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G
raphene has emerged as a new
material platform for ultrafast nano-
electronics,1,2 transparentconductors,3

and flexible electronics4 due to its excep-
tionally high charge mobility potentially ex-
ceeding 200,000 cm2/(V 3 s), and excellent
mechanical and optical properties.5�8 How-
ever, due to its inherent zero band gap, the
applicability of graphene has been limited in
semiconducting electronics.8 One solution is
to reduce the critical dimension of graphene
below 20 nm, to open up an effective band
gap due to the quantum confinement effect.
Two geometries for semiconducting gra-
phene are (i) nanoribbons (GNRs) and (ii)
nanoperforated (NP)9,10 or antidot lattices.
Sub-20 nm semiconducting GNRs have
been fabricated using various methods such
as e-beam lithography,11 unzipping carbon
nanotubes,12,13 etchinggraphenewithnano-
wire etch mask,14 and the chemical exfolia-
tion of graphite.15 However, two factors
limiting the applicability of GNRs are chal-
lenges in scaling for mass-production and

difficulties in alignment and placement into
circuit geometries.16 NP graphene is essen-
tially a perforated membrane with nanocon-
strictions of graphene between holes, that can
be fabricated using a variety of techniques
such as e-beam lithography,17 nanosphere
lithography,18,19 nanoimprint lithography,20

and block copolymer lithography,9,10 result-
ing in an effective electronic band gap,
which scales inversely with nanoconstric-
tion width (w). We are specifically interested
in using block copolymer (BCP) lithography
as a means for fabricating NP graphene as it
can be scaled to large-area substrates with
high-fidelity of patterning, is compatible
with conventional semiconductor manufac-
turing processes, and gives access to sub-
20 nm features.21

Despite successful fabrication of NP gra-
phene by various methods, detailed char-
acterization is lacking. Our goal in this work
is to fabricate and characterize a large-area
NP graphene and characterize the elec-
tronic transport and Raman scattering in
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ABSTRACT We demonstrate the fabrication and study of the

structure�property relationships of large-area (>1 cm2) semicon-

ducting nanoperforated (NP) graphene with tunable constriction

width (w = 7.5�14 nm), derived from CVD graphene using block

copolymer lithography. Size-tunable constrictions were created

while minimizing unintentional doping by using a dual buffer layer

pattern-transfer method. An easily removable polymeric layer was

sandwiched between an overlying silicon oxide layer and the underlying graphene. Perforation-size was controlled by overetching holes in the oxide prior

to pattern transfer into graphene while the polymer protected the graphene from harsh conditions during oxide etching and lift off. The processing

materials were removed using relatively mild solvents yielding the clean isolation of NP graphene and thereby facilitating Raman and electrical

characterization. We correlate the D to G ratio as a function of w and show three regimes depending on w relative to the characteristic Raman relaxation

length. Edge phonon peaks were also observed at 1450 and 1530 cm�1 in the spectra, without the use of enhancement methods, due to high density of

nanoconstricted graphene in the probe area. The resulting NP graphene exhibited semiconducting behavior with increasing ON/OFF conductance

modulation with decreasing w at room temperature. The charge transport mobility decreases with increasing top-down reactive ion etching. From these

comprehensive studies, we show that both electronic transport and Raman characteristics change in a concerted manner as w shrinks.
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these size-controlled NP structures created by top-
down etching. Lack of complete characterization of
NP graphene is mainly due to two reasons. Much of the
work so far has been done on small exfoliated pieces of
graphene making uniform Raman characterization
over large area challenging, and second in most top-
down etching methods it is difficult to obtain stand-
alone NP graphene as the patterned structures cannot
be effectively isolated from the processing materials.
Hence in all the top-down etching reports in the
literature so far there are no reports of Raman char-
acterization of NP graphene or how the mobility
changes as a function of constriction width w. Much
of the focus has been on studying ON/OFF conduc-
tance modulation as a function of w. In our previous
publication (Figure 1a),9 we did discuss the effect of RIE
etchants on edge functionalization and doping levels
mainly using electrical characterization. In that work
we used a silicon oxide buffer layer on graphene to aid
in wetting of the BCP. The oxide layer was modified
with a random copolymer to induce perpendicular
domain orientation in the overlying P(S-b-MMA) do-
mains. Pattern transfer to the underlying oxide and
graphene was achieved using a CHF3 plasma and
subsequently an O2 plasma. Etching graphene with
strong electron-withdrawing heteroatom-containing
gases results in dangling bonds on the edges, which
in turn alters the electronic properties. Overetching
with CHF3 to transfer the BCP pattern to silicon oxide
and graphene inevitably led to heavy doping of
graphene which could not be completely reversed
by subsequent O2 plasma etching.9 Furthermore, the
resulting NP graphene was covered with silicon oxide
and the cross-linked PS template. The removal of the

cross-linked PS template and the oxide was compli-
cated as any reagents used to strip these layers re-
sulted in breaking up the patterned graphene, as well.
Hence direct Raman characterization of the NP gra-
phenewas complicated owing to difficulty in removing
the overlying oxide buffer layer.
To address these challenges, we have developed

here a method that uses “dual buffer layers” between
the BCP template and CVD grown graphene to fabri-
cate large-area NP graphene (Figure 1b�e). In this
process, graphene is sequentially covered by a poly-
styrene (PS) layer followed by a silicon oxide buffer
layer. The oxide layer acts as a hardmask, whereas the
PS layer acts as a protective layer to prevent the direct
etching of graphene by the fluorine gas plasma. By first
patterning holes using a BCP template in the oxide
hardmask, it is then possible to controllably enlarge the
hole in the underlying PS layer. This geometry also
allows clean isolation of patterned graphene from the
polymeric template, as the un-cross-linked PS buffer
layer can be easily removed by exposure to solvents
that dissolve PS. In the absence of the PS buffer layer,
the PS template left from the BCP film is highly cross-
linked due to exposure to O2 plasma and hence cannot
be removed by common solvents.22 Generally in BCP
lithography, sonication in organic solvent such as
N-methyl-2-pyrrolidone (NMP) or toluene, Piranha solu-
tion, or O2 plasma have been used to remove plasma-
treated PS residues.23,24 However, these methods are
not applicable to graphene on SiO2/Si due to the weak
interactions between graphene and the substrate
leading to lift-off and oxidation of graphene. In con-
trast, in the dual buffer layer process, the silicon oxide
hardmask shields the top-surface of the PS buffer from

Figure 1. Schematic depicting fabrication of nanoperforated graphene (a) via previous process9 and (b�e) via dual buffer
layer process. Top-down SEM images of (b) thin film of perpendicularly oriented PMMA cylinder arrays in PSmatrix on silicon
oxide layer, (c) hole arrays formed via removal of PMMA perpendicular cylinders and subsequent O2 and CHF3 þ O2 plasma
etching, (d) hole arrays in PSmatrix after O2 plasmaetching and subsequent removal of silicon oxidehardmaskwith 1wt%HF
aqueous solution, (e) patterned graphene after stripping PS matrix (scale bars, 200 nm).

A
RTIC

LE



KIM ET AL. VOL. 6 ’ NO. 11 ’ 9846–9854 ’ 2012

www.acsnano.org

9848

cross-linking by O2 plasma. Therefore, it can be re-
moved in common solvents after pattern transfer to
the underlying graphene without damage to the gra-
phene and SiO2/Si substrate. As a result it removes all
the overlying layers, that is, the oxide buffer layer and
the cross-linked PS template from BCP, leaving just the
patterned graphene on the oxide substrate.
We used a single layer graphene (SLG) synthesized

via chemical vapor deposition (CVD) as the starting
material to create large-area (>1 cm2) NP graphene.
Using the dual buffer layer process, CVD graphene was
successfully nanopatterned to sub-10 nm constriction
width and isolated from the processing materials.
Resulting NP graphene exhibited small-gap semicon-
ductor-like behavior with an increased ON/OFF con-
ductance modulation at room temperature as w

shrinks. The severe uncontrolled p-doping during the
plasma etching process was effectively minimized.
Owing to the high density of graphene nanostructures
in the Raman probe area, twowell-defined sharp peaks
at ∼1450 and ∼1530 cm�1 due to the zigzag and the
arm-chair edges respectively were observed without
any Raman enhancement.25 In this comprehensive
studywe correlate the edge disorder studied by Raman
scattering with electronic transport measurements as
a function ofw, to provide insight into the limitations of
top-down etching methods.

RESULTS AND DISCUSSIONS

Fabrication of NP Graphene with Varying w. Figure 1b�e
depicts the dual buffer layer process on a large-area
CVD grown graphene (>1 cm2) with the corresponding
top-down SEM images. A preassembled P(S-b-MMA)
thin film deposited on a silicon oxide/PS/graphene
substrate shows a periodic hexagonal array of perpen-
dicular PMMA cylinders (dark dots in the SEM image)
surrounded by the PS matrix (bright matrix in SEM
image, Figure 1b). After removing the PMMA domains
by UV irradiation and acetic acid treatment to create

hole arrays, O2 plasma etching and subsequent CHF3þ
O2mixed plasma etching was used to transfer the hole
arrays using the residual PS template to the oxide
buffer layer (Figure 1c). Upon subsequent O2 plasma
etching, the oxide buffer layer was used as a hardmask
to pattern transfer holes through the underlying PS
buffer to graphene. Since the PS buffer layer is shielded
from the plasmaby the oxide buffer layer, the thickness
reduction of the PS layer is avoided, hence allowing
longer etching time for hole enlargement in the PS
layer by lateral etching. The oxide layer was then
removed by immersion in 1 wt % HF aqueous solution
for ∼10 s. Under these mild conditions, the measured
etch rates of e-beam evaporated (oxide buffer layer)
and thermally grown silicon oxides were ∼2 nm/sec
and ∼3 nm/min, respectively. Hence, the selective
removal of the oxide on the PS layer was feasible.
Figure 1d shows that the hole arrays were well-defined
in the PS layer after removal of the oxide hardmask.
Finally, patterned graphene samples were treated with
warm (50�60 �C) organic solvents (N-methyl-2-pyrro-
lidone and tetrahydrofuran) or commercial photoresist
stripper (AZ-300T or AZ-400T) to remove the residual
PS buffer layer and to isolate the patterned graphene.
The use of these relatively inert solvents to remove the
polymeric templates as against plasma gases is highly
advantageous, as graphene is very susceptible to dop-
ing by nearly all species. Supporting Information,
Figure S1 shows the large-area (25 μm � 25 μm) top-
down SEM image of the resulting NP graphene
(>1 cm2) fabricated by the dual buffer layer process.

The etching time was varied in the final O2 plasma
step to fabricate NP samples with systematic variation in
w. The hole size can be enlarged in the PS buffer layer by
lateral etching guided by the overlying oxide hardmask,
leading to a well-controlled w in the patterned gra-
phene. Figure 2a�d displays the top-down SEM images
of the resulting NP graphene with increasing etching
time resulting in decrease in w, from 14.1 to 7.5 nm.

Figure 2. Top-down SEM images (a�d) of nanoperforated graphene with a gradual variation in w with the corresponding
histograms (scale bars, 100 nm), as a function of final O2 etching time. (e) Themode value ofw, analyzed from0.5 μm� 0.5 μm
SEM images and histograms using the ImageJ image analysis programwith themethod described in Supporting Information,
Figure S5, is then plotted as a function of final O2 etching time.
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This process gives good control over w with small
(<2 nm, Figure 2e) standard deviations. (Note that line
edge roughness and edge defects are beyond the
resolution of SEM.) In all cases, the center-to-center
distance between holes is ∼36.5 nm which is defined
by the periodicity of the BCP.

Changes in Electrical Properties as a Function of w. To
characterize the electrical properties of NP graphene,
large-area field effect transistors (FETs) on 89 nm SiO2/
Si(pþþ) substrate, which acts as the back gate, were
defined by shadow masking gold electrodes (15 μm�
120 μm, channel length � width) on NP graphene.
Measurements on unpatterned graphene FET show
modest p-doped (Dirac point≈ 13 V) ambipolar behav-
ior with an ON/OFF conductance modulation (GON/
GOFF) of∼5 in the range of(30 V at room temperature
(Figure 3a). For the NP graphene, both p-doping and
the GON/GOFF increase as w decreases. The increase in
p-doping is likely due to increase in oxygen plasma
exposure, resulting in dangling bonds on the edges of
the holes.9,17 In all the devices fabricated using the dual
buffer layer process, the unintentional severe doping
by CHF3 RIE processes observed in previous studies9

is effectively minimized allowing reliable evaluation
of GON/GOFF values. Figure 3b shows the measured
GON/GOFF values as w decreases from 14.1 to 7.5 nm.

OFF conductance (GOFF) and ON conductance (GON)
were evaluated at the Dirac point (VDirac) and at VG =
VDirac � 45 V, respectively, in a conductance curve as
a function of gate bias. The FETs showed a modest
increase in the GON/GOFF of ∼10 when compared to
pristine CVD graphene when 11 nm < w < 15 nm. As w
dips below 11 nm, the GON/GOFF increases above 15. A
further decrease inw to 7.5 nm increases the observed
GON/GOFF to ∼24 ( 2. It should be noted that if we
define ON/OFF conductance modulation based on the
ratio of maximum conductance to minimum conduc-
tance in the conductance versus gate voltage plot
in voltage range of �40 V < VG < 40 V, we obtained a
higher value of 48 ( 4 at w = 7.5 nm.

It has been shown that graphene antidot lattice has
a band gap, which increases as w decreases due to the
quantum confinement effect.9,10,19,20 NP graphene can
be defined as an interconnected network of GNRs with
electronic transport properties similar to GNRs.9,10,19,20

The GON/GOFF increase with decreasing w is consistent
with the increase of an effective gap, which is the result
of a combination of effects due to changes in band
structure and the formation of a mobility gap induced
by localized electronic states.19,20,26,27 Both effects can
result in an activated conduction mechanism in gra-
phene, where the OFF conductance decreases expo-
nentially with the temperature.19,28 Hence, fitting GON/
GOFF data to the equationGON/GOFF = B 3 exp(A/(w 3 2kBT)),
wherew is the nanoconstriction width, kB is Boltzmann
constant and T is the temperature, gave coefficients
A and B of 1.17 eV 3 nm and 1.35, respectively, showing
excellent fit with the equation. Although this equation
does not take into account all of the complex physics
occurring in nanostructured graphene,27,28 it is still
appropriate as it fits experimental data of different
nanostructured graphene well and therefore it cap-
tures the aggregate effect of all the complexities.29

Further comparison of these measured values of GON/
GOFF with those compiled from all the literature reports
on NP graphene irrespective of the fabricationmethod
shows good agreement.9,10,18�20 (Supporting Informa-
tion, Figure S2) The GON/GOFF of ∼40 should roughly
correspond to an effective band gap of ∼100 meV
based on measurements on NP graphene FET with the
same periodicity previously reported by us.9 Note that
actual w of NP graphene in the report9 could not be
measured due to difficulty in removal of the overlying
oxide and cross-linked polymer. The measured w

(18 nm) was from patterned highly ordered pyrolytic
graphite. It is likely that the resulting overetched
NP graphene exhibited a w < 18 nm, similar to the
previous reports on GNRs fabricated with silsesquiox-
ane resist pattern.11,30

Degradation of Mobility in NP Graphene with Decrease
in w. The reactive ion etching process is known to
degrade the mobility of nanopatterned graphene.
To access the extent of degradation in mobility with

Figure 3. Electrical characterization of nanoperforated gra-
phene FETs. (a) Conductance as a function of gate bias
at room temperature with changing w. (b) GON/GOFF (left
y-axis) and holemobility (right y-axis) as a function ofw. Red
solid line is a fitting result ofGON/GOFF datawith exponential
functionpresented in themain text. Blue solid line is a guide
to hole mobility data.
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shrinking w, we calculated the hole mobility of fabri-
cated FETs using a standard transistor model, μ = gL/
VSDCOXW, where g is the transconductance, L andW are
the channel length and width of the fabricated device,
respectively, VSD is the source-drain potential, and COX
is the gate capacitance per unit area. The large-area
(>1 cm2) of the fabricated samples allows the definition
of large electrodes with regular channel geometry (L =
15 μm andW = 120 μm), which is critical to evaluating
device performance. Prior to patterning, pristine CVD
graphene FET devices showed a hole mobility of
500�1000 cm2/(V 3 s), which is typical for CVD grown
graphene.31 Post nanopatterning, the hole mobility
decreased markedly with a concomitant increase in
GON/GOFF. As shown in Figure 3b, for the devices with
8.7 nm < w < 15 nm, the measured hole mobilities are
7�20 cm2/(V 3 s), which is dramatically lower than pris-
tine graphene. A further decrease inw to 7.5 nm led to
amuch reducedmobility of∼0.12 cm2/(V 3 s). Note that
the electrical transport measurements are intended for
and only capable of testing themacroscopic properties
of the NP graphene over many periodicities of the
BCP pattern. We use a parallel plate capacitance which
slightly overestimates the capacitance, after taking
into account fringe fields,32 resulting in a slight under-
estimation of the bulk electrical mobility. Because of
the inherent crystal grain boundary in the CVD grown
graphene as well as variations in growth directions
along the crystal lattice of the catalytic metal substrate,
the mobility of CVD grown graphene is typically 1�2
orders of magnitude lower than that of mechanically
exfoliated graphene.31,33 The grain boundaries in CVD
grown graphene are essentially retained in the lattice
of patterned graphene, possibly contributing to sig-
nificant mobility degradation. More importantly, the
mobility of nanopatterned graphene is limited by
charge carrier scattering caused by several possible
factors which include, line edge roughness, interior
defects, disordered edges, ionized impurities and acous-
tic and optical phonons.34,35 Experimentally, Wang et al.
reported that the mobility of chemically derived GNRs
with smooth edges was 50�200 cm2/(V 3 s) at w ≈
1.5�3 nm.36 Compared to this, lithographically pat-
terned GNRs exhibited much lower mobility. For
example, Murali et al. demonstrated that the mobi-
lity in lithographically patterned GNRs decreases to
<200 cm2/(V 3 s) when w < 20 nm. They attributed the
mobility limitation in top-down etched GNRs to line
edge roughness scattering.37,38 Similarly, the top-
down etching method used in our studies can also
lead to line edge roughness and disordered edges as
well as plasma induced dangling bonds, all of which
degrade mobility. Therefore, it is crucial to understand
the defects near the edges of NP graphene and its
relationship to the fabrication method.

Raman Studies: Doping and Defects in NP Graphene. To
understand electronic structure and defects in NP

graphene, we utilized Raman spectroscopy, which is
a powerful tool to analyze disorder and doping behav-
ior in graphene.39,40 Figure 4a shows representative
Raman spectra from NP graphene withw ranging from
13.0 to 7.5 nm. For all samples, the G and 2D bands
appear at ∼1590 and ∼2636 cm�1, which correspond
to optical E2g phonon mode at the center of Brillouin
zone and the second order peak of D band, respec-
tively. Two additional defect-induced D and D0 bands
were detected at ∼1330 and ∼1620 cm�1, respec-
tively, possibly due to defects in the graphene crystal.40

The position of G band is very sensitive to the
local doping level in graphene.41,42 Typically, a G
band of undoped pristine graphene appears at 1581�
1585 cm�1. After nanopatterning, there is a systematic
upshift in the position of G band with decreasing w.
(Supporting Information, Figure S3) For example, the
G band position for w of 13.1 and 7.5 nm were
observed at ∼1586 cm�1 and ∼1593 cm�1, respec-
tively. The upshift in the G band further confirms
increased hole-doping by oxygen dangling bonds with
decreasing w, agreeing with the analysis of the con-
ductance vs gate voltage curves discussed earlier as
well as reports onGband shifts of patternedgraphenes
via O2 plasma etching.17,30

Raman features of disordered carbonaceous mate-
rials have been studied extensively to gain insight into
defects in the lattice.40 The integrated intensity ratio of
theDband andGband, ID/IG, is a parameter sensitive to
defect density.43�45 ID/IG as a function of w (Figure 4b)
for NP graphene shows a similar scaling behavior to
ID/IG values from lithographically fabricated GNR.30 For
lithographically patterned GNR, ID/IG increases with a
decrease in w and reaches a maximum at w of 15 nm,
whereas further decreasing w to 5 nm decreases ID/IG.
In our studies on NP graphene, the maximum of ID/IG is
10.3 at aw of 13.0 nm. Asw decreases further to 7.1 nm,
ID/IG decreases to 4.2. Although it is difficult to directly
compare all the values due to their different shape
factors, that is, GNRs versus NP graphenes with differ-
ent periodicity, by compiling ID/IG values from litera-
ture on NP graphenes19,29 and GNRs30,46 with our data
on NP graphene as a function of w, three distinct
regimes can be identified (Figure 4b): the increase in
ID/IG by shrinking w from bulk to 13.0 nm (regime 1),
the maximum ID/IG at 13.0 nm (regime 2), and the
decrease in ID/IG for w less than 13.0 nm (regime 3).
(Note that all the literature values were reported with
the same laser wavelength, 633 nm, in this work.)

In previous studies of graphene with random
defects generated by plasma or ion bombardment,
a similar decrease in ID/IG has been observed and
interpreted using a local defect activation model of
D band.44,45 In the Raman scattering process, the
electron�hole pair generated by the Raman excitation
travels a certain distance, called as Raman relaxation
length (λ), before inelastic scattering occurs.47 For NP
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graphene, the edges of the holes are the origin of the
D band, thus the electron�hole pair generated at the
edges will travel over λ and form activated regions
which enhance theDband scattering. In regime 1, 2λþ
2ddis < w, where ddis is the distance of the disordered
area created by O2 plasma etching (∼ 2 nm).11,30 As w
shrinks, the area of the activated region increases while
that of the unaffected region in the graphene lattice
decreases, leading to an increase in the ID/IG ratio.
However, as w keeps decreasing, the defect acti-
vated regions from different edges coalesce together
(regime 3, 2λþ 2ddis >w, represented in Figure 4c), and
the Raman excited electrons from either edge are
indistinguishable and appear as one large defect acti-
vated region.43�45 This coalescence leads to a decrease
in the ID/IG ratio in regime 3. If the maximum of ID/IG is
considered at ∼13.0 nm (which equals to 2λ þ 2ddis),
the estimated Raman relaxation length is ∼4 nm.
Recent theoretical and experimental reports on the
edges of graphene sheets and GNRs have suggested
a Raman relaxation length of 2�5 nm, which is in
good agreement with our results here on patterned
graphene.30,47 Considering randomized point defects
in the graphene lattice, the maximum value of ID/IG
from the literature appears at an interdefect distance
of ∼3 nm,43 which is significantly different from
the maximum of ID/IG at 13.0 nm in this study. This

difference suggests that the observed ID/IG behavior
from NP graphene is not mainly due to randomized
interior defects butmost likely attributed to disordered
edges created by top-downO2 RIE. Hence, the low hole
mobility measured in the FETs is due to highly dis-
ordered defects created near the edges, possibly, line
edge roughness and edge defects including oxygen
dangling bonds. Therefore, to achieve a smooth single
edge structure, that is, zigzag or armchair, the ap-
proaches based on top-down48�51 or bottom-up29

methods have been studied.
As seen in Figure 4a, nanopatterning induces broad-

er and less intense 2D band peak as w decreases.52

Combining the changes in 2D band with measured
mobilities from electrical characterization, we find that
the full width at half-maximum of 2D band (fwhm(2D))
in Raman spectra correlates well with hole mobility.
Fitting the data to the equation μ = a 3 exp(b 3 fwhm(2D)),
where μ is the hole mobility, gave fitting coefficients
of a and b of 4.41 � 105 and �0.21, respectively
(Supporting Information, Figure S6). Robinson et al.
reported that an increase in the fwhm(2D) can be
correlatedwith carriermobility degradation in epitaxial
graphene.53 As epitaxial graphene has a significant
variation in the layer stacking, fwhm(2D) becomes
broader and carrier mobility degrades, following
the same equation above that was used for the fitting.

Figure 4. Raman characterization of nanoperforated graphene showing (a) the spectra as a function of w with the inset
showing zoom in for w = 8.7 nm in 1200�1800 cm�1 range. (b) Extracted ID/IG values as a function of w. Red filled squares
represent ID/IG from nanoperforated graphene via dual buffer layer process. Solid blue symbols19,29 and open blue
symbols30,46 represent literature values of NP graphenes and GNRs, respectively. Green solid line is a fit curve with the
literature values in 20 nm<w < 350 nmusing ID/IG� 1/w.29Orange solid line is a guide to the eye forw < 20 nm. (c) Schematic
showing local defect activation model (regime 3) for nanoperforated graphene, where Raman relaxation length is λ, and the
width of disordered area is ddis. In regime 3, defect activated regions by both edges coalesce, resulting in the decrease of ID/IG.
(d) Semilog plot of IX/IG (X = 1450 cm�1, orange trace; or X = 1530 cm�1, blue trace) as a function of reciprocal w.
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Our finding suggests that, in nanopatterned graphene,
fwhm(2D) is also a Raman characteristic signature to
probe electronic transport properties in a nondestruc-
tive and rapid manner.

Raman Studies: Edge Phonon Peaks at ∼1450 cm�1 and
∼1530 cm�1. In the Raman spectra, we observed two
well-defined sharp peaks at ∼1450 and ∼1530 cm�1

with a line width of ∼10 cm�1. The intensity of these
peaks scales inverselywithw. NPgraphenewithw<9nm
exhibited particularly well-resolved peaks (Figure 4a).
The 1450 cm�1 peak can be assigned to either the third
order Raman scattering peak from silicon in the SiO2/Si
substrate,25,47,54 the δ(CH2) of any residual PS after
processing55 or the δa(C�H) of R-CH3, δa(C�H) of
O�CH3 of PMMA.56 We conducted Raman measure-
ments on SiO2/Si substrate and PS layer with patterned
hole arrays on SiO2/Si substrate without graphene. As
shown in Supporting Information, Figure S4a, no sharp
peaks were observed at 1450 and 1530 cm�1 from the
SiO2/Si substrate as well as patterned PS/SiO2/Si. The
peak at 1450 cm�1 from a PMMA sample is typically too
broad (line width ∼33 cm�1, Supporting Information,
Figure S4b), and PMMA cylindrical domains were com-
pletely removed during UV degradation and RIE pro-
cesses. Hence, the observed sharp peaks at 1450 and
1530 cm�1 arise exclusively from the NP graphene,
itself, and were assigned to the vibrational modes of
edge atoms for H-terminated zigzag and armchair
edges, respectively.25,57 In a recent report, these two
peaks were also observed in GNR samples by using
a Raman enhancement technique called surface and
interference co-enhanced Raman scattering (SICERS).25

Using the SICERS technique, two sharp characteristic
peaks at 1450 and 1530 cm�1 (line width ∼7 cm�1)
were found with a 633 nm excitation laser from both
monolayer or few-layer GNR samples fabricated by
mechanical exfoliation or chemical exfoliation of gra-
phite. In our studies on NP graphene, these two peaks
are discernible without any Raman enhancement due
to a much higher density of nanoconstriction in the
Raman probe area. Coexistence of the two peaks shows
that nanopatterning using RIE creates zigzag and arm-
chair edges in addition to disordered edge defects
including oxygen dangling bonds. The relative intensity
ratio of 1450 and 1530 cm�1 bands to G band (IX/IG,
X = 1450 or 1530 cm�1) increases with decreasing w.
(Figure 4d) For GNRs ofw > 20 nm, IX/IG increases as the
ribbon width decreases, and follows the relationship
IX/IG≈ E 3 (1/w) where E is a constant.

25 In our system, the
IX/IG is also a function of

1/w but follows the relationship

IX/IG≈ C 3 exp(D/w), where C andD are fitting constants.
The reason for this discrepancy is not entirely clear to
us, but it is possible that IX/IG follows a different width-
dependence for w < 20 nm. Hence, in principle it is
possible that the intensity of edge peaks can be used to
estimate the width as well as to evaluate the structural
quality of edge.

CONCLUSION

In summary, we have fabricated and characterized a
stand alone large-area (>1 cm2) NP graphene with a
systematic variation in nanoconstriction width from 14
to 7.5 nm. These semiconducting graphene structures
were fabricated using P(S-b-MMA) block copolymer
template and a process that uses a sacrificial polymer
layer on graphene. The sacrificial polymer layer serves
the purpose of avoiding direct contact of etchants with
graphene and enables clean isolation of the patterned
graphene from the polymeric templates. The fabrica-
tionmethod allowed experimental confirmation of the
relationship between electronic conductance modula-
tion and w using large-area NP structures. Electrical
characterization of large-area NP graphene confirms
that the ON/OFF conductance modulation scales in-
versely with w, indicating the formation of an effective
gap due to a confinement effect. Electrical measure-
ments and Raman spectra confirm that the fabricated
NP graphene is p-doped, most likely from the oxygen
dangling bonds in the edges of hole arrays, but the
extent of doping is greatly reduced due to the mod-
ified BCP process. From the variation of ID/IG as a
function of w from Raman characterization three dis-
tinct regimes were identified where the ratio increases,
attains a peak value, and then decreases with decrease
in w. These studies reveal that the D band arises
primarily from the disordered edges in the hole arrays.
Interestingly the large-area NP graphene enabled by
this modified BCP lithography process resulted in
observable edge phonon peaks without the need for
Raman enhancement. These studies confirm the coex-
istence of zigzag and armchair edge structures. From
these comprehensive studies, we have shown that
both electronic transport and Raman characteristics
change in a concerted manner as w shrinks. These
studies have been made possible by the fabrication of
large-area NP graphene via the dual buffer layer
process. In addition, it is feasible to further engineer
the edge structure of fabricated NP graphene to
attain a smooth single edge structure potentially using
anisotropic etching methods.48�51

MATERIALS AND METHODS
Large-Area Graphene Synthesis and Transfer to SiO2/Si Substrate. CVD

graphene formation on Cu foil. Cu foil (Alfa Aesar, product no.
13382) was loaded into a horizontal, 28 mm diameter quartz

tube furnace, which was heated to 1050 �C under a 900 sccm
flow of forming gas (95% Ar, 5% H2). After annealing for 30 min,
10 ppm of CH4 was introduced into the flow and graphene
was allowed to grow for 16 h, followed by quickly cooling
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(∼10 �C/sec until below 700 �C). Synthesized graphene was
transferred from Cu foil by spin-coating PMMA (Microchem,
950 PMMA 2C) and backside-etching with an aqueous solution
of 0.2 M HCl, 0.2 M FeCl3. Floating film was washed by floating
on 1:9 HF (49%)/DI water and subsequent floating on DI water,
and allowed to dry on a 89 nm SiO2/Si (pþþ) wafer. The PMMA
film was removed using boiling dichloromethane, and the
sample was further washed with isopropyl alcohol. Prior to
patterning, average ID/IG of pristine CVD graphene from Raman
spectra was 0.069 ( 0.058.

Nanopatterning Process. A 38 nm thick PS thin film (Mn =
20000 g/mol) was deposited by spin-coating onto CVD grown
SLG on 89 nm SiO2/Si (pþþ) wafers and baking at 140 �C for
5min. A 10 nm silicon oxide layer was deposited onto a PS coated
graphene sample from a SiO2 source by e-beam evaporation. A
preassembled thin filmofP(S-b-MMA) (Mn(PS) =46k,Mn(PMMA) =
21k, PDI = 1.09) with PMMA cylindrical structure was deposited
onto a silicon oxide/PS/SLG/substrate. The sample was then
exposed to UV illumination (1000 mJ/cm2) to selectively degrade
the PMMA cylinders. The PMMA residue was removed by dipping
the samples in acetic acid for 2 min and rinsing with DI water.
A 50 W O2 plasma RIE was utilized to remove residues inside
the holes and the underlying random copolymer layer. A 300 W
CHF3(45 sccm)/O2(5 sccm) mixed gas plasma was then utilized
to etch the silicon oxide hardmask. Subsequently, the underlying
PS layer and graphene were patterned using 20 W O2 plasma.
A 1% HF aqueous solution was used to remove the silicon oxide
on the PS layer. Organic solvents (N-methyl-2-pyrrolidone and
tetrahydrofuran) or commercial photoresist stripper (AZ-300T or
AZ-400T) were used to remove the etched PS residue. Resulting
sampleswerewashed further with isopropyl alcohol andDIwater.

Characterization. Imaging was conducted using LEO-1550VP
field-emission scanning electron microscopy at 1�5 kV of
accelerating voltage. Raman spectroscopy measurements were
performed using Aramis Horiba Jobin Yvon Confocal Raman
Microscope with 633 nm excitation laser and probing size of
∼1 μm2. For each sample, ∼10 spectra were collected from
different positions. All spectra were deconvoluted by fitting
with Voigt function and characteristic peaks were identified. For
electrical measurements, electrodes (50 nm Au) and a sacrificial
mask (50 nm Cu) for the graphene channels were defined on
fabricated NP graphene samples by thermal evaporation, utiliz-
ing a shadowmask. Exposed graphenewas etched using a 50W
O2 plasma for 20 s, followed by removal of the sacrificial mask
in the copper etchant, resulting in 15 μm � 120 μm (length �
width) graphene transistors. For each sample, 8�12 transistor
devices were characterized, and average values with corre-
sponding standard deviation values were reported.
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