3wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     Raman scattering spectra of: a) the pristine graphene with a 2D band FWHM of 29. 5 cm  − 1 , indicating single-layer graphene (SLG), and b) 
graphene nanorings (GRNRs) with blue-shifted G, D, and 2D bands, compared with those of the pristine graphene. c) A TEM image of two GRNRs; the 
HR-TEM image (inset) was taken at the ring, and shows a hexagonal distribution of carbon atoms. d) EDS analysis of the graphene rings demonstrated 
a carbon quantity of above 99%. These two results strongly support the fabrication of GRNRs.  
GRNRs remained as SLG. Moreover, the G, D, and 2D bands 
of the GRNRs were blue-shifted from those of SLG. The blue-
shift of the G and D bands may have been caused by a hole-
doping effect due to H 2 O during the fabrication process. [  22  ]  The 
increase in the graphene edges during the fabrication of the 
GRNRs is considered to be the primary reason for the increase 
in the  I  D / I  G  ratio. [  23  ]    

 TEM analysis was also performed to confi rm the fabrica-
tion of GRNRs. For the specimen preparation, a few drops of a 
buffered oxide etchant (BOE) were added on top of the sample 
to etch the silicon dioxide and fl oat the GRNRs, and then the 
sample was immersed into isopropyl alcohol under a sonication 
ambient. The as-made solution was dropped onto a Cu grid and 
naturally dried in the air (see Supporting Information, Section 
S2). Figure  3 c shows a TEM image of two GRNRs. However, 
it shows the unavoidable generation of a multistack of GRNRs 
due to the van der Waals interaction between the GRNRs in 
the solution phase. It was also hard to get a perfect ring shape 
because the capillary force exerted by the solution sitting inside 
4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
the GRNR transformed the original shape of the GRNRs during 
the natural air-drying. Furthermore, the shape was distorted 
when exposed to the electron currents during imaging. The 
high-resolution (HR) TEM image (inset of Figure  3 c) was taken 
from the graphene ring between the white arrows in Figure  3 c, 
and shows a hexagonal distribution of carbon atoms. The six 
hexagonally arranged blue dots represent carbon atoms of an 
in-plane unit cell with a lattice constant of 0.25 nm (between 
the red arrows in the inset of Figure  3 c) which nearly corre-
sponds to the previously reported value. [  24  ]  The energy-disper-
sion spectroscopy (EDS) analysis of Figure  3 d revealed a 99.43% 
carbon signal. Both the HR-TEM image and the EDS results 
also strongly support the fabrication of GRNRs. 

 Nanoscale top electrodes were defi ned by NIL and a subse-
quent lift-off process. For the top electrode contacts, 3 nm-thick 
Ti and 40 nm-thick Au were successively deposited using an 
electron-beam evaporator with a deposition rate of 0.2 nm s  − 1  
at 1  ×  10  − 6  Torr.  Figure    4  a shows the top electrodes, in which 
ten 100 nm-wide wires were aligned to the underlying GRNRs 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 
DOI: 10.1002/adma.201202626
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     Figure  4 .     a) 10 parallel, gold, top electrodes with a linewidth of 100 nm at a 200 nm pitch on top of the GRNRs. b) The current–voltage characteristics 
of the GRNRs, measured between the two neighboring top electrodes.  
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at a 100 nm half-pitch scale on the 300 nm-thick SiO 2  dielec-
tric layer. If the nanowires are well aligned to the GRNR array, 
nearly seventy GRNRs can be placed beneath the two neigh-
boring nanowires with a length of 30  μ m. The current ( I ) versus 
voltage ( V ) characteristics in Figure  4 b, measured between the 
two neighboring top electrodes, show a current level of 10  − 7  A 
at  ± 1 V, indicating that the GRNRs were electronically conduc-
tive and physically continuous.  

 In summary, we have fabricated single-layer GRNRs with a 
sub-15 nm width on a large area of 9 cm 2 , that could accom-
modate an imprint stamp size via NIL, by a combination of 
the angle-deposition method and sophisticated plasma-etching 
processes. Raman scattering measurements verifi ed that the 
fabricated GRNRs were still intact. In addition, AFM analysis 
demonstrated that the sub-15 nm-wide GRNRs were fabricated 
with a high fi delity, and the TEM and EDS results strongly 
support the existence of GRNRs. This large-area graphene pat-
terning technique at sub-15 nm has the potential to contribute 
to future integrated electronics based on single-layer graphene.  

 Experimental Section 
  Preparation of the Imprint Stamp : The imprint stamp was fabricated 

by using 325 nm He-Cd laser-interference lithography [  25  ]  and subsequent 
dry-etching process (see Supporting Information, Section S3). Pillars 
were generated with a diameter of 240 nm at a 450 nm period. Prior 
to imprinting, an antisticking self-assembled monolayer (SAM) was 
deposited onto the stamp surface to assist demolding from the 
imprinted resist. [  20  ]  

  Single-Layer-Graphene Transfer onto a SiO 2  Substrate : The substrate 
for the graphene growth was prepared by deposition of a Cu/Ni thin 
fi lm with a total thickness of 300 nm on a SiO 2  (300 nm)/Si wafer 
using electron-beam evaporation, and was then placed in an inductively 
coupled-plasma chemical vapor deposition (ICP-CVD) chamber. The 
substrate temperature was ramped from room temperature to 650  ° C at 
a base pressure of 5  ×  10  − 7  Torr. A radio-frequency (RF) plasma source 
was applied to clean the wafer surface under fl owing hydrogen, and 
graphene was grown for 3 min in an Ar  +  C 2 H 2  gas mixture with a 
plasma power of 100 W. [  26  ]  

 After cooling, the CVD-grown graphene was transferred to another 
SiO 2  (300 nm)/Si wafer. For this purpose, we spin-coated PMMA 
as a protective layer on the grown graphene layer and attached a 
pressure-sensitive adhesive UV-tape as an adhesive layer across the 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 
DOI: 10.1002/adma.201202626
entire growth wafer. After the UV tape/PMMA/graphene/metal layers 
were mechanically peeled from the initial SiO 2  layer, they were placed 
in an FeCl 3  solution to etch the metal layers. We then displaced UV 
tape/PMMA/graphene onto the target SiO 2  host wafer and removed the 
UV-tape and PMMA layer in an organic bath. Finally, the substrate was 
cleaned in isopropyl alcohol (IPA). 

  Nanoimprint Lithography, Metal Deposition, and Pattern Transfer to 
Graphene : Prior to NIL, PVA and PMMA were sequentially spin-coated 
as under-layers under the following conditions: PVA (4% diluted, 30 s, 
4000 rpm, baked at 100  ° C for 20 s); PMMA (4% diluted, 40 s, 2000 rpm, 
baked at 100  ° C for 2 min). The imprint resist, which was a mixture 
of UV-curable polydimethylsiloxane material (Gelest, 87%), a radical 
initiator (Irgacure 184, Ciba, 3%), and a cross-linker (ethylene glycol 
dimethacrylate, Aldrich, 10%), was then spin-coated at 6500 rpm for 150 s 
and subjected to imprinting at a pressure of 5.2  ×  10 3  Torr under UV 
irradiation for 10 min, with a transparent stamp having pillar features. 
After demolding, the trenches were treated with CF 4  plasma (50 sccm, 
20 mTorr, 20 W, 30 s) to remove the residual layer at the trenches, and 
subsequently treated with O 2  plasma (50 sccm, 20 mTorr, 20 W, 210 s) to 
transfer the imprinted patterns to the under-layers of PMMA and PVA. Ni 
was then deposited with a deposition rate of 0.2 nm s  − 1  at 10  − 6  Torr by 
DC sputtering on a sample stage rotated at 15 rpm at an angle of 45 ° . 

 The Ni nanocups were converted into Ni nanotubes by highly energetic 
anisotropic Ar-ion bombardment on the bottoms of the Ni nanocups 
for 20 s under conditions of 50 sccm, 100 W of the bottom fi eld, 
300 W of the top fi eld, and 10 mTorr. The PMMA layer was then lifted off 
by soaking for a few seconds in acetone under a mild sonication. Only 
the Ni nanotubes surrounded by the PVA layer remained. The sidewall 
width of the Ni nanotubes was transferred to the SLG using O 2  plasma 
to etch the entire PVA layer and the underlying graphene for 100 s 
under conditions of 50 sccm, 25 W, and 20 mTorr. The sample was then 
submerged in water to lift off the PVA layer under the Ni nanotubes, 
which resulted in only GRNR patterns. After the sample was cleaned 
with acetone/IPA for few seconds, thermal annealing was performed at 
400  ° C for 1 h in a CVD system under the following conditions: 100 sccm 
of H 2 , 10 sccm of Ar, and 4 Torr.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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