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raphene is a 2-dimensional plane of
G carbon atoms arranged in a honey-
comb lattice.” The electron—pho-
non interaction in graphene and graphene-
like materials, such as carbon nanotubes,> >
carbon nanohorns, and graphene nano-
ribbons,® has attracted much attention be-
cause electrons and phonons exhibit strong
coupling in sp*hybridized carbon materi-
als. In the case of single-layer graphene
(SLG), the electrons exhibit a linear disper-
sion near the Fermi energy at the K point in
its Brillouin zone. The peculiar band struc-
ture of SLG results in the breakdown of the
adiabatic (Born—Oppenheimer) approxim-
ation,””? a shift of E>g phonon frequency as
a function of charge carrier concentration.
The electron—phonon coupling also gener-
ates a phonon energy decrease (softening)
at I and K points, which is known as the
Kohn anomaly (KA).>1°712
The electrical field effect has been used to
modulate the charge carrier density in gra-
phene and the KA has been observed in the
center area of a graphene sheet, where the
Raman spectrum of I'-point phonon modes
(known as the Raman G band) stiffens and
sharpens for both electron and hole
doping.’® The G band stiffening is due to
the nonadiabatic removal of KA from the I'-
point, and the G band sharpening is caused
by the blockage of the decay channel of
phonons into electron—hole pairs. Assum-
ing that graphene is infinite without an
edge, the longitudinal and transverse opti-
cal phonon (LO and TO) modes are degen-
erate and contribute equally to the single
peak of G band. Sasaki et al. have theoreti-
cally described that the Raman intensity of
the LO and TO modes is asymmetrical at the
armchair and zigzag edges, where only the
LO (TO) mode is Raman active near the
armchair (zigzag) edge." They also predict
that the LO mode for both armchair and
zigzag edges undergo a strong KA, and their

ZHANG AND LI

ABSTRACT Confocal Raman spectroscopy is used to study the phonon modes of mechanically
exfoliated single-layer graphene sheets in ambient air. We observe that ambient gas induces obvious
shifts in the G band frequency as well as the change in intensity ratio of 2D and G bands, /(2D)//(G),
owing to the Fermi energy change by ambient gas doping. The change in /(2D)//(G) for the armchair
edge is significantly larger than those for the graphene center or zigzag edge in our graphene
samples. Also, the G band phonon anomaly, the G band frequency softens and peak width broadens
at the charge neutral (Dirac) point, is clearly identified at the armchair edge but not for the zigzag
edge or graphene center. We conclude that Fermi level of the armchair edge is close to the Dirac
point, making the phonon anomaly visible. However, the charge carrier concentration at the
graphene center was too high (Fermi level away from the Dirac point), which completely smears out
the phonon softening phenomenon. This study proves that the phonon anomaly can occur at the
armchair edge as predicted by Sasaki et al. (J. Phys. Soc. Jpn. 2010, 79, 044603). Our results also
demonstrate that the phonon property of an edge or center site in single-layer graphene is very

sensitive to its local carrier concentration.

KEYWORDS: graphene - raman spectroscopy - armchair edge - phonon anomaly -
electrical gating - electron—phonon interaction

Raman intensity is enhanced when the po-

larization of the incident laser is parallel

(perpendicular) to the armchair (zigzag)

edge.'*'® Recently, Cong et al. have experi-

mentally observed the polarization depen-

dence of G band intensity at both edges.'®

Nevertheless, the predicted KA phenomen-

on for the armchair edge is still lacking

experimental evidence. Here, we study the

Raman features of mechanically exfoliated

SLG on SiO, substrates in ambient. The

graphene was gated through SiO, dielec-

trics using bottom Si-gate. By analyzing the

mapping for the intensity ratio of 2D and G

bands, 1(2D)/I(G), it is observed that our

exfoliated SLG was initially n-doped. Inter-  *Address correspondence to
estingly the armchair edge was initially ~ wizhangpku@gmail.com,
closer to the Dirac point compared with lanceli@gate.sinica.edu.tw.
the zigzag edge or graphene center. KA geceived for review February 10, 2011
phenomenon was clearly identified at the  and accepted March 9, 2011.
armchair edge but not for the center be- published online B B B
cause the charge carrier concentration ata  10,1021/nn200550g
graphene center is too high (away from the

Dirac point), which completely smears out  ©XXXX American Chemical Society
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Figure 1. (a) Optical micrograph for a SLG with a 30° angle between two edges. (b) Intensity of G and D bands as a function of
position near the bottom edge. Inset shows the Raman mapping of the integrated D band for the SLG. (c) The intensity of G
peak for the bottom edge is the strongest when the laser polarization is parallel to it. (d) The intensity of G peak for the top
edge is the strongest when the laser polarization is perpendicular to it.

the phonon softening. This study proves that the KA
can occur at the armchair edge and the phonon
property of an edge or center site in SLG is very
sensitive to their local carrier concentration.

RESULTS AND DISCUSSION

The dependence of Raman G band intensity on the
laser polarization direction was used to identify the
property of graphene edges (armchair- or zigzag-
dominated) as reported by Cong et al.'® The SLG
sample with a 30° angle shown in Figure 1a is taken
as an example to illustrate the procedure. For conven-
ience, we define the direction along the bottom edge
as the x-axis and the direction perpendicular to the
edge is the y axis. Inset of Figure 1b displays the Raman
mapping of the integrated D band intensity for this
sample in the area near the bottom edge indicated as a
rectangle in Figure 1a. The D-band (disorder mode; at
around 1350 cm™") is observable only close to the
edge, consistent with the literature.'”” ~'® Because the
laser spot size of confocal Raman spectroscopy is
limited by optical diffraction (~500 nm in our system)
it is unlikely to locate the exact edge site. We plot in
Figure 1b the peakintensity of D and G bands along the
y axis for a selected x-position. We can then define the
location of the edge (for a specific x position) at the y-
position which exhibits the strongest D-band intensity,
where the G band intensity at this point is only
half of its full intensity as expected. Also, Figure 1c
shows that the intensity of G peak for the bottom edge
is the strongest when the polarization orientation
of the excitation laser is parallel to the edge, and
is the smallest when the polarization orientation is
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perpendicular the edge, indicating that the edge is
dominated by armchair configurations.'*~'® By con-
trast, the polarization dependence of the top edge
(Figure 1d) is distinctly different from the bottom edge,
and it agrees well with the reported features for a
zigzag-dominated edge. It is also noted that the D
band intensity at the armchair edge is maximum when
the excitation laser polarization is parallel to the edge
(Figure 1c), consistent with the theoretical description
for the armchair edge.’® In addition, it is well-known
that the Raman selection rule only allows D band
Raman-active at the armchair edge but not at the
zigzag edge.'”'82%21 Therefore, the presence of D
band in Figure 1d and the similar polarization depen-
dence to the armchair-dominated edge (Figure 1c¢)
lead to the conclusion that the zigzag-dominated edge
is also composed of some armchair configurations.
Figure 2a shows the G band frequency mapping of
the same graphene sample as mentioned in Figure 1.
For this sample, the G band frequency of the armchair
(bottom) edge is higher than those of the zigzag (top)
edge and the graphene center (>3 cm™"). Similar to the
observation with the G band, Figure 2b shows that the
armchair edge is also with much higher 2D frequency
(>5 cm™") compared with the zigzag edge and gra-
phene center. It has been reported that tensile (com-
pressive) strain can lower (increase) the frequencies of
G and 2D band and that the frequency of the 2D band
is more sensitive to the strain.?> So the compressive
strain might be the reason for the blue shift at the
armchair edge. It should be noted that the armchair
edge does not necessarily always have a higher G
and 2D frequency compared to the graphene center.
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Figure 2. (a) G band frequency and (b) 2D band frequency mappings of the same SLG as discussed in Figure 1a. (c,d) The
mappings for the full width at half-maximum (FWHM) and peak frequency of Raman G band obtained (c) in ambient air and (d)
in Ar atmosphere. (e,f) The mappings of /(2D)//(G) obtained (e) in ambient and (f) in Ar atmosphere. The width and height of all

mappings are 13 and 10 um, respectively.

G frequency

Figure 3. Raman mappings of G band frequency and FWHM at various Vg, where the SLG is grounded on a 300 nm SiO, and

the V, is applied to the highly doped-Si underlying SiO,.

Another sample demonstrates a case where both arm-
chair and zigzag edges have lower G and
2D frequencies compared to the graphene center
(Supporting Information, Figure S1a,b). However, the
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G and 2D frequencies for an edge are consistent; that is,
if the G band frequency is higher (lower), the 2D
frequency is also higher (lower) than the graphene
center. Experimental results conclude that the higher
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Figure 4. (a) The G band profiles of the armchair edge obtained at various V. (b) The G band profiles of the graphene center
obtained at various V. (c) The G band frequency and FWHM for the armchair edge plotted as a function of V,. (d) The G band
frequency and FWHM for the graphene center plotted as a function of V. All spectra and analyses were based on the results in

Figure 3.

or lower G and 2D frequencies of the edge are actually
sample-dependent. We suspect that the blue- or red-
shift of the edges of exfoliated graphene is more likely
dominated by the graphene edge uniaxial strain®®
rather than by its intrinsic properties, and the variations
in frequency (higher or lower than that of graphene
center) may vary with the samples, substrates, and the
exfoliation processes.

Figure 2 panels c and d compare the mappings for
the full width at half-maximum (FWHM) and peak
frequency of Raman G band obtained in ambient and
in Ar, respectively (all at room temperature). It is
observed that the peak width at the center ranges
from 10to 16 cm™ ' in Ar and it is slightly broadened to
11—18 cm™ ' after exposing to the air. Interestingly the
peak width for both armchair and zigzag edges sig-
nificantly increases from the 10—13 in Ar to the 15—22
cm™ " in air. We note that the Raman mapping result in
air and in Ar is reversible, suggesting that the differ-
ence in peak width distribution is caused by the
ambient gases such as oxygen and moisture. Many
reports have revealed that the ambient oxygen and
moisture can p-dope the SLG.**"%” It has also been
revealed that, for intentional doping in graphene using
electrochemical or electric gating, G band frequency
decreases and peak width increases when the Fermi
energy of SLG moves closer to its Dirac point.?®3°
Figure 2 panels c and d suggest that the Fermi energies
of the SLG center and zigzag and armchair edges all
move closer to the Dirac point after exposure from
Ar to the air environment. It is noted that the changes
(G frequency decrease and peak width increase) at the
armchair edge seems to be more pronounced com-
pared with those at the graphene center and zigzag
edge. Figure 2 panels e and f further reveal that the
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intensity ratio /(2D)/I(G) significantly increases upon
the exposure to the air. The /(2D)//(G) has been used to
indicate the Fermi level (or doping level) of a SLG,
where the value is higher when the Fermi level moves
closer to the Dirac point.?® The results in Figure 2
panels e and f confirm that the Fermi level of the
center and edges for the SLG shifts toward the Dirac
points upon p-doping. By taking into account the p-
doping effect, we conclude that our SLG graphene was
initially n-doped in Ar and became less n-doped after
exposure to air. It is noteworthy that the changes in G
band frequency and /(2D)/I(G) for the armchair edge
are larger than those for the center and zigzag edge,
indicating that the Fermi level of the armchair edge is
closer to the Dirac point compared with the graphene
center and the zigzag edge.

To further elucidate the phonon properties of the
armchair edge in air, we systematically study the
gate voltage (V) dependence of its Raman spectra.
Figure 3 shows the Raman mappings of G band
frequency and FWHM at various Vg, where the SLG is
grounded on a 300 nm SiO, and the V, is applied to the
highly doped Si underlying SiO, to generate electrical
field for tuning the Fermi energy of the SLG. The
evolution of Raman mappings as a function of V,
demonstrates that the electric field results in signifi-
cant changes in the frequency and lifetime of phonons
at the armchair edge, but the center area exhibits
relatively unpronounced changes. The results in Fig-
ure 3 were summarized and discussed in Figure 4.
Figure 4a displays the G band profiles of the armchair
edge obtained at various Vg, while those for the center
area were displayed in Figure 4b. It is noted that each
Raman spectrum shown in Figure 4a (4b) was obtained
after averaging 10 spectra selected from different sites
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Figure 5. (a) The mappings of /(2D)/I(G) for the area taken near the armchair edge at several selected V,. The mappings were
derived from the results obtained for the sample as in Figure 3. (b) The extracted /(2D)//(G) values at the armchair edge and the
center. (c) Schematic illustration for the gate voltage dependence on the /(2D)/I(G) profile for the armchair edge and graphene
center. The tuning range of the Fermi level in our experiment (between —90 and 100 V) is also indicated. The width and height

of all mappings in panel a are 8.8 and 4.4 um, respectively.

of the armchair edge (center). The gate voltage de-
pendences for the spectra in Figure 4panels a and b
were shown in Figure 4 panels c and d, respectively. For
the armchair edge, the increase in charge density of
either electron or hole results in the G band stiffening.
The FWHM of G band decreases as the applied Vg is
large enough, showing that longer phonon lifetime is
linked to higher electron or hole density, which is the
typical phenomena of KA. The result in Figure 4c shows
that application of Vg = 100 V produced a 10 cm ™' G
band shift to higher energy, which is consistent with
several recent reports on KA of bulk graphene.?~>'
The G band FWHM of our armchair edge is significantly
broader than that reported in ref 29, even at higher
gate voltages, which is likely attributed to several
effects: (i) The broadening caused by ambient gases
(increase by 5—9 cm™ ") as discussed in Figure 2. (ii) The
broadening caused by ambient temperature. Yan et al.
have reported that a G band tail can develop at the low
energy side in a low carrier density regime,*> which
may contribute to the broadening. (iii) The broadening
caused by defects at the edge. Ferreira et al. have
shown that the G band peak width increases with the
defect (or disorder) density.>*> We believe that the
unavoidable structure disorder at graphene edges as
well as the effect from ambient gases significantly
increases the G band width in our measurements. It
is also observed in Figure 4c that the G frequency is
asymmetric (the change for positive Vg is smaller than
negative V), which is consistent with the prediction
based on Born—Oppenheimer approximation that
the adiabatic contribution can result in the electro-
n—hole asymmetry.'® However, it is still not possible to
exclude the contribution from the trapped electrons in
SiO,, which screen off part of the gate field under
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positive Vg and contribute to the asymmetric
behaviors.” The two regressed lines for the G frequency
data points at high carrier density (corresponding to
large negative and positive V) intercepts at a negative
Vg (around —10 V), suggesting the armchair edge is n-
doped in ambient when V, is 0. The G frequency for the
SLG center does not exhibit obvious dependence on
Vy, likely because the SLG contains large amounts of
charge impurities, which will be further discussed in
Figure 5. We note that the G band frequency and
FWHM of the zigzag edge is also insensitive to the
change of applied Vg (see Supporting Information,
Figure S2). The origin of the insensitivity for the zigzag
edge is due to the Raman selection rule,'*'® where the
LO phonon modes (KA-related) are Raman inactive for
zigzag edges.

To study the origin of the distinct behavior of the
armchair edge, we plot in Figure 5a the mappings of
I2D)/I(G) at several selected Vg, where the Raman
measurements were following the sequence V=0V,
—10V,—20V,..,—90V,0V,10V,20V,..,and 100 V. The
I(2D)/I(G) ratio at the center is less sensitive to the V;
the only observable change is the slight increase when
the gate is applied with large negative V. By contrast,
the I(2D)/I(G) for the armchair edge significantly de-
creases upon increasing the charge carrier density with
both positive and negative V. Figure 5b summarizes
the extracted /(2D)/I(G) values at the armchair edge
and the center. It is concluded that armchair is much
more sensitive to the SLG center and the Dirac point of
the armchair edge can be easily identified at around
—10 V, agreeing with our conclusions drawn from
Figure 4. The previous discussions for Figure 2 have
already indicated that armchair is more sensitive to the
doping from the environment. As indicated as point 1
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in Figure 5c, the armchair edge is initially at the
electron-rich regime (n-doped) and close to the Dirac
point. With the application of a negative V,, the Fermi
level shifts across the Dirac point at —10 V. Further
increase in negative Vy results in a lower /(2D)/I(G)
value (point 4 in Figure 5¢). It is noted that the /(2D)/I(G)
value in some areas of mapping 5 (Figure 5a at Vg = 0)
still remain high after the removal of negative voltages,
and does not fully recover to its initial situation
(mapping 1 of Figure 5a; Vg = 0) due to the electron
trapping in SiO,. The trapping effect is obviously seen
in the area closer to the edge (width ~ 1.5 um from the
edge to the interior as indicated in mapping 5). Be-
cause the Fermi energy for the area closer to the edge
is near the Dirac point at V4 ~ 0, small amounts of
charge trapping are likely to cause obvious change in
I(2D)/I(G). When positive V is applied to the sample,
the Fermi level for the armchair edge shifts back to the
n-doped regime and the /(2D)/I(G) value is lowered.
The trapped electrons in SiO, effectively reduce the
electrical field provided to the armchair edge and
result in smaller change on the right-hand branch of
I2D)/I(G) curve in Figure 5b. On the basis of the
mapping results, we conclude that the SLG center area
is far away from the Dirac point. It is believed that the
unintentional n-doping from charge impurities effec-
tively screens off the applied electrical field; hence, the
12D)/I(G) profile is left-shifted as schematically illu-
strated in Figure 5¢, resulting in the insensitivity of

EXPERIMENTAL SECTION

Raman Measurements. Raman spectra were collected using a
WITec CRM300 confocal Raman microscopy system (with a laser
wavelength of 488 nm and laser spot size of ~0.5 um), and the Si
peak at 520 cm ™' was used as a reference for wavenumber
calibration. For the Raman results in Figure 2 (comparison in Ar
and in air), the NT-MDT confocal Raman system with airtight
enclosure was used (a laser wavelength of 473 nm and laser
spot size of ~0.5 um).
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