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ABSTRACT: We performed optical annealing experiments at
the edges of nanopatterned graphene to study the resultant edge
reconstruction. The lithographic patterning direction was
orthogonal to a zigzag edge. u-Raman spectroscopy shows an
increase in the polarization contrast of the G band as a function
of annealing time. Furthermore, transport measurements reveal
a 50% increase of the GNR energy gap after optical exposure,
consistent with an increased percentage of armchair segments.
These results suggest that edge chirality of graphene devices can
be optically purified post electron beam lithography, thereby
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enabling the realization of chiral graphene nanoribbons and heterostructures.
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patially selective bond rearrangement has been a long-stand-

ing goal in materials science and chemistry, since it offers the
possibility of tailoring the physical properties of molecular
species that cannot otherwise be realized via conventional
chemical techniques. Site-specific bond alteration has been
previously achieved via targeted bond breaking by an STM tip'
and gas-phase electron attachment.” Optically initiated bond
rearrangement is of particular interest and was previously
demonstrated utilizing precisely tailored femtosecond strong-field
laser pulses.>* Here we demonstrate that optically initiated bond
rearrangement can be achieved at graphene’s edges using selec-
tive low-power laser excitation of localized phonons, thereby
enabling high-throughput chirality control. In particular, we
show that the band gap of lithographically patterned graphene
nanoribbons (GNRs) can be increased by 50%, post electron
beam lithography, by optically annealing their edges. Conse-
quently, this technique offers novel possibilities for fabricating
chiral heterostructures from graphene.

Recently, graphene has been identified as a novel material
system for numerous electronic,® photonic,6 and nanomechanical
devices. Furthermore, since nanopatterned graphene has at-
tracted a great deal of research attention, an understanding and
an ability to control the edge states in nanopatterned graphene
devices is of utmost importance since their physical® and chemical’
properties are highly sensitive to edge chirality, which is rando-
mized during conventional manufacturing processes. Unlike bulk
graphene, graphene nanoribbons were shown to possess a band
gap thatis inversely progortional to their width'®'" and dependent
on their edge chirality.'* While zigzag edges are metallic, armchair
edges are semiconducting,13 and are therefore more desirable for
electronic and photonic applications. However, lithographic
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techniques that are often utilized to pattern GNRs'*"* typically
produce random edges. Ritter et al. recently showed that the gap
energy of an armchair GNR of fixed width is significantly reduced if
large numbers of zigzag edges are present.'” Consequently, a
method for transforming random and impure armchair edges into
high-purity armchair edges is essential for realizing high efficiency
graphene p—n junctions,"®'” which were recently shown to
operate at frequencies exceeding 100 GHz,"'? as well as other
GNR based devices.”*!

High-purity zigzag edges were previously obtained using direct
electron beam irradiation'*'® and electron beam lithography.”
While lithographically defined edges are desirable, the dynamics of
the carbon atoms at the edge favors the formation of the zigzag
chirality."® Consequently, very few armchair edges are typically
formed post lithography, thus additional fabrication steps are
required. Joule heating inside a transmission electron microscope
(TEM)™* and scanning tunneling microscope (STM) lithography™
were previously used to form small fractions of armchair edges.
In this Letter we experimentally demonstrate a technique utilized
to purify armchair edges post electron beam lithography by
polarization controlled laser annealing. The technique relies
upon the fact that armchair and zigzag edges support different
phonon modes that exhibit a 90° phase shift with respect to the
polarization of the incident laser beam.** >® Consequently, the
laser polarization can be adjusted to selectively excite only the
zigzag components thereby triggering edge reconstruction at
an impure armchair edge, as shown schematically in Figure 1.
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Figure 1. Schematic of the experimental setup used to obtain high-
purity armchair edges. A half wave plate is used to rotate the polarization
of the laser beam perpendicular to a GNR edge in order to selectively
excite the zigzag components which support the TO phonon mode and
facilitates edge reconstruction (right inset). The left inset shows an
exemplary SEM of a 25 nm GNR used during these experiments.

In addition to being technologically relevant, our results also
address an open question in the theory of edge stability. While
some theories of edge reconstruction predict that zigzag edges
should be more stable,"*'®> DFT calculations show that armchair
edges are more stable.”” By selectively exciting both zigzag and
armchair edges with two laser polarizations (parallel or perpendi-
cular to the edges, respectively), we show that the zigzag com-
ponents of an impure armchair edge can be optically annealed
resulting in a higher degree of armchair purity, which indicates
that zigzag edges are less stable than armchair edges in accordance
with the DFT model.

Figure 1 shows a schematic of the experimental setup. The
graphene flakes used in these experiments were prepared by
micromechanical exfoliation of natural graghite and identified as
being monolayer by Raman microscopy.” Several flakes with
predominantly zigzag edges were identified by the absence of the
D-band in the Raman spectrum® as well as their characteristic
dependence of the G-band intensity on the laser polariza-
tion.”**>*° Further details of this identification procedure are
given elsewhere®* and described briefly below. After identifying a
zigzag edge, 90° cuts were made perpendicular to the edge using
e-beam lithography followed by oxygen plasma etching. The 90°
angle was chosen so that the resultant edge would be aligned with
the armchair crystallographic direction. An exemplary flake used in
these experiments is shown in the inset of Figure 2a, with the blue
line outlining the zigzag edges and the red line outlining the cut
armchair edges.

The chirality of the cut edges was identified post e-beam
lithography using polarization resolved #-Raman spectroscopy.
Figure 2a shows exemplary spectra of zigzag and armchair edges.
The spectra were obtained by first rotating the sample such that
the edge in question is parallel to the laser polarization and then
rotating the laser polarization using a half wave plate, thereby
interrogating the edge with various polarizations. The angle © in
panels b and ¢ of Figure 2 is measured between the polarization
axis of the incident light and the edge. The armchair edges exhibit
both D (~1350 cm™ ') and D’ (~1610 cm ') bands, while the
zigzag edges do not. The D and D’ bands originate from a doubly
resonant scattering process, the boundary conditions for which
are only fulfilled by the armchair edges.”"** In addition to the
presence of the D and D’ bands, the edges can be further
confirmed as being armchair by their dependence of the intensity
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Figure 2. (a) Exemplary Raman spectra at the edges of a graphene flake
shown in the inset. The length of the scale bar in the inset is 3 um. The
spectra have been offset for clarity. The polarization dependence of the
G band is shown in (b) for the zigzag and in (c) for the armchair edges
(triangles). The zigzag edge intensity is fitted by 13 o< sin® ©, while
armchair edge intensity is fitted by II(uAO) o< cos® O, where O is the angle
between the polarization axis of the laser and the edge. The open stars
show the polarization dependence of the D band at the armchair edge.
The arrows in the diagrams indicate the directions of vibrational motion.

of the G band (~1580 cm ") on the polarization of the incident
laser beam. This characteristic dependence stems from the
asymmetry of the underlying phonon modes that are excited at
the edges. At the armchair edge only a parallel (longitudinal)
vibration of the optical phonon (LO) mode belonging to the E,
point group is excited, while at the zigzag edge only a perpendi-
cular (transverse) optical phonon (TO) mode is excited.”®
Therefore, the dependence of the intensity of a zigzag edge I(TZ(%
varies according to I(TZ(% oc sin® O, while the intensity dependence
of the armchair edge I(L%) varies according to 1&*3 o< cos® @2
Panels b and c of Figure 2 show the intensity dependence of the
G band on the laser polarization. Since the 90° phase shift of the
polarization dependence stems from the different underlying
phonon modes that are supported by the armchair and zigzag
edges, the phase shift provides an unambiguous signature of edge
chirality. The open stars in Figure 2c show the polarization
dependence of the D band at the armchair edges. Since the D
band can be activated by both armchair edges as well as adsorbed
impurities, and rough edges,32 a smaller polarization contrast, as
compared to that of the G band, is observed, as discussed in
detail below.

The polarization contrast (Cp = 1 — I/In) of the G band
provides further information about edge purity.”*** Greater
polarization contrast is indicative of higher purity edges, ie.,
edges that have a fewer number of segments of the other chirality.
The polarization dependence of an armchair edge post e-beam
cutting is shown in Fi%ure 3a (blue stars). Although the intensity
dependence follows IL%) o cos® O, the polarization contrast is
only C¥ = 0.31. The moderate polarization contrast is indica-
tive of the low purity of the armchair edge. This observation
is consistent with previous experiments where it was shown
that zigzag edges are preferentially formed during e-beam
lithography.'*'> However, theoretical predictions also reveal that
the zigzag edges are unstable.”” Consequently, they may be
transformed into armchair segments.

In order to initiate this transformation, we annealed the zigzag
edge by an incident laser (4 = 532 nm) beam focused on the edge
using an objective lens with 100-fold magnification and an
excitation power of 1.5 mW at the entrance aperture. Figure 3a
shows a largely increased polarization contrast of a lithographi-
cally cut edge post laser annealing. Figure 3b shows the increase
of the polarization contrast as a function of annealing time
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Figure 3. (a) Intensity of the G-band as a function of laser polarization
at an e-beam cut edge before (blue stars) and after (red circles) laser
annealing with the TO mode. The black triangles are the intensity of
the G-band at the interior of the flake. (b) Temporal evolution of
the polarization contrast of the G-band during annealing with the LO
mode (filled squares) obtained by setting the laser polarization g to the
edge and the TO mode (filled triangles) obtained by setting the laser
perpendicular &, to the edge. The open symbols correspond to the
width of the G mode I’y plotted on the right axis.

displaying a 94% increase ( C¥™ = 0.6) after 35 min exposure. The
temporal evolution of C, as well as the width of the G mode I'y, as
discussed below, was obtained by periodically recording Raman
spectra during the course of the exposure. Special care was taken
to ensure that the time during the course of which the half wave
plate was rotated to its orthogonal configuration (which is
necessary in order to ascertain the value of I;;,) was minimized
(typically less than 30 s). Furthermore, to verify the mechanism of
edge reconstruction, first the laser polarization was set perpendi-
cular to the armchair edge & to excite only the TO phonon mode,
which is Raman active at the zigzag edges. Then, the polarization
of the incident beam was rotated parallel to a different armchair
edge on the same flake gj to excite the LO mode, which is Raman
active at the armchair edges, as shown in the inset of Figure 2a.
The results show a substantial improvement in the purity of the
armchair edge after annealing with the TO phonon mode, while
only a moderate increase in the polarization contrast is observed
after annealing with the LO mode. In addition to the improved
polarization contrast, a broadening of the G mode is observed
post laser annealing, as shown in Figure 3b.

In addition, we repeated the above procedure at the zigzag
edges of a different flake. In that case a slight improvement of
13% in the polarization contrast was observed; however, neither
the width nor the energetic position of the Raman mode was
changed (see S1 in the Supporting Information). It should be
further pointed out that at the edges of graphene, only the LO
mode can undergo the Kohn anomaly,* which is a renormaliza-
tion of the phonon energy via the creation of electron—hole pairs
from the phonon mode.”~* Since the LO mode is Raman active
at the armchair edge, a shift of the phonon energy is not expected
at the zigzag edge. These findings are consistent with the fact that
additional rearrangement is not expected to occur at a predomi-
nantly zigzag edge.
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Figure 4. (a) An SEM micrograph of an exemplary 25 nm GNR array
used during these experiments. (b) A schematic of the technique for
measuring the size of the electronic band gap. Systematically increasing
the source—drain bias V4 enlarges the transport window, while varying
the backgate voltage V, displaces the density of states through the
transport window. When the size of V4 becomes larger than the electronic
band gap, an increase of the minimum conductivity at the Dirac point is
observed. Differential current measurements taken at different source—
drain biases (c) before and (d) after 45 min of laser annealing.

The broadening of the G mode was previously observed in
high-purity armchair edges and originates from a phonon
anomaly that takes place at the armchair edge,zs’26 and serves
as a further confirmation of greater edge purity. In our samples, a
systematic broadening of the width of the G mode, I'y, from I'y =
15 to 17.5 cm™ ' was observed as a function of laser annealing
time, indicating a greater purity of armchair edges. Since the
greatest improvement in polarization contrast was obtained
when the zigzag components were preferentially excited, we
conclude that zigzag edges are less stable than armchair edges, in
accordance with the DET model of edge stability.”” The smaller
increase in polarization contrast following annealing with the g
polarization is believed to originate from the fact that the incident
laser heats the underlying SiO, substrate, which can transfer
energy back to the lattice. We further note that in similar
experimental conditions Bericaud et al.,* utilized the width of
the G mode to estimate the optical phonon temperature of the
lattice optical emission from the sample to gauge the electron
temperature. Using their data as a guide, we expect electron and
optical phonon temperatures in our samples to be ~1900 and
900 K, respectively.

In order to exclude the possibility that the observed polariza-
tion dependence of the G and D modes can originate from
defects or irregular edges, we annealed the central region (larger
than S um from the edge) of a separate graphene flake for 45 min
using the same excitation power. The G mode in that interior
region exhibited a random 6% variation in intensity but did not
show any pronounced intensity dependence on the laser polar-
ization, as shown in Figure 3a. We further note that in previous
experiments carried out in an oxygen atmosphere both in the
basal plane®” and at the edges of nonchiral GNRs*® atmospheric
oxygen binding that leads to hole doping resulted in a decrease of
I'y. Consequently, the systematic increase of I'g suggests that the
effects of edge reconstruction are dominant over atmospheric
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oxygen binding, if the patterning direction is chosen to be
perpendicular to a zigzag edge.

To further investigate the mechanism for edge reconstruction
and to demonstrate its utility, several electrically contacted 25 nm
wide GNRs were fabricated, as shown in Figure 4a. Differential
transport measurements using standard lock-in techniques were
taken before and after laser annealing inside a closed-cycle liquid
helium cryostat with a base temperature of 12 K at the sample
holder, as shown in panels c and d of Figure 4, respectively. The
traces were taken at different source—drain biases V4 in order to
measure the size of the electronic gap Eg. For small values of Vg,
the conductance through the GNR becomes strongly suppressed
for a range of gate biases AV, Increasing V,q decreases AV, since
Viq defines the size of the transport window, as shown schema-
tically in Figure 4b. The source—drain bias at which AV, — 0
corresponds to the energy of the electronic transport gap.''
Conductance traces that are taken at a source—drain bias that is
above this value (top curves in panels c and d of Figure 4) display
a significantly smaller on/off ratio, which indicates that a finite
density of states is present in the transport window at all times.
Prior to laser annealing a 41 meV electronic gap was measured, as
seen in Figure 4c. The gap energy was increased by 50% to 61
meV, as shown in Figure 4d following 45 min of laser annealing,
with the laser polarization rotated perpendicular to the GNR in
order to excite the TO mode at the zigzag edges. In addition to an
increased electronic gap E, the increase in AV, before and after
annealing points to an increased mobility gap AE,, which
originates from the presence of a finite disorder potential at
the edges of the GNR.**** The size of this mobility gap can
be estimated from AE,, ~ th((ZanAVg)/|e|)l/Z, where vg =
1.1 x 10° m s~ " is the Fermi velocity and C, is the back-gate
capacitance per square micrometer, obtained from finite element
analysis to be 690 aF/um” in ref 35. Prior to laser annealing a
AV, = 8.6V, corresponding to AE,,, & 318 meV was measured,
while after annealing AV, increased to 11.3 V, corresponding to
AE,, ~ 364 meV. While the electronic gap E, was increased by
50% post laser annealing, the disorder related mobility gap was
only increased by 14%. Although E, is affected by both edge
chirality and disorder, the substantially smaller increase in AE,,
which originates purely from disorder, points to the fact that a
greater number of armchair segments are created post laser
annealing in agreement with the Raman signatures.

To rule out effects of width variation post laser annealing as an
alternate cause for the increased electronic gap, scanning electron
photomicorgraphs of several GNRs were taken before and after
laser irradiation of different GNR devices. We note that the
devices used for the optical and transport measurements were
not imaged prior to measurement since direct electron beam
irradiation can randomize the edges as well as introduce other
defects. No width variation after 45 min laser irradiation was
observed within the 1.5 nm resolution of the scanning electron
photomicorgraph. It is also known that 12 h of continuous laser
exposure is necessary before damage can be observed.* To
further account for the possible variation in the ribbon width that
is not resolved in the scanning electron photomicorgraphs we
note that decreasing the ribbon width would introduce a greater
confinement gap of AE_,,, = Y7Tac_c/w, where y = 2.8 eV is the
nearest neighbor hopping energy and ac_c = 0.142 nm is the
carbon—carbon separation. On the basis of these parameters,
one can estimate that the possible 1.5 nm variation in GNR width
can only increase the resultant band gap by 6% and thus cannot
account for the observed 50% increase in E,.

Therefore, the increase in electronic band gap can be attrib-
uted to the presence of a larger amount of armchair segments,
which, in a%reement with previous tunneling spectroscopy
experiments, ” results in a larger electronic band gap energy at
fixed GNR width as compared to zigzag or rough edges. This
result, combined with the increase in the Raman polarization
contrast indicates that the polarization controlled laser annealing
process creates an overall larger amount of armchair segments
than random defects, i.e., an optical control of edge chirality.

Direct imaging techniques of the GNR edges were not
employed during these experiments since it was previously
shown that electron beam irradiation inside a TEM can lead to
significant edge reconstruction of free-standing graphene, which
would alter the effect of the optical control of edge chirality
during observation.'*'® While the local density of states at the
edges of unzipped carbon nanotubes was recently successfully
imaged using STM,** the STM technique requires that the GNR
is placed on a conductive substrate, on which the method of edge
reconstruction has not yet been investigated. Therefore, polar-
ization resolved ¢#-Raman spectroscopy combined with electron
transport provides unambiguous signatures of edge chirality and
purity, which are compatible with nanostructured graphene
devices located on nonconducting dielectrics necessary for
electronic device applications.

Finally we note that the ratio of the minimum to maximum
intensity of the G band corresponds to the ratio of the zigzag part
to the armchair.”> We can thus estimate that the percentage of
armchair edges increases from 60 to 75% post our annealing
procedure, as discussed in the Supporting Information. It is
interesting to note that a rather moderate increase of edge purity
results in a substantial increase ~50% in the electronic band gap.
These results, are consistent with the measurements of Ritter and
Lyding'* who showed that the value of the band gap scales
superlinearly with edge purity. Consequently, if coherent control
of edge chirality can be achieved, which may require a more
complex shape of laser light (phase, intensity, etc), the electronic
band gap of graphene may be purified even more thereby
rendering graphene suitable for numerous electronic and photo-
nic applications.

In summary, we have shown that laser annealing of low-purity
armchair edges post e-beam lithography leads to edge recon-
struction and an increased electronic band gap. Three optical and
a transport signature have been used to confirm the purifica-
tion of the armchair edge. The best results were obtained if
the polarization of the laser was set to selectively excite only the
zigzag edges, which also verifies theoretical predictions of the
relative metastability of zigzag edges. Optical control of edge
chirality offers novel possibilities for fabricating devices with
different edges or alternating edge types, such as Z-shaped
heterojunctions which were predicted to rectify current™ but
have not yet been experimentally realized.
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