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raphene attracted great attention

when it was first realized in

2004."~° The unique electronic
properties make graphene a promising can-
didate for ultra-high-speed
nanoelectronics;' ~® particularly, graphene
nanoribbons (GNRs) have been studied ex-
tensively because it was predicted that its
electronic properties can be modulated by
variation of its edge properties.’ ' There
are two standard types of edges: the zig-
zag edges (Z-edges) and armchair edges (A-
edges) (Figure 1a,b). Theoretical calcula-
tions predicted that A-edge GNRs are
semiconducting, with an energy band gap
inversely proportional to the ribbon width,’
while Z-edge GNRs are metallic."* However,
Son et al. suggested that the band gap can
also be observed even for Z-edge GNRs con-
sidering spin effect.®'> Recently, Ritter and
Lyding experimentally demonstrated that
predominately Z-edge GNRs also exhibit a
finite energy gap, but it significantly de-
creases with higher concentration of zig-
zag segments.'® Therefore, tailoring the
electrical/electronic properties of GNRs by
modifying its edge chirality or shape, for ex-
ample, by thermal annealing, would be a
very interesting research topic. Further-
more, graphene edges are preferred sites
for functionalization and chemical decora-
tion,’® while thermal annealing is com-
monly used for sample cleaning'’~'° as
well as in semiconductor manufacturing
processes.278111317.19=21 Therefore, a good
understanding of the thermal stability and
dynamics of graphene edges is important
for guiding future graphene-based nano-
electronics processing and chemical deco-
ration. Recently, Girit et al. probed the edge
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ABSTRACT In this report, we present Raman spectroscopy investigation of the thermal stability and dynamics

of graphene edges. It is found that graphene edges (both armchair and zigzag) are not stable and undergo

modifications even at temperature as low as 200 °C. On the basis of polarized Raman results, we provide possible

structural models on how graphene edges change during annealing. The zigzag edges rearrange and form

armchair segments that are =30° relative to the edge direction, while armchair edges are dominated by armchair

segments even at annealing temperature as high as 500 °C. The modifications of edge structures by thermal
annealing (zigzag segments rearrange in form of armchair segments) provide a flexible way to control the

electronic properties of graphene and graphene nanostructures.
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stability and dynamics by using high-
resolution TEM.'? However, the energy of
electron beam used in TEM is very large,
and the temperature induced might be very
high. Therefore, the in situ TEM study of
graphene edge dynamics is actually the
study of stability of graphene edges against
electron collision or irradiation, and it is dif-
ficult to control the experimental condi-
tions, such as effective temperature in-
duced by irradiation.

Raman spectroscopy is one of the most
commonly used methods for characteriza-
tion of graphene-based materials because
of the advantages of being simple, nonde-
structive, and high-throughput. It has also
been proven as one of the most effective
methods for identifying types of graphene
edges.?? The Raman D mode (breathing
mode A;) is inactive for perfect Z-edges be-
cause the exchanged momentum by scat-
tering from the Z-edges (d;) cannot connect
the adjacent Dirac cones K and K’ (inset of
Figure 1a) and hence does not fulfill the
double resonance process.22~2 On the
other hand, the exchanged momentum
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Figure 1. Schematic illustration of crystal structure of graphene
edges: (a) zigzag edge; (b) armchair edge; The insets of (a) and (b)
show the schematic of intervalley electron scattering in double
resonance process, where zigzag/armchair segments cannot/can
fulfill the scattering condition.

from A-edges can satisfy the intervalley scattering pro-
cess between K and adjacent K’ (inset of Figure 1b);
hence its D band is Raman active. Furthermore, the per-
fect A-edges give rise to the polarization dependence
of the D peak intensity as /(D) o« cos? 0, where 0 is the
angle between incident laser polarization and the edge
direction throughout this paper. In this paper, the ther-
mal stability and dynamics of graphene edges for both
armchair and zigzag are systematically investigated by
polarized Raman spectroscopy. It was found that edges
of graphene are not stable and rearrange even at

200 °C. Structure models for annealed graphene edges
are proposed based on the polarization Raman results.

RESULTS AND DISCUSSION

Figure 2a is the optical image of a single layer
graphene flake (sample a) with angle between adja-
cent edges of 150°. Panels b and c of Figure 2 are Ra-
man images of intensities of G and D peaks of this
sample. It can be seen clearly from Figure 2c that, for
the pristine graphene, edge a; presents a strong D peak
while edge a, shows only a very weak D peak. To avoid
the Raman intensity dependence on the relative angle
between the edge and laser polarization direction, the
incident laser is polarized (shown in Figure 2b) along
the direction perpendicular to the bisector. Therefore,
it can be confirmed that edge b, is A-edge while edge
b, is Z-edge.?? Following, the sample is annealed in
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Figure 2. (a) Optical image of single layer graphene (sample a); the
dashed red lines show that the angle between two adjacent edges
is 150°. (b) Raman image of the G peak intensity of graphene (sample
a) before annealing. The arrows indicate the incident laser polariza-
tion. (c,d) Raman images of D peak intensity of graphene (sample a)
before and after annealing at 300 °C, respectively. (e) Raman spectra
of pristine and annealed edges (a; and a,).
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vacuum (5 X 107> mbar) in order to study the thermal
stability of graphene edges. Figure 2d presents a Raman
image of the D peak intensity of the same sample after
being annealed at 300 °C for 15 min. It can be clearly
seen that the D peak intensity of edge a, becomes com-
parable to that of edge a;. This suggests that there is a
significant change for the Z-edges (edge a,) after ther-
mal treatment, where the edge atoms may undergo re-
arrangement to satisfy double resonance and hence ac-
tivate the Raman D peak. Raman spectra collected from
the edges (Figure 2e) also demonstrate the obvious in-
crease of the D peak intensity of Z-edge a, after anneal-
ing. In the meanwhile, the Raman spectra from the cen-
ter region of the graphene flake do not show any D
peak (not shown). For the other three samples which
were annealed at 200, 400, and 500 °C (samples b, ¢, and
d), the Raman images show similar changes, with a sig-
nificant increase of D peak intensity of Z-edges after an-
nealing (as shown in Figures S1— S3 of Supporting In-
formation). However, the intensity of D peak after
200 °C annealing is relatively small, which suggests
that 200 °C is the critical temperature where Z-edges
start to change/rearrange. Our results suggest that
graphene edges (A-edges to be discussed later) are
not stable even at temperature as low as ~200 °C. Such
annealing temperature (or even higher temperature) is
commonly used for graphene cleaning as well as pro-
cesses in device fabrication.>”8111317.19221 Fyrthermore,
we should point out that vacuum annealing can natu-
rally induce p-doping on graphene.?%” This would defi-
nitely give rise to the stiffening (blue shift) and sharpen-
ing effect on the G peak as shown in Figure 2e, due to
the non-adiabatic removal of the Kohn anomaly at I"
point.28% For the 2D peak of the annealed sample, the
significant decrease of intensity compared to that of
pristine graphene is observed (not shown), which is in
agreement with the previously reported result else-
where;*° this is also because doping gives rise to an in-
crease of the electron—electron collision and inelastic
scattering rate which strongly decreased the 2D peak
intensity.3132

As mentioned before, Z-edges do not fulfill double
resonance conditions and hence do not presenta D
peak. The appearance of a small D peak in pristine
Z-edges (<5% of the intensity of G peak, as shown in
Figure 5a) is attributed to small amount of armchair
segments and short-range defects.??* For the signifi-
cant increase of the D peak intensity of annealed
Z-edges, two possible edge modifications are pro-
posed: (1) carbon atoms of Z-edges reconstructed to
form armchair segments +30° with respect to the edge
direction (A-30°), as shown in Figures 3b and 4a; (2)
short-range defects formed, that is, the edge struc-
tures with coherence length less than the electron
wavelength 0.6 nm (for electron excited by 532 nm la-
ser)>® cannot be considered as proper edges, instead
they can be considered as point defects. The possible
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Figure 3. Schematic illustration for the edges rearrangement. (a) Ideal zigzag edge (Z-edge). (b) Annealed Z-edges contain

unchanged zigzag segments (Z-0°), rearranged armchair segments at +30° (A-30°), and zigzag segments at =60° (Z-60°), as
well as point defects (short-range defects). (c) Ideal armchair edge (A-edge). (d) Annealed A-edges contain unchanged arm-
chair segments (A-0°), rearranged zigzag segments at =30° (Z-30°), and armchair segments and *+60° (A-60°), as well as point
defects (short-range defects). Blue atoms denote the zigzag segments, red atoms denote the armchair segments, and green

atoms denote the point defects (short-range defects).

formation of C—0 bonds at graphene edges during an-
nealing can also be considered as short-range/point de-
fects.3* Note that the 5—7—7—5 and 5—8—5 defects
are excluded in the samples as these defects normally
formed at much higher temperature.3>3¢ Besides the
two proposed edge segments, some of the zigzag seg-
ments may remain unchanged (Z-0°), while some may
rearrange as zigzag segments at =60° with respect to
the original zigzag direction (Z-60°) during the anneal-
ing process, although these two components are D
peak inactive. The structure of ideal pristine Z-edges
and the rearranged structure of annealed Z-edges are
shown in Figure 3a,b, respectively.

In order to estimate the portions of each type of
edge segments in annealed edges, polarized Raman
studies were carried out. As different types of edge
structures scatter electrons in different directions, the
D peaks induced by them have different polarization
dependence; that is, the dependence of the D peak in-
tensity of ideal A-edges on incident laser polarization
can be expressed as Ip « cos? . On the other hand, for
short-range/point defects, the D peak intensity does
not have any polarization dependence.?>*” Therefore,
the polarization studies of graphene edges can be used
as a useful way to estimate the amount of each type
of edge segments. For annealed Z-edge, both rear-
ranged A-30° edges and point defects are D peak acti-
vated, while only A-30° defects present incident laser
polarization dependence. The detailed structure of rear-
ranged A-30° defects is shown in Figure 4a, and the de-
pendence of the D peak intensity of A-30° edges on in-
cident laser polarization can be expressed as

Iy o %[cosz(e —30) + cos¥0 +30)] (1)

For comparison, the polarization dependence of the D
peak intensity for ideal A-edges (i.e., cos? 0), A-30° edges
(1/2[cos?(® — 30) + cos?(® + 30)]), and point defects
are drawn in Figure 4b. It is obvious that the D peak
from A-30° edge has weaker polarization dependence
compared to that from an ideal A-edge, while that from
point defects does not show any polarization depen-
dence. If we assume that, in annealed Z-edges, the
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A-30° edges and point defects weigh f; and f,, respec-
tively; while unchanged zigzag segments Z-0° and
those rearranged Z-60° weigh f; and f;. Thus f; + f, +
fz + f, = 1, and the polarization dependence of the D
peak intensity can then be expressed by

f
%[cosz(ﬁ —30) + cos’(® + 301 +f,  (2a)

or Ll‘ﬂ +f, + %lﬂcos2 0 (2b)

Panles a—e of Figure 5 show the experimentally ob-
tained Ip/ls as a function of 6 for pristine Z-edges and
Z-edges annealed at 200, 300, 400, and 500 °C, respec-
tively (in this paper, we use the intensity ratio of Ip/Ig in-
stead of absolute values of D peak intensity in order to
minimize measurement error). The D peak of pristine
Z-edges (Figure 5a) is very weak but nonzero as edges
are not perfect in real case. For 200 °C annealed Z-edges
(Figure 5b), the Ip/lg becomes obviously larger than
that of pristine Z-edges. The polarization dependence
of Ip/lg presents similar shape as that expected from
ideal A-30° edges (the red curves in Figures 4b and 5b).
Thus it can be concluded that a small portion of zigzag
segments in Z-edges starts to modify and form A-30°
segments at the annealing temperature of 200 °C. For
Z-edges annealed at higher temperature (300 °C or
above), the D peak intensity grows much stronger and
is comparable to that of annealed A-edges (as shown in

90

270

Figure 4. (a) Schematic of rearranged A-30° segments with respect to
the original Z-edge direction. The inset shows that electrons scattered
from such edges can fulfill the double resonance condition. (b) Normal-
ized D peak intensity as a function of the incident laser polarization for
ideal A-edges (black curve) and rearranged A-30° segments (red curve) as

well as point defects (green curve).
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Figure 5. Polarization dependence of Ip/Ig; 0 is the angle between laser polarization and edge direction. (a,f) Pristine Z-edges
and A-edges, respectively. (b—e) Annealed Z-edges at 200, 300, 400, and 500 °C, respectively; (g—j) annealed A-edges at
200, 300, 400, and 500 °C, respectively. All of the polar graphs are with same scale bar, which is from 0 to 0.5.

Figure 6a). This suggests that the values of f; and f; are
very small compared with f; + f, (or else, the appear-
ance of zigzag segments would certainly reduce the in-
tensity of D peak) and could be ignored. Fitting the
data in Figure 5b—e with formula 2, we can roughly ob-
tain the values of f,/f,, which are ~80, ~14.5, ~6.6,
and ~4.9 for Z-edges annealed at 200, 300, 400, and
500 °C, respectively. The portion of armchair compo-
nents (A-30°) on Z-edges annealed at different temper-
atures is shown by the red triangles in Figure 6b. (The D
peak intensity of 200 °C annealed Z-edges is only ~35%
of that of pristine A-edges, taking into account the
shape of A-30°, the portion of armchair segments (A-
30°) for 200 °C annealed sample is estimated to be
~54%.) It can be seen that the portion of A-30° seg-
ments increases dramatically at ~200 °C (~54%) and
reaches maximum at ~300 °C (~93%). At higher tem-
perature (400 and 500 °C), A-30° segments still domi-
nate in the annealed Z-edges (87 and 83%, respectively)
but, with the portion of short-range point defects,
slightly increases.

Different from the Z-edge, the D peak intensities of
A-edges do not have obvious changes after annealing
at different temperatures, except the polarization de-
pendence of the D peak intensity becomes much
weaker after annealing. The intensity ratio of Ip/Ig of dif-
ferent A-edges and Z-edges with laser polarization at
90 and 0° relative to edges is shown in Figure 6a. It can

be seen that the ratio between maximum /Ip/lg (6 = 0°)
and minimum Ip/lg (6 = 90°) of pristine A-edges is ~7
before annealing, while after annealing at 200, 300, 400,
and 500 °C, this ratio decreased to ~3.5, ~3.0, ~2.3,
and ~2.3, respectively. These results clearly indicate
that A-edges are also not stable and undergo modifica-
tions during annealing. The schematic crystal struc-
tures of pristine and annealed A-edges are shown in
Figure 3c,d. For A-edge, we assume the armchair seg-
ments remain unchanged (A-0°) weights fs; those rear-
ranged armchair segments at =60° (A-60°) and zigzag
segments at =30° (Z-30°) weigh fs and f;, respectively;
the point defects weight fg. Therefore, fs + fg + f; + fg =
1. Given the fact that (Ip/lg)g=o> + (Io/lg)p=90- Of annealed
A-edges is kept almost unchanged from pristine
A-edges (Figure 6a), it would be reasonable to claim
that Z-30° segments (f;) are negligible (or else, the ap-
pearance of zigzag segments would certainly reduce
the intensity of tje D peak). The polarization depen-
dence of the D peak intensity can then be written as

f
f.cos? 0 + Eé[cosz(e — 60) + cos’(0 + 60)] + £, (3a)

or %(21‘5 — f6)cos2 0+ %fe + fg (3b)

Figure 5f shows the Ip/lg as function of laser polariza-
tion for pristine A-edge. As can be seen, for pristine
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Figure 6. (a) Intensity ratio Ip/Ig of A-edges (both pristine and annealed) and Z-edges (annealed) as a function of annealing
temperature. (b) Edge component evolution as a function of annealing temperature for Z-edges (red triangles for A-30°) and
A-edges (black squares for A-0°% black circles for A-60° and blue stars for A-0° + A-60°), respectively.
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A-edge, Ip/l; almost follows cos? 6 polarization depen-
dence, and the value of (Ip/Ig)o=o+/(In/l)e=9c° is Very large;
this suggests that A-0° segments (fs) dominate in
A-edges. Fitting the data in Figure 5f and data from
the other three pristine samples with formula 3, it can
be obtained that the portion of A-0° (fs) segments is
around ~83% for pristine A-edges, and the remaining
~17% could mostly be A-60° segments as a portion of
point defects is very small at low temperature accord-
ing to the results of annealed Z-edges. After annealing,
the polarization dependence of Ip/Ig becomes much
weaker, as shown in Figure 5g—j. The portion values
of A-0° obtained from fitting as a function of annealing
temperature are shown in Figure 6b. It is clearly seen
that the portion of A-0° becomes less with higher tem-
perature annealing, but still values ~57% even after
500 °C anneal. The rest of the edge components con-
sist of A-60° and point defects, and we are not able to
extract their exact portions based on formula 3 only.
However, the ratio between A-60° and point defects can
be roughly estimated from the results of annealed
Z-edges, which are ~80, ~14.5, ~6.6, and ~4.9 for
edges annealed at 200, 300, 400, and 500 °C, respec-
tively. With such estimation, the portion of A-0°, A-60°,
and point defects of annealed A-edges can be calcu-
lated, respectively. Here, we are mainly concerned with
the armchair segments (A-0° + A-60°) for annealed
A-edges, which are shown by blue stars in Figure 6b. It
can be seen that the armchair segments (A-0° + A-60°)
dominate on annealed A-edges at different tempera-
tures, with a slight drop at high temperature (300—500
°C) due to the appearance of point defects.

On the basis of the above discussion, we could con-
clude that armchair segments are more stable com-
pared to zigzag segments during thermal treatment;
that is, zigzag would change and form an armchair at
high temperature. This agrees well with the theoretical
calculation that the armchair has lower energy com-
pared to zigzag.3® However, this result is different from

METHODS

Graphene flakes were prepared by micromechanical cleav-
age on silicon wafer covered by 300 nm SiO,, and single layer
graphene was confirmed by Raman®>“° and optical contrast
spectra.*’ ~* The Raman spectra were carried out with a WITEC
CRM200 Raman system, with 532 nm excitation and 100X objec-
tive (NA = 0.95). The laser power at the sample is below T mW
to avoid possible laser heating induced sample damage.**~* Ra-
man images with a spatial resolution of ~400 nm are realized
with a piezo stage (step size 100 nm), and the integration time
at each position is 1 s. The polarization-dependent Raman spec-
tra at edges were obtained by changing the angle of incident po-
larization with a half-wave plate. The exact position of graphene
edge is determined by Raman line scan (step size 100 nm) across
the edge to make sure the maximum intensity of the D peak is
approached.?* Samples with an angle of 30 and 150° between
adjacent edges were selected so that, for each sample, one edge
is A-edge (strong D peak) and the other is Z-edge (weak D peak).
Four different graphene flakes were annealed in vacuum (5 X
107> mbar) for 15 min at 200 °C (sample b), 300 °C (sample a), 400
°C (sample ¢), and 500 °C (sample d).

www.acsnano.org

the stability of graphene edges under electron beam ir-
radiation, where the zigzag edge is relatively more
stable than armchair.'? This is possible due to the very
different experimental conditions for the two experi-
ments. There was also argued that the “zigzag” seg-
ments observed in that experiment are actually “recon-
structed zigzag” (5—7 defects).3® Meanwhile, we notice
that the graphene center region is very stable as the D
peak is inactive even when we annealed graphene at
700 °C (5 X 107> mbar).

It is theoretically predicted that A-edge GNRs are
semiconducting with energy gap inversely propor-
tional to the width,’ and it is also experimentally dem-
onstrated that the higher concentration of zigzag seg-
ments would significantly reduce the energy gap of
GNRs.'® Thus, the modifications of edge structures by
thermal annealing (zigzag segments rearrange in form
of armchair segments) provide a flexible way to control
the electronic structure (such as energy gap) of
graphene and graphene nanostructures.

CONCLUSIONS

In summary, it is experimentally confirmed by polar-
ized Raman spectroscopy that different from the cen-
ter region of graphene, the graphene edges are not
thermally stable even at low annealing temperature
(i.e., 200 °C). The zigzag edges rearrange and form arm-
chair segments that are +30° relative to the edge direc-
tion, while armchair edges are dominated by armchair
segments even at the annealing temperature as high as
500 °C. These results could be very useful in guiding fu-
ture application or modification of graphene’s proper-
ties based on its edges. It also provides valuable infor-
mation for the device fabrication of graphene-based
nanoelectronics, in which the energy gap of graphene
nanostructures could be effectively controlled by tun-
ing the concentration of each edge segments (zigzag
and armchair) with thermal annealing.

Supporting Information Available: Additional figures. This ma-
terial is available free of charge via the Internet at http://
pubs.acs.org.
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