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Ordered graphene nanodisk arrays have been successfully fabricated by combining nanosphere lithography
and reactive ion etching (RIE) processes. The dimension of graphene nanodisks can be effectively tuned by
varying the size of polystyrene spheres, which function as masks during RIE. Low-voltage scanning electron
microscopy shows that the graphene sheet could be readily patterned into periodic disklike nanostructures by
oxygen RIE. Raman mapping and spectroscopy further visualize such nanodisk arrays and reveal that the
nature of disks are crystalline single layer graphene. This work demonstrates an efficient and manageable
way to pattern graphene. By consideration of the periodicity, nanometer dimension, and high edge density
compared to large-area graphene sheets, graphene nanodisk arrays, such two-dimensional assembly of carbon
atoms, offer intrisic advantages in various electronic and spintronic fabrications.

Introduction

Graphene has attracted significant attention because of its
unique electronic properties, such as the charge carriers mimick-
ing massless Dirac fermions, electron—hole symmetry near the
charge neutrality point, and weak spin—orbit coupling.'?
Graphene-based nanostructures are considered as promising
candidate for an alternative to silicon based mesostructures in
future electronic nanodevices. It was predicted that graphene
nanoribbons with certain edge chirality would open the band
gap>* and show distinguish magnetic,’ optical,’ and supercon-
ductive” properties. It was also reported that a finite nanostruc-
tured graphene with special edges can exhibit giant spin
moments.® Although graphene nanoribbons have been investi-
gated intensively in both experimental and theoretical aspect,”!°
graphene nanodisks, another class of graphene derivatives, which
have closed edges, are still in their infancy, especially from an
experimental point of view. The existence of a closed edge
structure may endow graphene nanodisk arrays with higher edge
density than that of normal graphene sheets, leading to higher
edge reactivity property, which may offer key advantages in
realizing various electron applications via edge chemical func-
tionalization, such as doping.

So far, several methods, i.e., soft-landing mass spectrometry,'!
electron-beam lithography,'? focused ion beam nanosculpting, '*
scanning tunneling microscopy (STM),'* and atomic force
microscopy'? lithography (local anodic oxidation) have been
used for patterning graphene nanostructures, such as nanorib-
bons, quantum dots, and nanorings. However, all of them
involve either rather high-cost and low-throughput lithographic
patterning or sophisticated instruments, hindering their large-
scale fabrication and practical applications. Until now, there is
no report about patterned graphene nanodisk arrays. Here, we
report a effective approach for patterning graphene sheet to
ordered graphene nanodisk arrays by combining nanosphere
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lithography (NSL) with O, reactive ion etching (RIE). Raman
spectroscopy/imaging and scanning electron microscopy (SEM)
were employed to visualize the graphene nanodisks and reveal
the nature of disks are crystalline single layer graphene. In the
Raman spectra of graphene nanodisks, strong defect-related
Raman bands have been found. These process-induced structural
defects which were thought to be formed during the RIE process
may give rise to localized electronic states and eventually to
the magnetic state in graphene based on the defect-mediated
mechanism. !

Experimental Methods

Experimentally, graphene sheets were transferred from highly
ordered pyrolytic graphite (HOPG, SPI SUPPLIES) by me-
chanical cleavage.!” The substrate is a Si wafer coated by 300
nm thermally grown SiO,. Polystyrene (PS) spheres of various
diameters (Polysciences, Inc.) were used as masks. The RIE
process was performed by using March PX-250 plasma etching
system with power of 70 W and base pressure of 70 mTorr.
Pure oxygen gas was used as plasma source. The pristine
graphene sheets and graphene nanodisks were characterized by
optical microscopy, low-voltage SEM (JEOL JSM-6700F), and
Raman mapping/spectroscopy (WITEC CRM200 confocal
system, Aser = 532 nm). To avoid heating effect, the laser power
at sample surface was fixed at 0.5 mW. The details about Raman
imaging has been explained previously.?

Results and Discussion

Figure 1 shows the schematic of the graphene nanodisk arrays
fabrication process. First, the graphene sheets were transferred
to Si0,/Si substrate (Figure 1a). Optical microscopy was used
to locate the interested thin graphene sheets where the single-
layer graphene sheet was further confirmed by Raman spectra.
Second, a monolayer of highly ordered PS spheres was self-
assembled on water surface using a technique reported by J.
Rybczynski et al.'® Such a monolayer was then lifted off from
the water surface using previously mentioned SiO,/Si substrate
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Figure 1. Schematic of graphene nanodisk arrays fabrication process.
(a) The graphene sheets were transferred to SiO,/Si substrate. (b) The
PS speres were arranged on the SiO,/Si substrate with graphene. (c)

O, RIE was carried out to etch a portion of the graphene sheets that
was not protected by the PS spheres. (d) Removal of PS spheres.

with graphene (Figure 1b). Then, O, RIE was carried out to
morph the closely packed PS nanosphere monolayer into arrays
of separated nanospheres and to etch a portion of the graphene
sheets that was not protected by the nanospheres (Figure 1c).
Finally, the PS spheres were removed by sonication in chloro-
form for a few seconds, resulting in periodic graphene nanodisk
arrays (Figure 1d). To clean the graphene nanodisks, a vacuum
(x1073 Torr) postannealing process was conducted at 500 °C
for 30 min by a Linkam thermal stage.

Optical and SEM images are shown in Figure 2 to demon-
strate the result of each step described above. Figure 2a shows
the graphene sample on SiO,/Si substrate. The quadrilateral area
marked by a dashed line is a single-layer graphene sheet. Parts
b and ¢ of Figure 2 show the optical and high-magnification
SEM images of single-layer graphene covered by monolayer
of PS spheres before and after O, RIE. It can be seen from the
SEM images (parts b and c¢ of Figure 2) that the size of PS
spheres was reduced from 465 to about 450 nm after O, RIE.
Therefore, each PS sphere can be distinguished more clearly
than those before O, RIE as shown in the optical images. It
also can be seen that there were necks formation between
neighboring PS particles after O, RIE. The graphene sheet below
the gaps of spheres was therefore directed exposed to the O,
plasma and selectively etched away. Highly ordered arrays of
graphene nanodisks with narrow necks are obtained after
removing the PS spheres, whose optical image is basically the
same as that of the as-transferred graphene (not shown here).
To prove the formation and reveal the morphologies of graphene
nanodisk arrays, SEM was performed. As SiO, substrate is
insulative, a low acceleration voltage of 1 kV was set during
SEM measurement to minimize the charging effect and have a
good contrast. As shown in Figure 2d, the graphene nanodisk
arrays were readily formed, and the average diameter is about
448 nm, which agrees well to the size of spheres after the O,
RIE. Therefore, we concluded that by combining NSL with O,
RIE the graphene nanodisk arrays can be easily obtained.
Furthermore, the diameter of the graphene nanodisk and the
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Figure 2. Optical and SEM images of (a) graphene on SiO,/Si
substrate, (b) graphene covered by monolayer of PS spheres of 465
nm in diameter, (c) graphene nanodisk with PS monolayer after oxygen
RIE, (d) graphene nanodisk after remove the PS monolayer. The insets
of parts b and ¢ are SEM images of graphene covered by monolayer
of PS spheres of 465 nm in diameter before and after oxygen RIE,
respectively. (The scale bar of the inset SEM images is 500 nm.)
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Figure 3. Plot of graphene nanodisk size as a function of PS sphere
size and inset SEM images of different size of graphene nanodisks
fabricated by different sizes of PS spheres: 202 nm (a), 306 nm (b),
and 465 nm (c). (The scale bar of the inset SEM images is 500 nm.)

distance between two adjacent graphene nanodisks can be well
tuned because the diameter of PS spheres and the distance
between two adjacent PS spheres can be controlled simulta-
neously by adjusting RIE conditions such as etching time,
power, pressure, as well as initial size of the PS spheres.'
Figure 3 shows the relationship between graphene nanodisk
size and initial PS sphere size. The insets of Figure 3 are SEM
images of different size graphene nanodisk arrays fabricated
by using different size of PS spheres. The graphene nanodisk
sizes are 448 + 17, 316 &+ 12, and 186 £ 10 nm, which are
fabricated by using initial size of 465 + 11, 356 £ 14, and 202
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Figure 4. (A) Raman spectra of curve (a) as-transferred graphene on
SiO,/Si substrate; (b) 448 nm graphene nanodisk arrays; (c) 316 nm
graphene nanodisk arrays; (d) 186 nm graphene nanodisk arrays. The
fitted G and D' peaks presenting in the Raman spectra of the graphene
nanodisks were also illustrated. Raman images of 448 nm graphene
nanodisks plotted by extracting the integrated intensity of D band (B1),
G band (B2), and 2D band (B3).

4+ 10 nm PS sphere as masks, respectively, under the same
oxygen RIE conditions. It can be seen that the diameter of the
graphene nanodisk can be well tuned by changing the initial
PS sphere size. Therefore, the size of graphene nanodisks can
be scaled down to tens of nanometers by using tens of nanmeters
PS spheres as mask. The fabrication and properties of the smaller
graphene nanodisk arrays will be studied in our future work.

To understand the properties and structure of the obtained
samples, Raman spectroscopy studies are also carried out.
Raman spectroscopy is one of the most powerful techniques
capable of probing many properties of graphene such as
identifying number of layers, sensing structural defects, revealing
doping impurities, and detecting strain.?°~2 The Raman spectra
of the as-transferred graphene and the graphene nanodisk arrays
with different sizes are shown in Figure 4A. The sharp 2D band
of the pristine single-layer graphene?! can be clearly observed
in the Raman spectrum. The Raman spectra of graphene
nanodisk arrays with different sizes are similar. A clear
difference between the spectra of the graphene nanodisks and
the original graphene is that an extra Raman band, locating at
1340 cm™! presents in the spectra of the graphene nanodisks.
This peak corresponds to the so-called disorder induced D band,
which is activated by a double resonance effect by defects, such
as vacancies or grain boundaries, and so on. 2 Another
difference is that the G band of graphene nanodisk arrays
becomes broader than that of the as-transferred graphene. It can
be attributed to that the G band was composed of two peaks,
which are locating at 1594 and 1620 cm™!, respectively. The
shoulder peak locating at 1620 cm™! is also related to defects,
commonly called the D" band. The observation of D and D'
bands indicated that many defects were introduced into the
graphene nanodisk arrays by O, RIE or also by sonication to
remove the PS spheres. The G band located at 1594 cm™! of
the graphene nanodisks shifted 14 cm™! toward high frequency
with respect to that of the as-transferred graphene (1580 cm™);
meanwhile the 2D band exhibited a 15-cm™! blue-shift as well.
These blue-shifts might be explained by considering the charge
doping by oxygen atoms or ions binding with the carbon
dangling bonds during oxygen RIE process. It was reported that,
aside from the G band blueshift, a bandwidth narrowing was
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also observed in the case of charge doping.?* However, in our
results, the bandwidths of both G and 2D are broader than those
of the as-transferred graphene, which might be due to the defect-
induced disordering in graphene nanodisks. Typical Raman
images of the graphene nanodisk arrays fabricated by using
monolayer of 465 nm PS spheres as masks are shown in part B
of Figure 4. For the graphene nanodisk arrays, it can be seen
that the Raman images (plotted by extracting the integrated
intensity of D band, G band, and 2D band) present the good
periodic structures, which agree very well with the optical and
SEM images. The high edge density existing in the graphene
nanodisk arrays may lead to high edge reactivity property as
well as high edge localized spin-polarized electronic states,
which may offer key advantages in various spintronic applica-
tions and edge chemical functionalization. Moreover, it has been
calculated that the vacancy defects such as single-atom void,?’
two-atom voids with the same spin brought together, and
sufficiently large voids with sublattice imbalance of zero® can
induce local magnetism in graphene-based materials. As nor-
mally presented defects in carbon clusters, the carbon vacancy
complex mentioned above would of course present in the
graphene nanodisk arrays and leads to the magnetic state as
well. The necks (tens of nanometers) between the graphene disks
would serve as confinement region for the spin of the graphene
nanodisks,” which may provide interesting phenomena different
from normal graphene sheets with defects. Therefore, our
graphene nanodisk system might be a possible structure to
examine the correctness of such novel physics idea. Accordingly,
further studies of the graphene nanodisks on their defect-induced
and edge-induced magnetism deserve to carry out at atomic level
by STM and transmission electron microscopy.

Conclusion

In conclusion, graphene nanodisk arrays were fabricated by
combining NSL with O, reactive ion etching for the first time.
The size of the graphene nanodisk can be easily tuned by
changing the diameters of PS spheres. Low-voltage SEM and
Raman mapping were employed to visualize the graphene
nanodisk arrays. In the Raman spectra of graphene nanodisks
strong defect bands were observed. The defects introduced in
graphene nanodisks may generate the magnetic state in graphene,
which would be important in spintronics application. Moreover,
graphene nanodisk arrays as a close-edged nanostrusture having
the high edge reactivity property can offer key advantages in
edge chemical functionalization.

References and Notes

(1) Geim, A. K.; Novoselov, K. S. Nat. Mater. 2007, 6, 183.
(2) Bostwick, A.; Ohta, T.; Seyller, T.; Horn, K.; Rotenberg, E. Nat.
Phys. 2007, 3, 36.
(3) Li, L.; Wang, X. R.; Zhang, L.; Lee, S. W.; Dai, H. J. Science
2008, 319, 1229.
(4) Han, M. Y.; Ozyilmaz, B.; Zhang, Y. B.; Kim, P. Phys. Rev. Lett.
2007, 98, 206805.
(5) Son, Y. W.; Cohen, M. L.; Louie, S. G. Nature 2006, 444, 347.
(6) Yang, L.; Cohen, M. L.; Louie, S. G. Nano Lert. 2007, 7, 3112.
(7) Moghaddam, A. G.; Zareyan, M. Appl. Phys. A 2007, 89, 579.
(8) Wang, W. L.; Meng, S.; Kaxiras, E. Nano lett. 2008, 8, 241.
(9) Rudberg, E.; Saek, P.; Luo, Y. Nano Lett. 2007, 7, 2211.
(10) Enoki, T.; Kobayashi, Y.; Fukui, K. Int. Rev. Phys. Chem. 2007,
26, 609.
(11) Réder, H. J.; Rouhanipour, A.; Talarico, A. M.; Palermo, V.;
Samori, P.; Miillen, K. Nat. Mater. 2006, 5, 276.
(12) Ponomarenko, L. A.; Schedin, F.; Katsnelson, M. I.; Yang, R.; Hill,
E. W.; Novoselov, K. S.; Geim, A. K. Science 2008, 320, 356.
(13) Dayen, J.-F.; Mahmood, A.; Golubev, D. S.; Roch-Jeune, I.; Salles,
P.; Dujardin, E. Small 2008, 4, 716.
(14) Tapaszt, L.; Dobrik, G.; Lambin, P.; Bir6, L. P. Nat. Nanotechnol.
2008, 3, 397.



6532 J. Phys. Chem. C, Vol. 113, No. 16, 2009

(15) Giesbersa, A. J. M.; Zeitlera, U.; Neubeckb, S.; Freitagb, F.;
Novoselovb, K. S.; Maana, J. C. Solid State Commun. 2008, 147, 366.

(16) Lehtinen, P. O.; Foster, A. S.; Ma, Y.; Krasheninnikov, A. V_;
Nieminen, R. M. Phys. Rev. Lett. 2004, 93, 187202.

(17) Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang,
Y.; Dubonos, S. V.; Grigorieva, 1. V.; Firsov, A. A. Science 2004, 306,
666.

(18) Rybezynski, J.; Ebels, U.; Giersig, M. Colloids Surf., A 2003, 219,

. (19) Yan, L.; Wang, K.; Wu, J.; Ye, L. J. Phys. Chem. B 2006, 110,
11241.
(20) Ni, Z. H.; Wang, Y. Y.; Yu, T.; Shen, Z. X. Nano Res. 2008, 1,
273.
(21) Ferrari, A. C.; Meyer, J. C.; Scardaci, V.; Casiraghi, C.; Lazzeri,
M.; Mauri, F.; Piscanec, S.; Jiang, D.; Novoselov, K. S.; Roth, S.; Geim,
A. K. Phys. Rev. Lett. 2006, 97, 187401.

Cong et al.

(22) Ni, Z. H.; Wang, H. M,; Kasim, J.; Fan, H. M.; Yu, T.; Wu, Y. H.;
Feng, Y. P.; Shen, Z. X. Nano Lett. 2007, 7, 2758.

(23) Das, A.; Pisana, S.; Chakraborty, B.; Piscanec, S.; Saha, S. K;
Waghmare, U. V.; Novoselov, K. S.; Krishnamurthy, H. R.; Geim, A. K.;
Ferrari, A. C.; Sood, A. K. Nat. Nanotech. 2008, 3, 210.

(24) Yu, T.; Ni, Z. H.; Du, C. L.; You, Y. M.; Wang, Y. Y.; Shen,
Z. X. J. Phys. Chem. C 2008, 112, 12602.

(25) Ni, Z. H.; Chen, W.; Fan, X. F.; Kuo, J. L.; Yu, T.; Wee, A. T. S.;
Shen, Z. X. Phys. Rev. B 2008, 77, 1154161.

(26) Thomsen, C.; Reich, S. Phys. Rev. Lett. 2000, 85, 5214.

(27) Yazyev, O. V.; Helm, L. Phys. Rev. B 2007, 75, 125408.

(28) Palacios, J. J.; Fernandez-Rossier, J. Phys. Rev. B 2008, 77, 195428.

(29) Topsakal, M.; Sevingli, H.; Ciraci, S. Appl. Phys. Lett. 2008, 92,
173118.

JP900011S



