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ell before the experimental dis-

covery of graphene,'? the elec-

tronic states associated with a
graphene edge were the focus of extensive
theoretical research.>~> Various symmetry
edges were predicted to have localized
electronic edge states, while others were
not.*® Localized edge states affect the
physical properties of graphene; for ex-
ample, they can induce ferromagnetism,*
superconductivity,” and an anomalous
quantum Hall effect.® Graphene edges with
magnetic properties have been proposed as
a possible system for use in spintronics,®'°
and they have recently been observed in
graphite via scanning tunneling microscopy
(STM) experiments.'"'2

Theory has indicated that a double reso-
nance (DR) Raman scattering process can
explain the existence of a high-frequency
(~1350 cm ") Raman band identified with
the edge of a hexagonal sp? carbon
network.">~'® An edge is a one-
dimensional localized defect that theory ar-
gues provides the necessary elastic and
specular scattering of the photoexcited
electrons to produce a zone corner optical
phonon in the DR process."® It has also been
predicted that only an armchair symmetry
edge will participate in this DR defect-
induced scattering."?

In this paper, we present the results of
micro-Raman scattering and high-
resolution transmission electron micros-
copy (HRTEM) studies on the edges of mi-
cromechanically produced? single-layer (n
= 1) and n-layer graphene systems (nGLs; 2
= n = 4). We also compare our Raman re-
sults from the studies of edges of large area
films to those recently obtained on 2—3
nm wide GNRs produced by chemical exfo-
liation.'” We show that the Raman scatter-
ing associated with the edge is sensitive to
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ABSTRACT We present results of a Raman scattering study from the region near the edges of n-graphene

layer films. We find that a Raman band (D) located near 1344 «m ™" (514.5 nm excitation) originates from a region

next to the edge with an apparent width of ~70 nm (upper bound). The D-band was found to exhibit five

important characteristics: (1) a single Lorentzian component for n = 1, and four components for n = 2—4, (2)

an intensity I, ~ cos* ©, where @ is the angle between the incident polarization and the average edge direction,

(3) a local scattering efficiency (per unit area) comparable to the G-band, (4) dispersive behavior (~50 cm~'/eV

for n = 1), consistent with the double resonance (DR) scattering mechanism, and (5) a scattering efficiency that is

almost independent of the crystallographic orientation of the edge. High-resolution transmission electron

microscope images reveal that our cleaved edges exhibit a sawtooth-like roughness of ~3 nm (i.e., ~20 times

the C—Cbond length). We propose that in the double resonance Raman scattering process the photoelectron

scatters diffusely from our edges, obscuring the recently proposed strong variation in the scattering from armchair

versus zigzag symmetry edges based on theoretical arguments.

KEYWORDS: graphene - n-graphene layers -
TEM - polarized Raman scattering

n, polarized along the average direction of
the edge and is localized to within ~70 nm
of the edge.

RESULTS AND DISCUSSION

The only one-phonon Raman bands
that are symmetry-allowed in graphite are
those identified with the E,;, symmetry zone
center phonons; they occur at 42 and 1582
cm ™ ."® The low-frequency E,, mode in-
volves a rigid shearing of one layer relative
to the next and therefore involves the
stretching of weak interlayer bonds. The
high-frequency E,, mode gives rise to the
G-band and also involves the stretching of
strong intralayer bonds. Two other promi-
nent one-phonon bands can often be ob-
served in disordered graphitic materials.
They are referred to as the D- and D’-bands,
where D refers to “defect” scattering.'®"?
These usual D-bands are observed near
~1350 cm™" (D) and 1620 cm ™" (D) (514.5
nm excitation). Both D and D’ are disper-
sive; that is, the Raman band frequency
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the Brillouin zone.'>'® To conserve wavevector in
the overall DR scattering process, large wavevector
phonons (~zone corner) are produced from inter-
valley scattering (Raman D-band), and much
shorter wavevector phonons are produced from
intravalley scattering (Raman D’-band).

In many cases, nGL films prepared via microme-
chanical cleavage exhibit an average angle be-
st tween adjacent edges that is a multiple of 30°.'>*3
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Figure 1. (a) Schematic zigzag and armchair edge structures. (b,c) AFM and opti- This angle might be Inte.rpreted as EVIdEI:}CE for
cal images, respectively, of micromechanically cleaved edges. Note that these nGL  the presence of predominantly smooth zigzag or
films exhibit angles between adjacent edges that are multiples of 30°. In (b) and armchair edges. It is easy to show that an armchair

(c), the dashed lines indicate the average edge position. edge adjacent to a zigzag edge will be separated

by an angle 6 = (2p + 1) X 30° and adjacent zig-
zag edges or armchair edges will be separated by 6 =
2p X 30°, where p is an integer.® In Figure 1a, we show
schematic examples of armchair and zigzag edges. We
also observe edges with multiples of 30° between them,
as shown in the AFM image (Figure 1b) and optical im-
age (Figure 1¢). For clarity, the average edge direction is
represented in these figures by the dashed lines super-
imposed on the image.

Recent studies of defect-induced Raman scattering
from the edges of graphite crystals have been reported
by Cancado et al."® From a theoretical perspective,
they argue that intervalley DR scattering and a D-band
could occur only from an armchair-type edge. We test
these ideas in graphene, where only one layer can con-
tribute to the D-band scattering, rather than all layers

changes with excitation laser energy. Recently, we
have observed another Raman band at ~1350 cm ™'
has been observed in bilayer graphene that has
been called the “I-band”; this band has been identi-
fied with incommensurate stacking disorder or,
equivalently, rotational stacking disorder of the two
layers (unpublished results).

The dispersive behavior of the D- and D’-bands in
sp? carbons can be understood within the context of
double resonance (DR) Raman scattering.'*'¢2%21 A
theoretical framework is in place to help identify the
various types of lattice defects that might participate,
such as missing C-atoms, heptagon—pentagon pairs,
heteroatoms (e.g., boron), a grain boundary, an edge or
finite basal plane crystallite effects.?®2? In general, the

DR process involves several steps, including phonon within the ~50 nm optical skin depth?* of their graph-

emission and elastic electron scattering to complete the  jta sample. We also examine the D-band scattering from
roundtrip Raman transition from and to the electronic  eqges of nGLs (n = 2—4).

ground state. So-called “intervalley” and “intravalley”
DR processes are responsible for the D and D’ Raman
bands, respectively. Inter- and intravalley scattering in
the DR process refers to whether the photoexcited elec-

Figure 2a shows Raman spectra in the range of
~1200—1700 cm ™" collected at room temperature
from a graphene (n = 1) film supported on a Si:SiO,
substrate when the incident beam was focused near

tron scatters between electronic states within the same  the center of the film (top) or near the edge of the film
carrier pocket (intra) or between states in inequivalent  (hottom). The spectra are offset for clarity. While local-
carrier pockets (inter) located at the Kand K’ points in  jzed illumination of the center and the edge of the film
both produce the usual G-band, edge excitation pro-
(a) (b) 2 pm duces an additional strong D-band at ~1344 cm ™" and

D-band G-band

| = ]

a very weak D’-band at ~1620 cm ™. In Figure 2b, the
spatial distribution of the G-band (integrated intensity)
Is(x.y) is mapped for the entire n = 1 sample (note the
color scale). The incident and scattered polarizations
were chosen parallel to the horizontal direction (top
edge of film in Figure 2b). I5(x,y) can be seen to be es-
sentially constant over the entire film, except near the
edges. The D-band integrated intensity I5(x,y), on the
other hand, can be seen in Figure 2c to be localized near
the edges of the film. Also noteworthy in Figure 2c is
the difference in D-band intensity observed at adjacent
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Figure 2. (a) First-order micro-Raman spectra of a n = 1 film collected d he b d left ed hich
with localized excitation in a micro-Raman instrument: (top spectrum) ex- edges (e.g., the bottom and left edges), which sug-
citation near the center of the film, (bottom spectrum) excitation near an  gests a polarization dependence. The G-band intensity,

edge showing the additional presence of D- and D'-bands. (b,c) Integrated 5, the other hand, exhibits no such polarization depen-
intensity maps of the G-band (b) and D-band (c) for the entire n = 1 film. d f . h | . h
Raman spectra were collected at room temperature using 514.5 nm laser ence for excitation in the central region or near the

excitation. Color scale indicates the intensity in arbitrary units. edges. We discuss the polarization behavior of the
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Figure 3. (a) Measured G-band integrated intensity (dots)
versus focal spot position (x) as the spot is scanned across
the edge of the film; solid line is a least-squares fit to the
data (eq 2). The fit locates the edge (x, = 2.68 = 0.004 pum)
of the film and the excitation beam waist w; for this data set,
w = 308 = 12 nm. (b) Measured D-band integrated inten-
sity (dots) versus position; solid line is a least-squares fit to
the edge scattering assumed localized to within 8 nm of the
edge (eq 2); for this particular data set, 8 = 37 nm. (c) Sche-
matic view of an idealized graphene edge with D scattering
limited to within a distance & of the edge that has sawtooth
roughness A. Spectra collected with 514.5 nm excitation.

D-band and G-band in more detail toward the end of
this paper.

In an effort to characterize the spatial extent of the
region over which the D-band scattering originates,
we translated the laser focal spot across the edge of
the film as described in the Experimental Details. We
collected the integrated intensity for the G- and
D-bands at each point in the scan (spaced Ax = 30 nm
apart); the incident and scattered radiation was polar-
ized parallel to the edge. The data for the x dependence
of the G- and D-bands are displayed in Figure 3. The
G-band intensity (Figure 3a) is seen to rise as the edge
is approached and then saturate at a constant value,
while the D-band (Figure 3b) is seen to be localized at
the edge. The profile of the laser focal spot broadens
both the onset of the G-band intensity as well as the
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spatial width of the D-band. Assuming the G-band in-
tensity is a step function centered at the position of the
average edge, we can use the spatial dependence of
the G-band intensity to determine the Gaussian param-
eters of the laser focal spot. Once the focal spot is pa-
rametrized, we can attempt to deconvolute the laser
spot from the width of the spatial extent of the D-band
scattering.

The Raman band intensity profile I(x,y) is given by
the two-dimensional convolution integral

o)) = [0, y"se—x",y—y")dx"dy" (1)

where I, and S describe the spatial dependence of the

laser intensity and the local Raman scattering efficiency,
respectively. The profile of the focal spot is taken to be
that of a Gaussian laser beam centered at (x’,y’) with a
waist w??

1.06y) =1l exp{—2[x =X+ —yV1/w} (2

For the G- and D-bands, we assume that S(x,y) will be
given by (cf. Figure 3c)

S6 = Sg, for x>x, and S¢ = 0 for x <x, (3a)

Sp = 5p, for o <x<x, + 6 and S, = 0 otherwise (3b)

where S and S, can be recognized, respectively, as a
step function located at x, and a boxcar function start-
ing at x, with width & (Figure 3c). The forms chosen for
Sg and Sy, are consistent with the assumption of a con-
stant local scattering efficiency per unit area for the
G-band from anywhere in the film and a local uniform
D-band scattering efficiency within a distance & from
the edge.

Using eqs 2 and 3, we can obtain an analytical func-
tion to describe the integrated G-band scattering inten-
sity as a function of the center of the excitation spot rela-
tive to the edge located at x,. We find the expression

Vatx-
Isx) = \/gAw(1 + Er((%)) (4)

where Erf(x) is the Gaussian error function and the scal-
ing factor is A = Scl,. Fitting this function to the experi-
mental /;(x), we can obtain a value for the Gaussian la-
ser beam waist w. The result of a typical fit is shown as
the solid line in Figure 3a. The average from fitting 10
different graphene (n = 1) edge data sets, such as
shown in Figure 3a, returned the result w = 400 * 50
nm, where the error is the standard deviation in w over
these 10 experiments. This average value for w is in rea-
sonable agreement with advertised values for our mi-
croscope objective, but well above the calculated ideal
diffraction-limited waist wy ~ 175 nm.

VOL.3 = NO.1 = 45-52 = 2009 ACS
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(a) (b) the measured value. Thus, a conservative up-
Spm | e G-band . per bound for the range from which the
{Armchair (Zigzag) 15x10°F : A X .
cooEbssms pessssas » D-band scattering can occur is 8 = 72 nm.
g ‘{1" Wl 2 0 We next present data that attempt to ad-
5 . - % dress whether the D scattering can be identi-
? " § all —Edge A ﬁed. with only. one type of edge (i.e.,. an .arm-
't%b ! x = . ®-Edge B chair edge). Figure 4a shows an optical image
\ of a graphene n = 1 film with two adjacent
E Graphicie a p ; Leaaad J  edges (marked “A” and “B” in the figure). The
4000, _ —»Edge A
(d) 025 F (C) D-band 1 _._Edge B ed?es are sepa}rated by an average angle of
3000 90°, as determined over edge lengths of sev-
e | ] eral microns; this suggests that one edge of
é o1s | f;j 2000 the film is zigzag and the other is armchair (see
= 4 g 1000 1 Figure 1a). The essential ideas behind the D
§ W0 r k= i T (edge) scattering theory are three-fold:'>?° (1)
o 0.05 b 0 X elastic scattering of the photoexcited electron
must occur at the edge, such that the momen-
0.00 ke L L L L 1000 b e el llel he ed .
T 2 3 % 10 15 20 25 30 tumcomponent parallel tothe edge is con-
Number of Layer (n) Distance (1m) served while the momentum component per-

Figure 4. (a) Optical image of a single-layer graphene flake with orthogonal adjacent
edges (dashed lines). (b,c) Measured integrated intensity (dots) versus position (x) for
line scans across edges A and B: (b) G-band, (c) D-band. Data are superimposed with-
out scaling. (d) Measured normalized maximum integrated D-band intensity versus the
number of layers n in the film. Micro-Raman spectra were collected with 514.5 nm la-
ser excitation. Incident and scattering light polarizations were kept parallel to the

edges. Spectra collected with 514.5 nm excitation.

We also considered the effect of an ideal meander-
ing edge (sawtooth), as shown schematically in Figure
3c. Values for w obtained including the sawtooth com-
plication (peak to notch value A = 3 nm is consistent
with TEM images of real edges; see below) produced a
difference in w of 0.05 nm relative to the value for a
straight edge. We therefore ignored this complication
in our analysis.

To determine the range over which the D-band scat-
tering occurs, we performed the convolution (eq 2) us-
ing the boxcar function (eq 3b) and find

g V2(x — x,) V2(6 — x+ x;)
IoX) = \/gABW Erf|—— | + | ————

(©)

Note that A, w, and x, can be determined from the fit to
(). These are substituted in eq 5 before the function
is fit to I5(x) to determine the scale factor B and the
width 3. Each D-band was fit using the parameters ob-
tained from the corresponding G-band fit. An example
of a fit is shown in Figure 3b and returned & = 0.002 =
37 nm. The large statistical error (36 nm) is due to the
scatter of the data for this particular data set. Values for
d obtained by a series of similar least-squares fits
ranged over 0 < & < 0.05 nm and with an error o (i.e.,
one standard deviation) ranging over 14 < o < 66 nm.
Averaging our fits resulted in 8 = 0.03 nm and ¢ = 36
nm. Assuming a Gaussian noise distribution, we can say
with 95% certainty that the value of 8 lies within 2o of

)\ VOL.3 = NO.1 = GUPTA ET AL.

pendicular to the edge is reversed; (2) the
edge must be oriented to scatter the electron
from one valley to another; and (3) only an
armchair edge is properly oriented to accom-
plish (2).

To observe the proposed edge selectivity,
we performed G and D line scans for edges A
and B. In each case, the incident and scattered electric
fields were polarized parallel to the respective edge.
The data for A and B are shown superimposed in Fig-
ure 4b for G scattering and in Figure 4c for D scatter-
ing. The overlap of the G data for edges A and B (Fig-
ure 4b) indicates the stability of our Raman instrument
over the time needed to observe I, for both edges. In-
terestingly, although edges A and B make an angle 90°
to one another (Figure 4a), the raw I, data for both
edges superimpose very nicely (Figure 4c); that is, for
this pair of edges we see no significant difference in the
scattering efficiency from one edge to the other. Either
the theory for the D-band is incorrect or neither edge
has dominant armchair symmetry.

Data from Raman line scan studies on 20 nGL film
edges (n = 1—4, 10 different films) are collected in Fig-
ure 4d. The scan direction was always perpendicular to
the edge under study, and the incident and scattered
light polarizations were always parallel to the edge. Ra-
man line scans produced data similar in form to that
shown in Figure 4b,c. For simplicity, however, we deter-
mined the maximum value /5™ for each line scan
from a fit of /5(x) to a Gaussian function rather than to
the convolution (eq 2). For normalization purposes, the
plateau of I;(x) (cf., Figure 4b) from the same line scan
was fitted to a constant to obtain /;*V9. In Figure 4d, we
compare the maximum spatial D-band intensity for all
the edges on various films. Plotted there is the D inten-
sity normalized to the G-band intensity at the plateau;
that is, we plot I,;™®/I;*9 versus the number of layers n
in the various films. This normalization with respect to

www.acsnano.org



the G-band helps to eliminate possible fluctuations in
I5™*/152Y9 from variations in the excitation or collection
efficiency that might arise between experiments on dif-
ferent films (or edges of the same film). The D-band
and G-band scattering should both be approximately
proportional to the number of layers n. Any n depen-
dence of the data in Figure 4d would therefore be of in-
terest; we do observe a smaller I5™*/1;®¥9 for larger n.
Based on the scatter of the D data for each n, we are un-
able to conclude that we have observed D scattering
from a predominantly pure zigzag or armchair edge. Re-
call that we preferentially studied films where adjacent
edges presented a relative angle exhibiting a multiple
of 30°. The idea was to use this indicator to identify a
zigzag or armchair edge. So, if theory is correct and our
edges are sufficiently smooth, we expect the normal-
ized D maximum intensity data in Figure 4d would be
observed to group around two values: a large value for
armchair edges and a small value (near zero) for zig-
zag edges. Separating the data in Figure 4d into two
groups can of course be done, but it might not be very
convincing. Factors of four in the D scattering are ob-
served depending on the edge and the number of lay-
ers in the film, but the grouping of the data in the fig-
ure into strong and weak scattering edges is not
apparent. We propose an explanation below for the ap-
parent randomness in the normalized D intensity at
fixed n.

Before doing so, we should also emphasize another
interesting point from Figure 4d. Note that the maxi-
mum intensity of the D-band is comparable to that of
the G-band collected at the center of the film (i.e., [;™**
~ 1/4 I5). This is somewhat surprising, considering
that D-band scattering is confined to a narrow strip
near the edge (width 8 ~72 nm (upper bound)), yet
the G-band scattering is uniform over the entire film.
For the sake of discussion, we assume the same scatter-
ing efficiency per hexagon for both the D- and G-bands;
we can then use the convolution integrals to predict
the intensity ratio I5"/1;*"° for 8 ~72 nm taking into
account the size of the focal spot relative to 8. Using eqs
2 and 3, we calculate Ip,™*/1*V9 ~ 0.14, about a factor
of 2 less than measured (see Figure 4d). However, if &
<< 72 nm (upper bound), the D scattering efficiency per
unit area becomes much larger than the G scattering,
and this enhancement would require a theoretical ex-
planation via the appropriate matrix elements within
the context of DR scattering.

In Figure 5, we show HRTEM images of typical
graphene edges produced for n = 1 graphene by mi-
cromechanical cleavage. Figure 5a shows a typical
graphene edge under high magnification. Although
the edge is, on average, straight over hundreds of na-
nometers, it exhibits a sawtooth roughness of approxi-
mately ~3 nm, which should be compared to the in-
plane C—C bond length of a = 0.142 nm. In Figure 5b,
we display a TEM image of a notch which has adjacent

www.acsnano.org

Figure 5. HRTEM images of two different graphene n = 1 edges. (a) Red
line indicates the position of the edge. Sawtooth roughness A of the edge
is ~3 nm. (b and c) Image of same notch under different magnification. In-
sets to (c): (right) diffraction pattern obtained by Fourier transform of en-
tire near-notch region, (left) Fourier-filtered image of the region in the
small blue square. The edges near the notch run approximately parallel
to zigzag directions.

edges that form an external angle of approximately
120° (i.e., 4 X 30°). One might therefore assume that
both edges exhibit zigzag symmetry. In Figure 5¢, this
same notch is imaged under higher magnification. The
sharp spot pattern in Figure 5c (inset, top right) is the
Fourier transform (FT) of the exceptionally high-quality
image region inside the dashed-lined box in Figure 5b.
The FT indicates that the graphene near the notch is a
single-crystal domain. We Fourier-filtered the excep-
tionally high-quality image region (inside the solid-lined
box in Figure 5¢) to find the orientation of the sp? net-
work near the notch. The result is also shown in Figure
5c (inset, top center) and establishes the armchair (blue)
and zigzag (red) directions in the film close to the notch.
The edges on either side of the notch therefore run par-
allel (on average) to zigzag edges. However, as shown in
the TEM image (Figure 5¢), the actual edge exhibits an
approximate sawtooth roughness of A ~ 3 nm; that is,
the edge is a factor of 10—20 rougher than an atomi-
cally smooth zigzag edge. For comparison to A, we can
estimate the wavelength of the photoexcited electrons
(\o) produced in our experiments. For vertical transi-
tions between linear bands, the simple relationship be-
tween photoelectron wavelength and laser photon en-
ergy E, is given by N, = 2hv¢/E,, where h is Planck’s
constant, vg ~ 10° m/s**?” is the Fermi velocity of
graphene and £,= 2.4 eV in our experiments. Accord-
ingly, we find A\, =< 3.4 nm, which is comparable to the
typical edge roughness A ~ 3 nm obtained via TEM. By
analogy to diffuse scattering of photons from optically
rough surfaces, we expect diffuse photoelectron scat-
tering when A\, < A. We therefore propose that our
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Figure 6. Raman D-bands (edge excitation) for various n-layer films.
Micro-Raman spectra were collected using a 514.5 nm laser excitation.
Incident and scattered light polarization were kept parallel to the
nGL edges. (Inset) D-band dispersion for graphene; slope is 49 + 1
cm™~/eV.

graphene edges are too rough to engage in specular
scattering of the incident photoelectron, and the pro-
posed selection rule (armchair) for localized D-band
scattering for armchair edges breaks down as a result.
We observed smaller normalized D-band intensity for
higher n (Figure 4d). This behavior is consistent with the
presence of a smoother edge for higher n. As the edges
become smoother, D scattering will start to favor selec-
tivity of edge structure via specular electron scattering.
For this case, we should expect to see strong scatter-
ing from armchair edges and weak scattering from zig-
zag edges. Indeed, the grouping of the data in the fig-
ure into strong and weak scattering edges is more
pronounced forn =3 andn =4thann=1o0orn=2
data in Figure 4d. This intensity variation for single-
layer graphene (n = 1) in Figure 4d can be attributed
to the different edge roughness for different flakes.
This view is also in accord with the previous obser-
vation'? of strong variation in D-band intensity of
armchair and zigzag edges in graphite owing to
specular scattering mechanism for smooth graphite
edges.

) VOL.3 = NO.1 = GUPTA ET AL

Interestingly, Li et al.'” recently reported the prepa-
ration of 2—3 nm wide graphene nanoribbons (GNRs)
via a chemical exfoliation method. The widths of these
GNRs are even smaller than the sawtooth roughness A
we measured by TEM (Figure 5) for graphene edges
produced by cleavage. In fact, our recent Raman scat-
tering measurements (unpublished results) on some of
these 2—3 nm GNRs reveal no measurable D-band, al-
though both edges of the ribbon were simultaneously
exposed to the laser excitation. We therefore are
tempted to conclude that some of these chemically
produced GNRs possess almost perfect zigzag edges.
Critical evaluation of similarly prepared graphene edges
in HRTEM or STM should be carried out to examine
whether they are smoother than those obtained by mi-
cromechanical cleaving.

In Figure 6, we plot D-bands observed by illuminat-
ing the edges of nGLs (n = 1—4, ~20). These D-bands
are displayed to indicate possible changes of line shape
with n. All D-bands were normalized to have equal in-
tensity; the spectra have been plotted with an arbitrary
vertical offset for clarity. The solid curves are the result
of Lorentzian line shape analyses. As can be seen,
graphene (n = 1) exhibits the most narrow D-band; it
can be well fit by a single Lorentzian component at
~1344 cm™ " with a full width at half-maximum (fwhm)
= 14cm ', including ~1 cm ™" of instrumental broad-
ening. For n = 2, four Lorentzian components were ob-
tained by the fitting procedure. The component fre-
quencies are listed in the figure together with the
associated fwhm presented in parentheses. For n = 3
and 4, the least-squares fitting of the D-band also indi-
cated four components. They were observed to exhibit
almost the same set of frequencies as found for n = 2,
but with different relative intensities. For the n > 20
sample, a convincing fit to four Lorentzian components
cannot be made; the D-band, however, can be well fit
by a doublet with two broad components. In the inset
to Figure 6, we plot the D-band maximum versus laser
energy for graphene (n = 1). The data were collected
with 514.5, 647.1, and 785.0 nm laser excitations. As can
be seen, the Raman band dispersion is linear and equal
to 49 = 1 cm™ '/eV, which is similar to the dispersion
published previously for D-bands in graphite and highly
disordered sp? carbons®° and also the D-band (edge)
in graphite."® Four components for n = 2 would be con-
sistent with the DR mechanism, as four different
g-vector phonons can participate in intervalley scatter-
ing when two pairs of electronic subbands are involved.
For n = 3 and 4, a four-component D-band suggests
that the subband splittings near the electronic
wavevector k for the initial and final electronic states
produce two groups of subbands. Within a group, there
is either only one band or the partners are weakly split
so as not to produce more than four recognizable
D-band components.
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Figure 7. Polar plots of the experimental G- and D-band
scattering intensity versus polarization angle 6 measured
relative to the edge of an n = 1 film. Incident and scattered
radiation were polarized parallel to each other. (a) G-band;
excitation localized at the center of the film. The dotted line
represents a least-squares fit of a circle to the data (squares).
(b) D-band; excitation localized over an edge. The dotted
line represents a least-squares fit of the data (squares) to
~cos* 0. The fit improves if a small constant term p,, is in-
cluded in the fitting.?®

In Figure 7, we show polar plots of the Raman scat-
tering intensity / versus the angle 6 of the incident elec-
tric field relative to a nearby edge; the analyzer was
also set to collect scattered photons polarized parallel
to the incident photons. The G-band data were taken
with the laser focal spot sufficiently far from the edge.
The dotted circle represents the least-squares fit to the
polarized Raman data. The G-band is therefore isotropic
(unpolarized), as expected, and shows that there is no
instrument function distorting the polarization data.

EXPERIMENTAL DETAILS

Graphene (n = 1) and nGL (n = 2—4) samples were pre-
pared by micromechanical cleavage? of highly oriented pyroli-
tic graphite (HOPG). The cleaving process occurred either while
transferring a thin film from HOPG (438HP-AB, SPI, Inc.) onto
Scotch tape (3M, Inc.) or afterward, when rubbing the tape
against the substrate. The substrate used in this study was (100)-
oriented Si with a 100 nm thermal oxide. Optical microscopy
and atomic force microscopy (AFM) were used to identify nGLs
exhibiting angles between adjacent edges that are multiples of
30° and therefore suggest a “pure” zigzag or armchair structure
along the edge.'®

Polarized Raman scattering measurements were performed
with a micro-Raman spectrometer (inVia, Renishaw, Inc.) in the
backscattering geometry using a 100X objective lens with N.A.
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Even for excitation of the G-band localized at the edge
(not shown), the polar plot is nearly circular. The polar
plot for the D-band, on the other hand, exhibits strong
polarization effects. The D polar data (Figure 7b) can be
fit to a cos*(0) function (dotted line), suggesting that
the D scattering is the result of a product of two cos(0)
factors, one for photon absorption and the other for
photon emission. The fit is improved by including a con-
stant angle-independent term which allows for a pos-
sible experimental error in setting the polarizer parallel
to the edge.?® Possibly the most interesting point about
the D polarization is that 8 = 0° (i.e., the polarization di-
rection for maximum scattering intensity) always seems
to align along the average edge direction; this occurs
even though HRTEM images (Figure 5) reveal the saw-
tooth structure of the edge with a roughness 20X that
of a C—C bond length. This is an experimental observa-
tion for which we have no theoretical explanation at
this point in time.

In summary, we have used Raman scattering to
study the edges of micromechanically prepared nGL
films. We find that the D scattering from an edge is con-
fined to a narrow region within & ~70 nm of the edge,
which represents an experimental upper bound; the
value for 8 could be smaller. Whereas a graphene edge
(n = 1) produces a narrow single-component defect
band, multiple layer films (n = 2—4) produce multicom-
ponent D Raman bands. Both these observations and
the D-band dispersion are consistent with the DR scat-
tering mechanism. We find that the strength of the
D-band scattering is remarkably similar from edge to
edge. This suggests that the edge is diffusely scatter-
ing the photoexcited electrons in the DR process and
obscuring armchair edge selectivity. In fact, the photo-
electron wavelength is about the same as the edge
roughness. Finally, it is interesting that 1 wm long and
2 nm wide graphene nanoribbons (GNRs) produced via
chemical exfoliation were found in our previous Ra-
man study to exhibit a G-band and, in some cases, no
D-band. This suggests that chemical exfoliation may
produce a much smoother edge than we have been
able to prepare by micromechanical cleavage.

= 0.94. The excitation source was the 514.5 nm line of an argon
ion laser (Innova, Coherent, Inc.). Data were collected as a func-
tion of position relative to the edge by scanning the laser spot in
a line across, and perpendicular to, the edge with a step size of
~30—50 nm. Scattering intensity was also measured as a func-
tion of polarization using a rotatable half-wave plate. nGL
samples for transmission electron microscopy (TEM) were pre-
pared on a SiN-TEM grid (SPI, Inc. part no. 4109SN-BA) with 3 um
diameter holes in a 500 nm thick SiN membrane. nGL flakes
were deposited on the grid as described earlier by rubbing the
Scotch tape (with nGLs) across the TEM grid.

The number of layers (n) in a nGL was determined using Ra-
man spectroscopy.?’ 3! Films with n = 1 are highly transpar-
ent. The value of n can be confirmed by observing the “2D” Ra-
man band at ~2680 cm ™' (514.5 nm excitation), which is quite
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narrow (~25 cm ') and well fit by a single Lorentzian peak. For
n > 1, the films become progressively darker; the 2D band con-
tains multiple peaks and is much wider. Therefore, the procedure
we use to determine n was initiated by locating an n = 1 flake
via the 2D Raman band. Higher n films (n = 2, 3,...) were identi-
fied by their G-band (~1580 cm ™) intensity measured relative
to that obtained for an = 1 film. For n < ~10, the G-band inten-
sity increases linearly with increasing n.3%3'

Note: We became aware of similar work®? on graphene edges
from Cancado et al. during the preparation of this manuscript.
They measured the spatial dependence of the D-band to be ~40
nm, which is in good agreement with the upper bound of ~70
nm determined in this work. A detailed comparative discussion
between the two works can be found in Supporting Information.
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