
www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N

1246
  Lei   Liu  ,     Yingli   Zhang  ,     Wenlong   Wang  ,   *      Changzhi   Gu  ,     Xuedong   Bai  ,     and   Enge   Wang   *    

 Nanosphere Lithography for the Fabrication of Ultranarrow 
Graphene Nanoribbons and On-Chip Bandgap Tuning of 
Graphene 
 With the rise of graphene research since 2004, the past few 
years have witnessed rapid progreess in exploiting graphene as 
an electronic material that shows great promise for future nano-
electronic devices. [  1–3  ]  Particular interest in this regard stems 
from the remarkable electronic properties of graphene, ranging 
from the extremely high mobility to the tunable carrier type and 
density. [  1  ,  2  ]  However, the fact that graphene is a zero-bandgap 
semimetal poses a major problem for its practical applications 
in making high-performance fi eld-effect transistors (FETs). [  2  ,  3  ]  
As to how an energy gap can be induced in graphene, a known 
paradigm is to fabricate 1D ultranarrow graphene nanoribbons 
(GNRs) in which the lateral confi nement of charge carriers cre-
ates an energy gap near the charge neutrality point. [  3–14  ]  Experi-
mentally, ultranarrow GNRs were fi rst fabricated by standard 
electron beam lithography (EBL) patterning in combination 
with reactive O 2  plasma etching of graphene sheets; [  5  ,  6  ]  how-
ever EBL is known to be limited by its serial processing nature, 
low throughput, and high cost. Later on, the chemically derived 
GNRs produced via a solution processing route were reported 
as an alternative, but the synthetic yield was quite low. [  7  ]  More 
recently, some other strategies, e.g., the longitudinal unzip-
ping of carbon nanotubes, [  8–10  ]  the inorganic nanowire, [  11  ]  and 
diblock copolymer [  12–14  ]  templated etching of graphene sheets, 
have also been proposed and demonstrated. Despite these 
important advances, an increasing demand for rapid, massively 
parallel, high-throughput, and low-cost fabrication strategies for 
ultranarrow GNRs continues to motivate research. 

 Here, we present an innovative approach for ultranarrow 
GNRs fabrication by utilizing nanosphere lithography (NSL) [  15  ]  
in combination with low-power O 2  plasma etching. NSL, a tech-
nique that takes advantage of the self-assembled, ordered arrays 
of latex nanospheres as lithographic masks for deposition 
of various metal nanostructures, has long been known to be 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
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a inherently parallel, high-throughput, and low-cost nano-
fabrication strategy. [  15  ]  However, in general, a perceived limita-
tion of a common NSL process has been that it can only produce 
a limited range of nanostructure shapes that are determined by 
the projection of the nanosphere mask interstices onto under-
lying substrates. [  15  ,  16  ]  In this work, when applying NSL nano-
patterning for the lithographic etching of graphene sheets, we 
surprisingly found that it was capable of fabricating a variety 
of interesting 1D-based nanoribbon structures. It is shown that 
the non-uniform and anisotropic distribution of plasma ion, as 
mediated by the NSL masks, provides a subtle reason for the 
etching formation of nanoribbons. By proper adjustment of the 
plasma process parameters, a precision control of the nano-
ribbon widths is achieved in a size regime comparable with the 
standard EBL approach. [  5  ,  6  ]  Remarkably, due to its unusual sim-
plicity, NSL nanopatterning can be directly implemented into 
the preintegrated graphene electrical devices for achieving “on-
chip” fabrication of GNRs. When subjecting the NSL masked 
graphene devices to stepwise plasma etching, we were able to 
monitor in situ the temporal evolution of electrical character-
istics as a consequence of the continuous shrinkage of GNRs 
widths. It is on this basis that we demonstrated a viable and 
practical methodology for the straightforward on-chip bandgap 
tuning of graphene. 

 Two kinds of graphene specimens were used in this work: 
one was mechanically exfoliated graphene fl akes and the other 
was chemically derived graphene sheets obtained through the 
well-known graphite oxide (GO) route. [  17–21  ]  It is known that 
mechanically exfoliated graphene specimens possess supe-
rior crystal and electronic quality, but are constrained by the 
extremely low yield of the single-layer sheets. Therefore, to fully 
exploit the capability of the NSL for GNR fabrication we started 
with the GO-derived, large-area, single-layer graphene sheets 
for fabrication experiments. Natural fl ake graphite was fi rst oxi-
dized to produce GO and then exfoliated in aqueous solution 
to create a stable colloidal dispersion of the individual single-
layered GO sheets. After deposition onto SiO 2 /Si substrates, the 
GO sheets were reduced to graphene by exposure to hydrazine 
vapors at elevated temperature followed by thermal annealing 
(see Supporting Information for experimental details).  Figure  1  a 
shows a representative scanning electron microscopy (SEM) 
image of the GO-derived single-layer graphene sheets with 
lateral dimensions up to tens of micrometers lying on a SiO 2 /
Si substrate. For NSL mask preparation, the deposition and 
packing of polystyrene (PS) nanospheres (with diameter of  ≈ 1  μ m, 
unless otherwise noted) on substrates was accomplished 
by adopting a method reported previously (see Supporting 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 1246–1251



www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TIO

N

    Figure  1 .     a) SEM image of the chemically derived graphene sheets lying on a SiO 2 /Si substrate. b) SEM image showing a domain of the hcp PS 
nanosphere monolayer that masked the graphene sheets. c) SEM image of the large area, interconnected 2D GNRs network etched through an hcp 
monolayer NSL mask. Note that the darker areas in the SEM image are GNRs; the image contrast is due to the local potential differences between 
graphene and the insulating SiO 2  substrate caused by differential charging. [  25  ]  d) Tapping mode AFM image of a selected typical nanoribbon with width 
of ca. 12 nm (measured via line scan profi le). e) SEM images showing the temporal evolution of the individual dumbbell-like GNRs etched through 
the isolated pairs of packed nanospheres (top panel) with etching durations of 12 s, 18 s and 24 s. Scale bars in (e): 500 nm. f) Schematic illustration 
(not to scale) showing the NSL-defi ned lithographic etching process of graphene sheets.  
Information for details). [  22–24  ]  A typical scanning electron 
microscopy (SEM) image of a domain of the hexagonal close-
packed (hcp) nanosphere monolayer is displayed in Figure  1 b. 
The nanospheres masked graphene sheets were subsequently 
subjected to O 2  plasma etching (Diener Electronic, 40 kHz), 
after which the masking PS nanospheres were removed by 
washing with dichloromethane with the aid of mild sonication. 
Although O 2 -based reactive ion etching is a routine procedure 
for combining with various lithographic techniques in graphene 
nanofabrication, [  5  ,  6  ,  11–14  ]  we must emphasize here that to pro-
duce the nanoribbon structures using the present NSL nano-
patterning approach, the O 2  plasma etching must be performed 
at low power such that the etching process of graphene sheets 
proceeds in a mild and controlled way. Any harsh etching treat-
ment with a high plasma power would otherwise induce etching 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 1246–1251
of the graphene sheets that is too aggressive, leaving behind 
only the nonbridged, disk-like graphene pads, a similar result to 
that was recently reported by Cong et al. [  16  ]  Typically we chose 
an optimized plasma processing condition of 30 W at 0.6 mbar 
with a 10 sccm fl ow of O 2  [  26  ]  and varied only the etching time 
for achieving the desirable etching effects. Figure  1 c shows a 
typical result of the multiply interconnected, ordered 2D net-
work of GNRs etched through a hcp monolayer NSL mask 
with an etching duration of 21 s. Figure  1 d displays the atomic 
force microscopy (AFM) image of a selected typical nanoribbon 
by 21 s etching; AFM line scan measurement shows that 
its lateral diameter is ca. 12 nm. With a longer etching 
time, even narrower GNRs could be generated, but the problem 
of over-etching will unavoidably lower the overall yield of 
GNRs.  
bH & Co. KGaA, Weinheim wileyonlinelibrary.com 1247
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    Figure  2 .     SEM images showing some typical examples of the complex GNRs architectures, including 
chains (a), branches (b), circular rings (c), and connected rings (d). Scale bars: 500 nm.  
 To elucidate the formation mechanism for 
GNRs, the focus is now placed on the tem-
poral evolution of the individual dumbbell-
like GNRs that were etched through the 
isolated pair of packed nanospheres. As 
depicted in in Figure  1 e, with time elapsed, 
the dumbbell-like GNRs take shape gradually 
as a consequence of the continuous increase 
in the aspect ratio of the bridging ribbons 
along with the gradual size shrinkage of the 
two side pads. Apparently, the formation 
of the 1D nanoribbons beneath the nano-
sphere masks involves a subtle anisotropic 
etching process that has been related to the 
non-uniform and anisotropic distribution of 
the plasma ion fl ux defl ected into the inter-
spacing of the masking nanospheres, as 
illustrated in Figure  1 f. The anisotropy and 
nanofeature selectivity of the NSL-mediated 
ion etching process is not a new observation 
here. In fact, a few previous numerical simu-
lation and experimental studies of NSL have 
shown such an effect. [  27–29  ]  Nevertheless, 
we note that it is only when the NLS nano-
patterning is applied for lithographic etching 
of the graphene sheets that this anisotropic 
effect becomes so pronounced that it can 
eventually lead to the formation of the highly 
anisotropic, 1D-based nanoribbon structural 

motifs. It seems likely that the intrinsic anisotropic chemical 
reactivity of graphene towards the low-temperature and low-
power reactive plasma etching also plays a synergistic role in 
the anisotropic etching process. [  30–32  ]  

 Apart from the large-area interconnected networks and the 
individually addressable dumbbell-like GNRs, we also fabri-
cated a variety of complex architectures with an in-between 
number of GNRs. This was accomplished by deliberately 
lowering the nanosphere coverage so as to 
    Figure  3 .     a,c) SEM images showing the well-defi ned nanosphere pentagons and linear chains 
formed from  ≈ 1  μ m PS nanospheres in the  ≈ 3  μ m cylindrical holes of the photoresist and 2  μ m 
spheres in photoresist trenches with  ≈ 2  μ m width. b,d) SEM images of the pentagonal ring and 
linear chain architectures of connected GNRs, etched through the corresponding nanosphere 
masks. Scale bars: 1  μ m.  
obtain random masks consisting of sparely 
distributed, random aggregates of nano-
spheres (Figure S3, Supporting Information). 
A few typical examples of the complex GNRs 
architectures, including the connected GNRs 
chains, branches, circular rings, and the more 
exotic connected GNRs rings, are shown in 
 Figure  2  . The ability to produce not only large-
area ordered GNRs networks but also the 
complex GNRs architectures implies the high 
versatility of present NSL-based fabrication 
approach. Importantly, these results further 
inspired us with a tantalizing possibility: 
if we can rationally assemble the desired 
number of nanospheres into uniform aggre-
gates with a well-defi ned packing geometry, 
then it would be feasible to rationally control 
the geometrical structure of the fabricated 
GNRs architectures. Due to recent advances 
in spherical colloid assembly research, 
a physical templating technique is now 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
available for the directed self-assembly of nanospheres into well-
defi ned aggregates at designated regions on solid surfaces. [  33  ,  34  ]  
For instance, with the use of photolithography patterned relief 
structures as templates, Xia and co-workers presented an ele-
gant way to assemble spherical colloids into ordered polygonal 
or polyhedral clusters, linear or zigzag chains, and circular 
rings. [  33  ]  Here, as a preliminary demonstration  Figure  3  a,c 
shows the assembled nanosphere pentagons and linear chains 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 1246–1251
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obtained by the template-directed assembly against the photo-
lithographically patterned cylindrical holes and trenches, 
respectively. With these well-defi ned nanosphere aggregates as 
lithographic etching mask, we fabricated the expected regular 
pentagonal rings and linear chains of connected GNRs at the 
designed locations on SiO 2 /Si substrates (Figure  3 b,d).   

 As compared to the existing methodologies developed for 
GNRs fabrication, a key advantage of the present NSL nano-
patterining approach is the unusual simplicity and ease of the 
entire fabrication process. On a practical level, this advantage 
allows us to directly apply this fabrication approach to graphene 
sheets that were integrated into electrical devices, such that we 
were able to achieve the straightforward on-chip bandgap tun-
ning of graphene, as schematically illustrated in  Figure  4  a. 
For performing the electrical transport studies, we used speci-
mens of the mechanically exfoliated graphene fl akes, which are 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 1246–1251

    Figure  4 .     a) Schematic illustration of the on-chip bandgap tuning of grap
b) AFM image of a typical FET device based on the mechanically cleaved sing
characteristics for different etching times (12 s, 18 s, 24 s, and 30 s). d) Evolu
device upon etching. e)  I  ds – V  ds  curves recorded under various  V  g  for the devic
and the resultant GNRs network produced by 30 s of etching. The spectra w
known to possess a superior electronic quality to the GO-derived 
graphene sheets. Graphene fl akes were prepared by micro-
mechanical cleavage from bulk highly ordered pyrolytic graphite 
(HOPG) and deposited onto a heavily p-doped Si substrate with 
a 300-nm SiO 2  layer with prefabricated alignment marks. Optical 
microscopy was fi rst used to identify and locate the single-layer 
graphene sheets. To further verify their single-layer character, 
AFM and Raman spectroscopy (the single-layer sheets exhibit a 
single Lorentzian shape of the G’ peak [  35  ] ) characterization were 
also used. The source/drain electrodes were then defi ned by EBL 
on the single-layer graphene sheets that were previously located. 
20 nm of Pd was then deposited for electrodes by electron beam 
evaporation, followed by annealing of the devices in Ar at 300  ° C 
for 15 min. Figure  4 b shows the AFM image of one of the tar-
geted single-layer graphene FET device that was subjected to 
NSL masking and a subsequent plasma etching sequence. [  36  ]  
bH & Co. KGaA, Weinheim wileyonlinelibrary.com 1249

hene through NSL nanopatterning and subsequent O 2 -plasma etching. 
le-layer graphene sheet. c) Evolution of the device current–voltage ( I  ds – V  ds ) 
tion of the gate-voltage ( V  g )-dependent electrical conductance of the same 
e after 30 s etching. f) Micro-Raman spectra of the pristine graphene sheet 
ere collected at room temperature using 532-nm laser excitation.  
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The electrical transport properties of the device were monitored 
with respect to the plasma exposure time at room temperature. 
Due to their insulating nature, the presence of the masking PS 
nanospheres does not affect electrical measurements.  

 As can be clearly seen from the evolution of the current–
voltage data displayed in Figure  4 c, with a 12 s plasma expo-
sure of the NSL-masked graphene device, the conductance 
decreased signifi cantly, while during the remaining etching 
(18 s to 30 s), the conductance drop become much slower. 
This fact implies that the line-of-sight etching stage of the 
graphene sheet occurred mainly within the fi rst 12 s and the 
lateral etching process started to become dominating within 
the next etching duration. In Figure  4 d, we display the evolution 
of the transfer characteristics of the same tested device. Prior 
to plasma etching, the pristine graphene sheet showed little 
conductance modulation for the entire range of applied gate 
fi elds. At the early stage of plasma exposure from 12 to 18 s, a 
slightly higher on–off ratio was observed, while as the etching 
time increased to 24 s the device started to exhibit a clear p-type 
fi eld-effect with the on–off ratio around 10. This indicates that 
a small portion of the constitute nanoribbons are thin enough 
that a fi nite energy gap is opened in them due to lateral confi ne-
ment. With a further elongated etching time of 30 s, more of 
the constituent nanoribbons became progressively thinner and 
the resultant GNRs networks showed more distinct fi eld-effect 
characteristics (Figure  4 d,e). The on–off ratio was enhanced 
up to  ≈ 90, which is close to the highest achievable on–off ratio 
of the recently reported graphene nanomesh devices. [  11–13  ]  
Although an etching time even longer than 30 s is expected to 
further reduce the average ribbon width, it was found that the 
problem of partial breakage of the GNRs electrical pathways as 
induced by over-etching would dramatically sacrifi ce the on-
state conductivity of the GNRs devices. 

 In Figure  4 f, a comparison of the Raman spectrum of 
the pristine graphene sheet and that of the resultant GNRs 
network by 30 s etching is shown. Raman spectra were col-
lected over a range from 1200 to 3000 cm  − 1 , and the main 
differences found in the spectrum of the etched GNRs net-
work is the rise of an additional strong D-band at  ≈ 1345 cm  − 1  
and a weak D’-band at  ≈ 1620 cm  − 1 , along with the distinctly 
reduced ratio of integrated intensity of the G’ bands (located 
at 2685 cm  − 1 ) compared to that of the G band (located at 
1590 cm  − 1 ). These Raman features are due to the presence 
of irregular edge disorders and oxidized dangling bonds. [  35  ,  37  ]  
According to current understanding, these edge states will 
profoundly affect the electronic structures of GNRs. [  12–14  ,  38,39  ]  
It is assumed that the observed conductance modulations 
and bandgap opening for GNRs in our experiments may not 
be solely attributed to the lateral confi nement of charge car-
riers resulting from width narrowing, but rather to a com-
bination of the lateral quantum confi nement and the edge 
disorder effects, as also proposed for the recently reported 
graphene nanomesh structures. [  12  ]  The roles that these fac-
tors play in determining the conduction gap of GNRs is still 
a question that remains open for future theoretical and 
experimental studies. In the present work, although the NSL-
mediated etching formation of GNRs involved a subtle anisotropic 
etching process, it appears that the as-etched nanoribbons 
have no crystallographically defi ned armchair or zigzag type 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
edges. [  30–32  ]  Nevertheless, it is possible that, instead of O 2 , 
reactive plasma etching with other weaker oxidizers, such as 
water vapor and carbon dioxide, may lead to crystallographic 
selectivity of the NSL-mediated etching process. Follow-up 
studies are now underway along these lines. 

 In conclusion, using a combination of NSL and low-power 
O 2  plasma etching, we demonstrated the rapid and high-
throughput fabrication of ultranarrow GNRs. This innovative 
approach shows the high capability and versatility for creation 
of the large-area, ordered GNR networks as well as a range 
of interesting complex GNR architectures including chains, 
branches, circular rings, and connected rings. By further 
combining NSL with photolithography patterning, we were 
able to simultaneously control both the shape and location 
of the GNR architectures. Room-temperature electrical trans-
port studies verifi ed that NSL nanopatterning could provide 
a viable and practical methodology for the straightforward 
on-chip bandgap tuning of graphene. In light of the inher-
ently parallel nature and low-cost of the NSL technique, we 
expect that the present GNR fabrication approach may open a 
possible new avenue for the development of graphene-based 
nanoeletronics. 

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