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he remarkable mechanical,' electronic,

and photonic properties®> * of gra-

phene make it a promising candidate
in applications ranging from biosensing®®
to photodetecting.” '° In the recent past,
the combination of graphene with plasmo-
nic nanostructures has led to an increase in
efficiency of various electro-optic processes."’
Nonetheless, the highest enhancement fac-
tor reported to date is less than 100 at the
“hot spots”'>'3
Here we demonstrate a remarkable gra-
phene Raman enhancement of up to 10’
from what we believe is the cooperative
plasmonic resonance of graphene on a
uniquely engineered Au nanopyramid sur-
face hereafter referred to as an Au tipped
surface. The strong dependence of the
Raman enhancement factor of graphene
on the wavelength of the excitation laser
(with the largest enhancement detected at
633 nm) lends itself to demonstrating the
resonant nature of the Au tipped surface.
Graphene Raman intensity mapping places
the hot spots in between neighboring pyr-
amids of atomic sharpness, indicating the
cooperative nature of the resonance. In
addition, a prominent D-band appeared at
localized hot spots from graphene on Au
tipped surfaces that is nearly absent from
exactly the same piece of graphene on the
immediately adjacent flat Au surface. Polar-
ization-dependent Raman spectroscopy
shows a strong 2-fold symmetry unique to
the new D-band. This is in stark contrast to
the G-band and 2D-band that have no ob-
servable polarization dependence. These
experimental observations serve as clear
evidence for the origin of the D-band being
the sharp graphene folds near the apex of
the Au pyramids instead of broken carbon
bonds, which commonly exist at the cracks
and the edges of graphene. The new
D-band origin can be used as disorder-free
boundaries defining the active region of
electronic devices such as the channel of

of plasmonic resonance.
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The unique properties of graphene when coupled to plasmonic surfaces render a very
interesting physical system with intriguing responses to stimuli such as photons. It promises
exciting application potentials such as photodetectors as well as biosensing. With its
semimetallic band structure, graphene in the vicinity of metallic nanostructures is expected
to lead to non-negligible perturbation of the local distribution of electromagnetic field
intensity, an interesting plasmonic resonance process that has not been studied to a sufficient
extent. Efforts to enhance optoelectronic responses of graphene using plasmonic structures
have been demonstrated with rather modest Raman enhancement factors of less than 100.
Here, we examine a novel cooperative graphene—Au nanopyramid system with a remarkable
graphene Raman enhancement factor of up to 10. Experimental evidence including
polarization-dependent Raman spectroscopy and scanning electron microscopy points to a
new origin of a drastically enhanced D-band from sharp folds of graphene near the extremities
of the nanostructure that is free of broken carbon bonds. These observations indicate a new
approach for obtaining detailed structural and vibrational information on graphene from an
extremely localized region. The new physical origin of the D-band offers a realistic possibility of
defining active devices in the form of, for example, graphene nanoribbons by engineered
graphene folds (also known as wrinkles) to realize edge-disorder-free transport. Furthermore,
the addition of graphene made it possible to tailor the biochemical properties of plasmonic
surfaces from conventional metallic ones to biocompatible carbon surfaces.
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Figure 1aillustrates a typical sample that ~ and accepted June 19, 2012.
consists of three regions located immedi- . .
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ately next to one another, namely, the Au  10.1021/nn301694m
tipped surface, the flat Au surface, and the
surface of flat SIOZ of 300 nm thickness (see ©2012 American Chemical Society
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Figure 1. Graphene—Au nanopyramid (tip) structure. (a) Schematics of typical samples. (b) SEM image of graphene on Au
tips; scale bar 1 um. Inset: Schematic image of graphene on Au tips. (c) SEM image of hexagonally arranged arrays of Au tips
with sharply folded graphene; scale bar 200 nm. The dotted black circle indicates a hanging graphene fold between

neighboring tips.

Supporting Information). Hexagonally ordered Au na-
nopyramid (of ~250 nm base with radius of curvature
at the apex as small as 1 nm) arrays on a continuous Au
film of approximately 200 nm thickness is fabricated by
nanocasting.'® The Au tipped surface is unique in that
it possesses in-plane anisotropy with wafer-scale co-
herency in the precise orientation and shape of indivi-
dual pyramids. Uniformly single layer graphene is
grown on a copper foil via chemical vapor deposition
(CVD)'” and subsequently transferred to cover all three
regions.'®'” The region of graphene over 300 nm SiO./
Siis used for determining the quality of the transferred
graphene. The region with graphene over flat Au is
used for comparison with graphene over a tipped
surface, thereby allowing for the extraction of the
vibrational features (using Raman spectroscopy) due
uniquely to the graphene—Au tips combination.
Figure 1b and c show typical scanning electron
micrographs of graphene over a Au tipped surface.
The identical shape, the precise orientation, and the
non-negligible variation in the size of Au pyramids are
clearly visible from Figure 1b. The nonplanar topology
of the Au tipped surface necessitates folds in the
graphene (Figure.1¢) as it interacts with its surround-
ings via van der Waals forces. As will be discussed later,
these graphene folds are believed to be the origin of a
new set of D-bands in the graphene Raman spectrum.
Micro-Raman spectra of graphene'® were obtained
from three different regions using various excitation
wavelengths (488, 514, 633 nm) under normal incident
light (Figure 2a—c). A number of observations can be
made from Figure 2: first, graphene Raman peak
intensity enhancement of up to 3 orders of magnitude
is present from graphene on Au tips compared to that
on flat Au, providing the first evidence of the plasmonic
nature of the Au tips (Figure 2d). Second, the enhance-
ment factor is largest for the 633 nm excitation
wavelength. In addition, the measured extinction
spectrum’® of the bare Au tipped region (Figure 2e)
shows a maximum in extinction centered around
600 nm with a full-width at half-maximum (fwhm) of
100 nm. The combined enhancement and extinction
measurements provide strong evidence of the reso-
nant nature of the Au tipped surfaces. Third, there is a
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difference in the enhancement factors of about a factor
of 10 between Raman intensities and the extinction
magnitude (Figure 2f), with the former being larger.
This is interpreted as evidence of the cooperative
nature in electromagnetic field enhancement®® 22 of
graphene on Au tips as the extinction spectrum was
measured without graphene coverage. Finally, there
appears a prominent D-band and D’-band pair
(Figure 2c) that were barely visible from graphene on
flat Au and on the SiO, region. We attribute this to the
sharp graphene folds, as supported by the polariza-
tion-dependent studies to be presented below. The
considerable increase of the /(D) to /(G) ratio with
excitation wavelength is well known in the Raman
scattering of sp? carbon materials.>>~%° It should be
noted that although the apparent Raman enhance-
ment factor is on the order of 1000, the actual en-
hancement factor is orders of magnitude higher. While
the signal of conventional Raman spectra is derived
from an area comparable with the excitation wave-
length, Raman signals from plasmonic enhancement
come predominantly from electromagnetic field con-
centration that is extremely localized to typically a
nanometer region.?® This difference in the area of the
Raman signals leads to the actual enhancement factor
of up to 107 times (see Supporting Information).

We employ spatially resolved Raman®’ to examine
the distribution of hot spots as shown in Figure 3. The
important role of the Au tips in the formation of hot
spots is evident as the location of hot spots for the
D-band, G-band, and 2D-band are all within the same
proximity. However, the exact location of the three
bands reveals clear differences, provoking an in-depth
examination. Within the diffraction-limited spatial re-
solution of the 633 nm wavelength laser, the G-band
and 2D-band hot spots coincide with one another.
They are clearly located in between neighboring Au
tips away from graphene folds (Figure 3b,c). Being
located over a region of flat Au of ~200 nm in length
(e.g., the dotted circle in Figure 3b), such hot spots are
not expected on bare Au tip arrays on the basis of a
well-established understanding from electromagnetic
field modeling.”® We thus attribute it as evidence of
cooperative behavior between the semimetallic
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Figure 2. Raman spectra of graphene on a Au tipped structure and the wavelength selectivity. (a—c) Graphene Raman spectra
measured from various surfaces (Au tips, flat Au, and SiO,) at three different excitation wavelengths: (a) 488 nm, (b) 514 nm,
(c) 633 nm. (d) Ratios of the intensity of graphene D, G, and 2D peaks measured on the Au tipped region to those measured on
flat Auregions. The ratios in semilog scale are plotted as a function of the excitation wavelength. (e) Extinction spectrum of Au
tips. The three excitation wavelengths of 488, 514, and 633 nm are marked with blue, green, and red dotted lines, respectively.
(f) Normalized extinction at 488, 514, and 633 nm contrasted with the G and 2D intensity ratio.
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Figure 3. 2 um x 2 um graphene micro-Raman (633 nm) mapping data superimposed on the SEM images of the same regions.
(a) D-band intensity; (b) G-band intensity; (c) 2D-band intensity; and (d) D/G intensity ratio.

graphene (with its presence altering the spatial dis- location of the observed hot spots) and the underlying
tribution of the electromagnetic field and thus the Au tips. In contrast, additional hot spots of D-bands are
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Figure 4. D-Band polarization dependence from Raman (633 nm) spectra of graphene on the Au tip region. (a) SEM image of
the measured region showing sharp graphene folds with & measuring the polarization angle between the fold direction
(dotted line) and the incident electric field (&) (solid line); scale bar 200 nm. (b) Raman spectra obtained with a polarization
angle 0 of 0°, 90°, 180°, and 270°. Inset: Curve-fitting results of the G- and D’-bands. (c) Polarization-dependent D-band
intensity of graphene folds. Black squares: measured data; red line: cos? 6 fit. (d) Polar plot of the /(D)/I(G) ratio; G-band and
2D-band intensity of graphene folds as a function of polarization angle 6. Measured data: black circles, G-band intensity; blue
triangles, 2D-band intensity; red squares, I(D)/I(G) ratio. Red dotted line: cos? 6 fit.

observed coinciding with sharp graphene folds, as

The characteristic cos> # dependence of the D-band

highlighted by dotted circles in Figure 3a. These new
D-band hot spots possess strong polarization depen-
dence, pointing to their plausible physical origin, as will
be discussed in the next section. Figure 3d shows the
mapping of the ratio of D-bands to G-bands. It illus-
trates a clear trend of stronger D-bands where gra-
phene folds are. It also shows an anomalous increase in
D-band intensity across the entire sample area studied
in comparison to graphene on SiO,, where I(D):/(G) < 1.
This point will be addressed in the discussion below.
We have observed for the first time (to our
knowledge) evidence of a D-band originating from
sharp folds in the graphene as opposed to from grap-
hene cracks and edges. As can be seen from Figure 4a,b,
the D’-band intensity (the shoulder of the G-band) varies
with respect to that of the D-band as functions of the
polarization angle. The strong polarization dependence
as well as the 2-fold symmetry of the D-bands is in
clear contrast to that of the G-band and 2D-band
with no observable polarization dependence (Figure 4d).

WANG ET AL.

intensity as shown in Figure 4c originates from both
photon absorption and emission.?

The prominent polarization dependence of the
D-bands combined with their location coinciding with
the graphene folds is clear evidence that the graphene
folds function as one-dimensional scattering centers
giving rise to double-resonance D-bands. There is no
physical reason that randomly located broken carbon
bonds could lead to the polarization dependence with
the observed 2-fold symmetry. Large-curvature sharp
folds in graphene have been predicted by theory to
lead to D-bands,*® providing further support to the
hypothesis. One important implication of this finding
can be traced to the physical origin of D-bands with the
associated electrostatic potential fluctuations®’ at the
irregularities in graphene, in this case graphene folds.
The atomically smooth linear shape of the potential
fluctuation (as opposed to randomly placed point
defects along the edge of lithographically defined
graphene) should function as a specular boundary
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(as opposed to a diffuse boundary), ensuring the preserva-
tion of momentum and phase of the electrons.

As is evident, the interests in graphene—plasmonic
surface interaction go beyond simple enhancement of
graphene Raman signals. The possibility of placing
graphene over nanostructured metal surfaces could
serve as a way to tailor the biochemical properties of a
plasmonic surface from conventional metallic ones to
biocompatible carbon (graphitic) surfaces. Finally, con-
figurational modification of graphene including the
folds near the atomically sharp apex of the Au tipped
surfaces holds the promise of transistor channels free
of undesirable edge disorders.>?

EXPERIMENTAL METHODS

Au Nanopyramid Fabrication. The periodic Au nanopyramid
structure with tunable size and sharpness can be fabricated
by a wafer-scale bottom-up templating technology (see details
in the Supporting Information). Periodic inverted silicon pyr-
amidal pits, which are templated from close-packed monolayer
colloidal crystals prepared by a simple spin-coating technology,
are employed as reusable structural templates to replicate
arrays of gold nanopyramids with nanoscale sharp tips.

Micro-Raman Spectroscopy. Micro-Raman spectra and mapping
of graphene, as well as the D-band polarization dependence
measurements, were carried out using a Renishaw inVia Raman
spectroscope under ambient conditions. The laser excitation
wavelengths are 488, 514, and 633 nm from a diode-pumped
solid-state laser and a He—Ne laser. The power of the lasers was
kept at 1.5 mW to avoid sample heating. The laser spot size was
~0.5 um. We used a 100x objective (numerical aperture 0.90).
Spectral analysis was accomplished with a 1800 lines per mm grating.
The spectroscope is equipped with a high-speed encoded stage that
enables shift of samples in XYZ directions at nanometer steps. The
nominal spatial resolution of the inVia Raman microscope is 100 nm.
The spatially resolved Raman mapping data are achieved by Raman
imaging with ~0.2 um steps in the X and Y directions. The Raman
imaging data were processed using WIiRE 3.2 Raman software.
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