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Graphene-based plasmonic devices have recently drawn great attention. However, practical limitations in fabrication and device architectures prevent
studies from being carried out on the intrinsic properties of graphene and their change by plasmonic structures. The influence of a quasi-infinite object (i.e.,
the substrate) on graphene, being a single sheet of carbon atoms, and the plasmonic device is overwhelming. To address this and put the intrinsic
properties of the graphene—plasmonic nanostructures in focus, we fabricate large-area, freestanding, single-layer graphene—gold (LFG-Au) sandwich
structures and Au nanoparticle decorated graphene (formed via thermal treatment) hybrid plasmonic nanostructures. We observed two distinct plasmonic
enhancement routes of graphene unique to each structure via surface-enhanced Raman spectroscopy. The localized electronic structure variation in the LFG
due to graphene—Au interaction at the nanoscale is mapped using scanning transmission X-ray microscopy. The measurements show an optical density of
~0.007, which is the smallest experimentally determined for single-layer graphene thus far. Our results on freestanding graphene—Au plasmonic
structures provide great insight for the rational design and future fabrication of graphene plasmonic hybrid nanostructures.
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raphene, a single sheet of sp>-hybri-

dized carbon atoms with zero band

gap and a linear E = E(k) relationship
for both electrons and holes,'? owing to its
excellent tunable electronic and optical
properties has great potential for many
nano- and optoelectronics applications.?
Recently, there has been overwhelming re-
search interest in graphene plasmonics.*°
While tuning of graphene plasmons by
electrostatic gating for optoelectronic
devices has drawn great attention,''~'”
the well-established Raman features'® and
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various properties such as doping,
effect of various substrates,®?' stress—
strain,?? 2% and defects®” in graphene via
Raman spectroscopy have best exemplified
the importance of graphene as a surface-
enhanced Raman spectroscopy (SERS)
substrate. 8733

Traditionally in SERS, surface interactions
between the incident electromagnetic ra-
diation and surface plasmons of nanostruc-
tures are detected at the metal—dielectric
interfaces. Graphene as a SERS substrate
has been realized by integrating it with

AT AN TS

* Address correspondence to
Swathi.lyer@lightsource.ca,
Ferenc.Borondics@lightsource.ca.

Received for review April 4, 2014
and accepted May 26, 2014.

Published online May 26, 2014
10.1021/nn501864h

©2014 American Chemical Society

WWwWW.acsnano.org

6353



LFG

(b) /£
4] 2D blue shift 2670cm! 2D ——LFG
—— LFG-Au4)
——LFG Au8
5
s
>
‘® ] 20 2600 2650 2700 2750 2800
S 5x103
£ G
3x103
2D’
1x10% D
v T /I/I T T T M
1000 1500 2500 3000 3500

Raman shift cm™)

G

k |
V12D

LFG-Au8
Suspended-LFG

LFG on Au film
(under tensile force)

‘ LFG-Au (4nm) LFG-Au (8 nm) _
11,,"““‘”\ w

A
Near field confinement

Figure 1. (a) Scanning electron microscopy (SEM) micrographs of the pristine, large-area, freestanding SLG (LFG) (left) and
LFG-Au4 film (right) transferred onto a transmission electron microscopy (TEM) grid. (Inset) Magnified view of a single mesh,
respectively. (b) Overlay Raman spectra of LFG, LFG-Au4, and LFG-Au8 (inset) of the magnified 2D spectra. (c) Calculated
enhancement factor (EF) of the G and 2D bands for LFG-Au4 and LFG-Aus8 films. (d) Schematics of the near-field confinement in

LFG-Au4 and LFG-Aus8 films.

(i) well-defined arrays of gold (Au) nanodisks,® Au
pyramids,3> photonic nanocrystal nanocavities,*® and
localized nanocavities between Au metal particles;**
(i) deposition of Au on Si/SiO,/graphene multilayer
systems by varying the number of graphene layers; and
(iii) thermally assisted self-assembled Ag nanoparticles
on graphene®® as well as graphene-veiled Au nano-
particles, all of which are supported on Si/SiO,
substrates.3’ Importantly, being a single sheet of car-
bon atoms, the supporting substrate is known to play a
vital role in influencing graphene's electronic and
mechanical properties.>*?! In graphene supported on
a Si/SiO, substrate, the interference in the SiO, layer
enhances field amplitudes within graphene, resulting
in enhanced Raman signal.>’~3° Therefore, the plas-
monic properties of metal nanostructures formed on
graphene are greatly influenced by the supporting
substrate as well.223133735 A freestanding geometry
eliminates the strong substrate influence and provides
a different geometry for fundamental studies of the
intrinsic properties of such systems, leading to unique
sensing applications. However, due to difficulties with
obtaining large-area freely suspended single-layer gra-
phene, a limited amount of research has been focused
toward this direction,2>264941

In this article, we report a simple two-step approach
to fabricate large-area freestanding graphene—gold
(LFG-Au) nanostructures. The plasmonic activity and
localized metal—graphene interactions at the nano-
scale of the devices are investigated. The SERS of the
as-prepared LFG-Au structure shows a 9-fold and 6-fold
enhancement at the 2D and G band due to the
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localized surface plasmon confinement in nanocracks
formed in the freestanding Au film. LFG-Au plasmonic
nanostructures are fabricated by coupling graphene
with the underlying self-assembled array of Au nano-
particles formed by thermal disintegration of the Au
film. The electronic corrugations in graphene due to
the localized graphene surface plasmon—metal inter-
actions, mapped at the nanoscale using scanning
transmission X-ray microscopy (STXM), a spatially re-
solved synchrotron-based spectro-microscopic tech-
nique, are reported for the first time. Additionally, the
experimentally determined optical density (OD) of
~0.007 for the single-layer graphene (SLG), closely
matching theoretical calculations**** (see Supporting
Information), elucidates the thinnest graphene mea-
sured thus far.

RESULTS AND DISCUSSION

Near-Field Confinement in LFG-Au Film. Figure 1a shows
the scanning electron microscopy (SEM) image of
large-area graphene samples with (right) and without
(left) underlying Au film suspended on a TEM grid
(3 mm, 400 mesh SPI, 433HG-CF). The insets in both
images are enlarged section of an individual mesh
(40 x 40 um). For convenience, we refer to the pristine
freestanding SLG as large-area freestanding graphene
(LFG) and the LFG with 4 and 8 nm thick Au film as LFG-
Au4 and LFG-Aus8, respectively. The morphology of LFG
films shows the characteristic smooth surface of gra-
phene, while that of LFG-Au4 shows nano- and micro-
sized cracks over the entire surface. Figure 1b shows
the Raman spectra of LFG (black) and SERS spectra of
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400 °C, 5 min anneal

Figure 2. SEM micrographs of LFG-Au4 samples as a function of annealing temperature: (a—c) As-prepared, annealed at 200
and 400 °C. (d—f) Schematic of microstructural transformation with heat treatment. (g, i) Top and bottom view of magnified
SEM micrograph of LFG-Au4 @400 °C. (h) Schematics representing the top and bottom view of LFG-AuNPs.

LFG-Au4 (red) and LFG-Au8 (green) samples with the
inset showing zoomed graphs of the 2D band. The
spectra show two prominent Raman bands, the G
(1582 cm™ ") and 2D (2690 cm™') band, with a low-
intensity D band at 1350 cm ™, typical of freestanding
SLG.** Compared to LFG, all the Raman bands in the
LFG-Au4 and LFG-Au8 exhibit significant enhance-
ment. The positions and symmetric line shapes of both
G and 2D bands in LFG samples indicate that they are
undoped with little disorder and negligible native
strain.”* Recently, Raman studies on strain sensitivity
of graphene have shown that the tensile strain results
in softening phonon modes.>>? While the position of
the G band for LFG-Au films remains unchanged, the
fwhm increases (24 cm™"). The 2D bands of LFG-Au are
significantly red-shifted, i.e., LFG-Au4 by 20 cm ™' and
LFG-Au8 by 18 cm™! (Figure 1b inset), compared to the
LFG, indicating a biaxial strain in the graphene film
after Au deposition akin to intentionally pressurized
graphene bubbles.?® The unaltered position along with
line broadening of the G band and significant red-shift
in the 2D band are in agreement with previous studies
that have shown higher strain sensitivity of the 2D
band compared to the G band.?*?** There is no
splitting of the 2D band in the LFG-Au samples; it
becomes asymmetric along with an increase in the
peak width (30 cm™"). Heeg et al. observed a similar
red-shift in addition to splitting of the 2D band in
graphene suspended between two Au disks, separated
by 30 nm, on a SiO, substrate.>*

The intensities of the Raman bands for the LFG-Au
samples are significantly enhanced compared to the
LFG samples, displaying SERS. The enhanced intensi-
ties are evaluated by the enhancement factor (EF),
defined as the ratio of corresponding peak inten-
sities of plasmonic graphene and pristine graphene.

IYER ET AL.

The calculated EF of the G and 2D bands are 9 and 11
for the LFG-Au4 and 7 and 8 for LFG-Au8, respectively
(shown in Figure 1c). The biaxial strain in the sus-
pended graphene-Au stack creates nanocracks in the
LFG-Au films due to differences in the elastoplastic
properties of graphene and gold.*® These nanometer-
sized cracks in the Au film (see Supporting Information
Figure S1b) act as near-field confinement zones and
play a significant role in the enhancement of the
Raman signal of graphene (i.e., SERS effect). The nano-
cracks in the Au films are wedge shaped due to the
bowing effect of the suspended graphene membrane
as schematically illustrated in Figure 1d for both LFG-
Au4 and LFG-Au8 films. An increase in Au film thickness
creates additional downward force, leading to more
bowing, resulting in further opening of the cracks in
the Au film, but still retaining the wedge shape. How-
ever, this significantly decreases the near-field confine-
ment and ultimately leads to decreased EF.

Graphene Surface Plasmon Resonators. The plasmonic
nanostructures have been realized by thermally as-
sisted fragmentation of homogeneous metal thin films
into nanoparticles (NPs). The near-field confinement in
such NPs is known to depend on their size, morphol-
ogy, and interparticulate separation.*” Graphene has
been widely used as a sensing material to study the
plasmonic activity in these structures via SERS. In this
study, the as-prepared LFG-Au samples are annealed at
various temperatures in Ar atmosphere to form self-
assembled AuNPs, which couple with LFG to form LFG-
Au plasmonic nanostructures. A comparative depiction
of the large-area graphene before and after annealing
is shown in Supporting Information S1(a—d).

Figure 2a—c depicts SEM images of as-prepared
LFG-Au4 and LFG-Au4 subjected to 200 and 400 °C
annealing temperatures. Figure 2d—f is a schematic
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illustration of the LFG-Au4 film's transformation upon
annealing. Annealing at 200 °C shows wider cracks in
the Au film. Increasing the temperature to 300 °C leads
to formation of wirelike strands, which on further
annealing (400 °C) transforms into spherical shaped
NPs. The NPs are mostly circular, with their sizes
ranging from 30 to 300 nm and average diameter of
50 nm. The size and shape of AuNPs show a depen-
dence on the Au film thickness. The 4 nm Au film visibly
breaks into particulates at 400 °C, while the 8 nm
Au film at the same temperature fragments into
elongated, irregularly shaped NPs with an average
diameter larger than 200 nm. The morphological
transformation of LFG-Au8 films subjected to different
annealing temperatures is presented in Supporting
Information S2(a—c).

Since the AuNPs are mostly formed in the LFG-Au4
films annealed at 400 °C, we consider these films par-
ticularly interesting to understand the localized inter-
facial interaction between the LFG and Au. Figures 2g,i,
depicting the magnified images of Figure 2¢, present
a deeper insight of the self-assembled AuNPs and the
overlying LFG. Since the samples in this study are
freestanding, they provide the advantage of investi-
gating it from both sides, which has not been possible
for graphene supported on a substrate. The LFG film
wrapped around these smaller AUNPs in such a fashion
to create wrinkles at the edges of the particles, further
elucidated with the HRTEM images shown in Support-
ing Information S3. It is strikingly interesting that the
wrinkling is all along the same direction and seems to
be stitched together to the next closest particle. From
the top view (Figure 2g), the LFG over the AuNPs is
comparable to a thin linen cloth sheet (=LFG) con-
forming to a pack of scattered golf balls (==AuNPs) (also
see Supporting Information Figure S4). From the bot-
tom view (Figure 2i), each AuNP makes a localized
depression in the LFG film similar to golf balls pressing
into a thin linen cloth. From both the top and bottom
view it is obvious that the LFG conforms (partially)
around these AuNPs, as illustrated in the schematic,
Figure 2h.

Thin solid metal films deposited on a substrate are
generally metastable and upon heating can fragment
or agglomerate via the dewetting process. In general,
dewetting depends on the film thickness and the
surface energy and is driven by the energy minimiza-
tion principle. As put forth by Thompson et al., dewet-
ting occurs in three steps: hole formation, hole growth
and impingement, and ligament breakup.*® The for-
mation of AUNPs in our case involves similar steps and
is schematically illustrated in Figure 2d—f. The differ-
ence in the thermal and elastoplastic properties of
graphene and Au creates internal strain (this occurs
during the film-growth process). Upon suspending the
LFG-Au layers on a TEM grid, the bowing of graphene-
Au creates additional strain, leading to nanocracks in
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Figure 3. Raman analysis of LFG-Au4 samples as a function
of annealing temperatures: (a) overlay of Raman spectra; (b)
change in I,p/lg ratio; (c) change in G and 2D position.

the Au film (as discussed earlier). This crack formation
allows localized strain relaxation at the LFG-Au inter-
face to a small extent. The pre-existing cracks in the Au
film in our case act as edges and defects, thereby
accelerating the hole-growth process. Hole growth
occurs by retraction of the edges; that is, the material
flux from the edge is transported in directions away
from the crack, leading to a withdrawal resulting in
wire-like strands. The self-diffusion due to a Rayleigh-
plateau-like instability then breaks these wire-like
strands into spherules.*®

The plasmonic activity of the LFG-Au4 films as a
function of temperature under which the Au nanopar-
ticles were formed is further investigated by their SERS
performance, as shown in Figure 3a. The EF deter-
mined at the G band after annealing to 100 °C drama-
tically decreases to ~0.5. With further annealing, the
EF increases gradually to reach a maximum of 5.5 at
400 °C. While the 2D intensity band steadily increased
with rising temperatures, the G band along with band
splitting displays a significant enhancement in the
intensity equaling the 2D band intensity at 400 °C
(see Supporting Information S3). Both enhanced in-
tensity and splitting in the G band indicate significant
interaction between graphene and AuNPs owing to
graphene conforming around the AuNPs due to ther-
mal annealing.

Figure 3b shows changes in the I,p/lg ratio of the
LFG-Au4 films before and after annealing. The Ip/lg
of the as-prepared LFG-Au4 film decreases from 3.1 to
0.9 after annealing to 400 °C. This decrease in lp/lg
indicates the possibility of LFG doped with Au. Addi-
tionally the position of the G and the 2D bands of the
annealed LFG-Au4 films blue-shifted with respect to
the as-prepared samples from 1582 to 1596 cm™' and
2670 to 2694 cm ™', respectively, as seen in Figure 3c.
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Figure 4. (a, b) Optical density (OD) images of LFG and as-prepared LFG-Au4 samples. (c) Spatially resolved C K-edge NEXAFS
spectra of the LFG (blue) and as-prepared LFG-Au4 (red) extracted from their respective OD mapping and calculated
elemental X-ray absorption for SLG (black). (Inset) Schematic of in-plane circularly polarized X-rays incident on SLG.

The variation in I,p/lg ratio and shifts in the G and 2D
bands are related to doping in graphene, in agreement
with the previous studies.?'*® A similar trend in Lp/lg
has been observed in metal—graphene structures
supported on Si/SiO, substrates.>® Furthermore, blue-
shift of both the G and 2D bands can be related to
p-doping of graphene, as the type of doping can be
determined from the position shifts of G and 2D bands,
respectively.'®?'*® It is known that blue-shift (phonon
stiffening) of the G band and red-shift (phonon
softening) of the 2D band indicate n-type doping,
while simultaneous blue-shift of both the G and 2D
bands depicts p-type doping of graphene.'®*® Upon
doping, the Fermi surface is altered, shifting the
Kohn anomaly from g = 0 due to the difference in the
charge concentration, resulting in the E,5 phonon
stiffening.'®'® Also, DFT calculations by Giovanetti
et al. have shown that changes in the Fermi level due
to graphene—metal interaction driven by work func-
tion differences cause either n-type (graphene-Al, Ag,
Cu) or p-type doping (graphene-Au, Pt).*® The en-
hanced LFG-Au interaction resulting in Fermi level shift
(p-doping) is consistent with both the theoretical
calculations and experimental observations. Addition-
ally, emergence of small D, D', and D+D’ bands at 1350,
1620, and 2900 cm™' indicates a small increase in
disorder, which we attribute to wrinkles formed in
graphene at the AuNPs edges.

Additionally, at lower annealing temperatures
(100 °Q), the EF for LFG-Au4 samples decreases com-
pared to the as-prepared samples, indicating the dis-
appearance of near-field confinement; however the EF
is enhanced with increasing annealing temperatures.
The SEM images (Figure 2a,b) show the increased inter-
crack distances, which results in diminishing near-field
confinement. Thus, we expect that the EF observed
after annealing is predominantly due to plasmons
inherent to graphene; nonetheless contributions from
Au surface plasmons still exist. The increase in EF at
larger interparticulate distance suggests the minimal
role of localized surface plasmon resonators (SPRs) due

IYER ET AL.

to interactions between Au nanoparticles.?® At 400 °C
the AuNPs are not only separated further from each
other but get wrapped with LFG (schematically shown
in Figure 2f,h and SEM images 2g,i). This wrapping of
graphene over AuNPs enhances the interaction be-
tween the two materials, leading to p-type doping of
LFG, thus causing an electronic and chemical inhomo-
geneity in the suspended LFG. These electronically
modified localized areas of LFG form graphene SPRs
(G-SPRs). The areas with the graphene-AuNPs and
regions without AuNPs form seamless interconnectiv-
ities, resulting in SERS enhancement.

The chemical and electronic inhomogeneity across
LFG, due to graphene—Au wrapping and the local-
ized graphene—Au interfacial interaction, is further
probed by synchrotron-based nano-spectro-micro-
scopic technique.

STXM Mapping of the Localized Electronic Structure of LFG-Au
Plasmonic System. Figure 4ab shows the integrated
C K-edge STXM image of the LFG and LFG-Au4 sample
between 280 and 320 eV photon energies. The gray
scale represents the absolute OD distribution. Distinct
regions with different ODs are clearly identified, and
the spectroscopic details of the demarked regions
were obtained using the aXis2000 analysis package.>®
The OD data are obtained by converting the trans-
mission data considering the //I, ratio, where [ is the
transmitted photon flux through the sample and /,
the incident flux, measured at a clear region, free
of sample. The spatially resolved near-edge X-ray
absorption fine structure (NEXAFS) C K-edge spectra
of the LFG and as-prepared LFG-Au4 are extracted
from the OD mapping. The samples show a s* transi-
tion at 285 eV and a broad ¢* resonance at 291.5 eV.
The extracted NEXAFS spectra provide a detailed
spatial map of specific unoccupied electronic states
such as the z* and the o* above the Fermi level along
with the pre-edge. The positions, relative inten-
sities, shapes, and line widths of these resonances
can be used to understand the local chemical and
electronic structure of the material under study.
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The combination of spatial and spectral resolution that
is available from STXM makes the technique ideal
to understand materials at the nanoscale, including
graphene.

The STXM data were acquired employing an ellipti-
cally polarized undulator (EPU) that allows tunable
polarization. Depending on the angle of the electric
field vector (E) of the incident polarized X-ray beam
with respect to the molecular orientation, relative
intensities of 7* and ¢* resonances can be determined.
In SLG, a network of six-membered ring structures, the
ar* orbitals (constituting the C 2p, orbitals) are oriented
perpendicular to the basal plane, while the o* orbitals
are localized along the basal plane. Thus, when E is
parallel to the basal planes, the intensity of the o*
resonance is maximum, and the z* resonance max-
imum is more likely when the E is perpendicular to the
basal planes.®’ In our experiments during the acquisi-
tion of STXM data, the incident circularly polarized
X-ray beam is normal to the sample surface, ie., 7*
orbitals, and accordingly should result in only a max-
imum o* and no 7* resonance.

On comparing the NEXFAS spectra in Figure 4c, the
LFG (blue) shows a negligibly small 7z* resonance, while
the LFG-Au4 (red) exhibits a prominent zz* peak that is
sharp and fairly smooth. This could be due to small
corrugations caused by the biaxial strain as seen in the
Raman spectra (Figure 1c). These small topographical
changes in the large area (40 x 40 um) result in the
angling of the z* orbitals with respect to the basal
planes, leading to increased intensities of the same
(inset schematic in Figure 4c). On the contrary, the
negligibly small z* intensity in the LFG indicates that it
is uniform at flat regions. With the high spatial resolu-
tion of STXM, subtle changes in the homogeneity of
the films can be easily detected. Because the LFG
film is ultrathin, the noise level in the spectra is quite
significant. The peak(s) between the 7* and o*
resonances, i.e., 287—289 eV, previously ascribed as
the interlayer state were later proved to be due to
residual functionalization, mostly C—H and —C=0
bondings.>*~>* The absence of peaks in this region
for the LFG sample indicates the graphene is clean
from the transfer process. However, after the deposi-
tion of Au, broader peaks between 287 and 289 eV
are discernible, indicating the presence of various
functional groups/moieties, which could originate
from adsorbed moisture from the ambient or other
sources.

Thinnest Graphene Measured. There have been very
few reports of the OD mapping of SLG by the spectro-
microscopic technique.>*** On the basis of the vari-
ation of the OD, regions and layers with discrete
thickness from the sample of interest can be deter-
mined. In our case the thickness of LFG is monitored by
considering the difference in the pre- and postedge of
the extracted NEXAFS spectra from the OD mapping;

IYER ET AL.

here the edge-step OD of LFG, ~0.007, is determined.
This is close to the theoretically calculated edge-step
OD of SLG, ~0.004, as shown in black in Figure 4c
(for details see the Supporting Information). To
the best of our knowledge, this is the smallest OD
experimentally measured for a single graphene layer
thus far.

For further understanding of the graphene—metal
interfacial interaction we examined the spatially re-
solved C K-edge OD maps of LFG-Au4 annealed at
400 °C. Figure 5a shows the integrated C K-edge OD
image of LFG-Au4 at 400 °C between 280 and 320 eV
photon energies. We observe four regions with differ-
ent AuNP distributions and refer to them as region-1
to region-4. Region-1, the dark region, is the overlying
LFG sheet; regions-2 and -3, the bright clusters
and brighter patches, correspond to smaller clusters
of AuNPs and self-assembled AuNP aggregates under-
neath the LFG. Region-4, individual bright spots, cor-
responds to the homogeneously dispersed uniformly
sized circular AuNPs. Figure 5b is the color composite
mapping of the distinct regions (ie., regions-1—4)
from OD mapping (Figure 5a), which was created by
combining individual component maps from distinc-
tive regions using the principal component analysis
(PCA) from the PCA_GUI software (http://xray1.physics.
sunysb.edu/data/software.php). The purple zone
(region-1) corresponds to areas of the LFG that
are mostly flat and completely devoid of AuNPs; the
yellow zone (region-2) corresponds to smaller areas
in the vicinity of isolated and/or fewer AuNPs; the
green zone (region-3) relates to larger clusters or
patches of AuNPs; and the red spots (region-4) are
the localized area of the isolated AuNPs. The blue
region corresponds to the empty region intentionally
chosen for the I, measurement. The SEM micrograph
(Figure 5¢) of the same region as the OD mapping
after the STXM measurement shows no change to the
LFG film.

Average NEXAFS spectra for the distinctly demar-
cated regions of Figure 5b are shown in Figure 5d. The
spectra show a noticeable difference in the relative 7*
intensities with no change in the energy of peak
positions, accompanied by a pre-edge feature be-
tween 283 and 285 eV, which is quite distinct for
region-4. The NEXAFS spectra from various regions
are compared with the as-prepared LFG spectrum
(black) for reference. The variation in z* intensities in
the annealed LFG-Au4 at 400 °C film is due to changes
in the LFG morphology from the varying size and
distribution of AuNPs. The NEXAFS spectrum (pink)
for region-1, area of LFG that is free from AuNPs, shows
a small 7* intensity compared to the as-prepared LFG
with no sz* peak, indicative of corrugations arising from
the surrounding AuNPs even in the flat region. The 7*
intensity (yellow and green for regions-2, -3) further
increases for areas with larger particle distributions.
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Figure 5. (a) Average OD of LFG-Au4 @400 °C sample between 280 and 320 eV. (b) Color composite mapping of the 7*
resonance from the OD mapping using the PCA. (c) SEM image of the same region after STXM measurement. (d) Spatially
resolved color-coded C K-edge NEXAFS spectra extracted from the respective regions in average OD mapping (b) and

reference LFG (black) spectrum.

The z* peak, which was sharp and smooth for the as-
prepared LFG-Au4 (Figure 4c), now appears to be split,
although not distinctly into individual peaks, which we
relate to the hybridization between graphene C 2p,
orbitals and Au d orbitals. The C K-edge spectra (red)
from region-4 is most interesting due to the fact that
they arise from individual isolated AuNPs that are
wrapped with graphene, resulting in strong graphene—
metal interfacial interactions. Also, observed in this
spectrum is the presence of a strong pre-edge peak
at ~283—284 eV, below the 7z* resonance. The origin of
the pre-edge peak, unique to graphene, has been
strongly debated, initially claimed to be due to disorder
or defect-induced localized states®® and later to a
signature dispersionless interlayer state.>> Previously,
for graphite and single-walled carbon nanotubes inter-
calated with FeCls the pre-edge peak has been asso-
ciated with lowering of the Fermi level (Ef) induced by
charge transfer.”® In our case the pre-edge emerges
only after annealing and is very prominent for region-4.
Accordingly, we relate this to the charge transfer
between graphene and Au, as the graphene conforms
around the AuNPs, resulting in strong interaction
between the two at the interface. Similar pre-edge
and z* resonances previously observed in SLG on Cu
and Ni substrates have been assigned to graphene
metal hybridization,>® the extent of which strongly
depended on the interfacial distance between the
two as theoretically predicted.*®

IYER ET AL.

CONCLUSIONS

In the as-prepared (at RT) LFG-Au samples, SERS
enhancement is mainly due to the near-field confine-
ment from the nanocracks between the metal islands
in the Au film. The enhanced intensity of the D, G, and
2D Raman bands validates the SERS enhancement in
graphene due to the Au-SPR. Further, the red-shift of
the 2D band coupled with the emergence of a promi-
nent % peak in the LFG-Au films indicates strain-
induced corrugations in the sample due to gold de-
position. The overall enhancement of the peaks in the
LFG-Au film and the absence of a pre-edge peak in the
NEXAFS C K-edge spectra strongly associated with
charge transfer and weak orbital mixing in both LFG
and LFG-Au samples clearly indicate a relatively weak
interaction between the LFG and Au. This is in agree-
ment with the literature.*®

Upon annealing (100—300 °C), the initial enhance-
ment due to the near-field confinement diminishes
with the increased interparticle distance. At 400 °C, the
interaction between LFG and Au is greatly enhanced,
as corroborated by a significant increase in G band
intensity. Furthermore, blue-shift of the Raman modes
and the pre-edge peak between 283 and 284 eV in the
NEXAFS spectrum of the sample treated at 400 °C
appears due to graphene enveloping the Au-NPs,
elucidating the lowering of the Er (p-doping) with
increased doping levels. Also, the splitting of the 7*
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resonance, although not as explicit and strong as
previously observed,>® indicates a stronger localized
graphene—Au interfacial interaction. This leads to
graphene surface plasmon resonance; that is, the sur-
face plasmon in graphene and the Au overlap further,
enhancing the charge transfer between graphene and
the metal. This validates the gradual increase in the
enhancement factor with the annealing, in particular at
400 °C (shown in Figure 6).

The enhanced interaction between AuNPs and
graphene leads to p-type doping in LFG, causing an
electronic and chemical inhomogeneity in the sus-
pended LFG. Manjavacas et al. using numerical model-
ing have shown that addition of an electron to the
nanoislands of graphene can activate plasmonic fre-
quencies that were previously absent.® Recent re-
search on numerical simulation of the surface
plasmon polariton propagation in periodically per-
turbed SLG (generated by chemical or electrostatic
gating) predicts the formation of graphene-based
plasmonic metamaterials.>” > In this study, seam-
lessly interconnected chemically/electronically unal-
tered and altered regions of LFG and LFG-Au form a
short-range-ordered 2D metamaterial, inducing strong
electromagnetic fields in the graphene—AuNPs hybrid
nanostructure. This induced electromagnetic field is
observed in the form of graphene-SPRs.

In conclusion, two distinct enhancement phenom-
ena observed in freestanding graphene—Au films

MATERIALS AND METHODS

Materials. Sample Preparation. Single-layer graphene on
copper samples (synthesized by chemical vapor deposition
(CVD)) used in this study was purchased from Graphene Super-
Market. Large-area freestanding SLG samples are prepared by
wet chemical etching of the underlying Cu using 0.1 M ammo-
nium persulfate solution followed by multiple rinsing in DI
water. The LFG sample(s) is (are) then transferred onto Au-
coated TEM grid(s) (3 mm, 400 mesh company SPI, 433HG-CF),
each perforation of size 40 um x 40 um.

Large-Area LFG-Au Plasmonic System. To fabricate large-
area, freestanding plasmonic system, we followed a two-step
approach. First, a gold film of two different thicknesses, 4 and
8 nm, is deposited on SLG/Cu samples by vacuum thermal
evaporation (10~ Torr), at the rate of 0.5 nm/min, monitored by
a thickness monitor. The Cu substrate is etched off as described
earlier, and freestanding LFG-Au films are prepared such that
the SLG is atop Au. Second, LFG-Au4 and LFG-Au8 samples are
annealed at 100, 200, 300, and 400 °C in a CVD furnace in argon
ambient for 5 min to create Au nanoparticles. A shorter anneal-
ing time of 5 min was chosen to prevent breaking of the
freestanding LFG/Au films.

Materials Characterization. Scanning Electron Microscopy. The
SEM micrographs of LFG, LFG-Au4, and LFG-Au8 samples before
and after thermal annealing were obtained using the ZEISS EVO
50 at SYLMAND beamline of the Canadian Light Source Inc.
(CLSI) synchrotron facility.

Raman Spectroscopy. Raman spectra were recorded using
532 nm excitation on a Renishaw 2000 system at the Mid-IR
beamline of CLSI. A 50x objective and 1800 line/mm grating were
used for the measurement. Short accumulation times and low pow-
er (~2.5 mW) were used to avoid localized heating from the laser.

IYER ET AL.
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Figure 6. Calculated enhancement factor (EF), considering
the ratio of SERS spectra and normal Raman spectra, of the
LFG-Au4 sample before and after annealing.

are reported. First, enhancement through the metal
nanogaps via graphene and, second, through strong
interactions between thermally formed AuNPs and
LFG, leading to a unique graphene surface plasmon
resonance. The localized graphene—Au interaction at
the nanoscale is reported using STXM for the first time.
Additionally, the measured ~0.007 OD of LFG, in good
agreement with the theoretically calculated edge
jump, is the smallest OD experimentally observed thus
far. We believe that our findings on these hybrid
plasmonic nanostructures can pave the way for future
fabrication of graphene-based plasmonic devices with
unique configurations and enhanced properties for a
wide range of applications.

Scanning Transmission X-ray Microscopy. The STXM mea-
surements were carried out at the Spectromicroscopy (SM)
beamline at CLSI. The beamline is equipped with an elliptically
polarized undulator source, with a 25 nm outermost Fresnel's
zone plate providing 30 nm spatial resolution. The incoming
X-ray beam (/,,) from a plane grating monochromator is focused
into a spot by the Fresnel's zone plate with an order sorting
aperture that allows only the first order, filtering the rest. The
sample was raster-scanned with synchronized detection of
transmitted X-rays to generate an image sequence (stacks) over
a range of photon energies. STXM data were analyzed using
aXis2000 (available at http://unicorn.mcmaster.ca/aXis2000.
html). The collected image sequence from the region of interest
(ROI) was first aligned and then converted to optical density by
using the incident flux (/,) spectrum that was collected adjoin-
ing the ROI during the measurement. The color composite
mapping was generated from the average OD image by
combining individual component maps using PC analysis, and
the corresponding C K-edge NEXAFS spectra were derived from
the respective regions.

High-Resolution ~ Transmission  Electron ~ Microscopy
(HRTEM). The HRTEM measurements were carried out at the
Electron Microscopy Centre, NDSU, Fargo, ND, USA. The HRTEM
images of the LFG-Au4 (400 °C) were obtained with a JEOL JEM-
200CX Il operated at 200 kV using a lanthanum hexaboride
emitter and collected using a GATAN Orius SC1000 bottom-
mount CCD, and images were processed with Gatan digital
micrograph software. Preliminary studies were carried out for
the LFG-Au4 samples, and regions with Au nanoparticles were
selectively chosen.
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