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ABSTRACT: Transferring CVD graphene using surfactant-
protected Au nanoparticles (Au NPs) avoids the use of PMMA
and opens new ways of building heterojunctions for TERS and
SERS applications. Thermal treatment removes organics from
the Au NPs and leads to larger nanoparticles and the
formation of networks, dimmers, and nanoplates of various
shapes (circles, hexagons, and triangles). Raman and HRTEM
revealed bilayer graphene and Moiré patterns as determined by
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the 2D band and dislocated atomic layers, respectively. TERS performed on the heterojunction exhibits a reversible increase in
frequency and sharpening of the characteristic bands in graphene along with the exaltation of bands such as D + D’. A close
examination into a single triangular-shape nanoplate reveals that the most irregular area of the nanoplate is consistent with the
higher Raman enhancement of Rh6G when compared to other areas of the same feature. This work may shed light onto new
ways of transferring graphene, fundamental aspects concerning local strains in the heterojunction, and SERS on a single Au

nanostructure.

B INTRODUCTION

The unique physicochemical properties of graphene combined
with other nanoscale materials have already exceeded expect-
ations about future applications in the area of nanomaterials
science. Examples are the combination of graphene with
hexagonal boron nitride (hBN) for proton separation
membranes,’ doped with N and B ions for opening the band
gap in graphene,” deposition of a small amount of Co atoms for
water splitting,3 and formation of heterostructures with Au, Ag,
and Cu NPs for dramatically improving Raman signals in SERS
applications.* Even graphene combined with itself® in a bilayer
or multilayer configuration has demonstrated to increase the
band gap, therefore making it more suitable in the semi-
conductor industry.” The addition of metallic nanostructures to
graphene is a smart approach toward the construction of SERS
platforms, since graphene provides a vast surface area, while
metallic centers improve Raman signal due to their plasmons.
There are several interesting configurations of graphene with
metal nanostructures® employed for the detection of low
analyte concentrations'’"'® even down to a single molecule
level'* (SERS measurements) as well as exploring into local
strain in graphene (i, tip-enhanced Raman spectroscopy,
TERS).
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Few relevant methods for obtaining graphene were
developed after the seminal isolation of graphene from graphite
performed by Novoselov and Geim."” The chemical vapor
deposition (CVD) is usually the chosen method because it
yields to single layer graphene in a reproducible manner.'®
However, the transfer procedure involves the use of high
molecular weight polymers such as poly(methyl-methacrylate)
(PMMA), which cannot be completely removed from the
nanocarbon.'” The majority of approaches to remove PMMA
have failed,"”'® whereas successful ones required unpractical
protocols involving, for instance, ion bombardment at
controlled energy rates.'” Our group recently demonstrated
that employing conventional cleaning procedures' was not
sufficient to completely remove polymer residues, as
determined by changes in graphene conductivity and the
appearance of Raman bands located at 1430 and 1550 cm™
associated with impurities.”” Transferring graphene without the
use of polymers yields to a clean heterojunction readily for
TERS and SERS studies.
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Since the discovery of graphene, Raman spectroscopy has
played a central role in characterizing 2D materials because it
provides accurate information about the number of layers, film
disorder, presence of impurities, and electronic state.”’
However, conventional Raman microscopy is a diffraction-
limited technique. TERS, a technique that combines scanning
probe microscopy (SPM) with Raman spectroscopy, delivers
the same information as confocal Raman but improves by far
local resolution.”” Local resolution obtained by TERS is
achieved by a combination of the dimensions of the
nanoparticle (NP) probe that determines the spatial resolution,
and its localized surface plasmons, which improves the
sensitivity every time the tip approaches the sample. There
are few effects that may cause changes in 2D band fre%uency of
graphene, and those include the energy of the laser,"*** number
of graphene layers,"” electron or hole doping,” supported by a
substrate*® or suspended,” and local strain on graphene.m27
Local strain on §raphene can either be induced by the tip,”’
detected by it,”® or both”’ during near-field scanning. For
instance, a decrease in frequency of the 2D band has been
observed during tip scanning over ridges between graphene
flakes grown on SiC,” between suspended and supported
graphene,” and §raphene deposited on a single 5 nm diameter
Au nanoparticle.” All of these reports have shown a decrease in
frequency and widening of the full width at half-maximum
(fwhm) of the 2D band of graphene during TERS experiments.

Here, we report a simple but effective approach to transfer
graphene employing surfactant-coated Au NPs. This approach
benefits in two important aspects: (a) avoids the use of high
molecular weight polymers (i.e, PMMA) and (b) incorporates
Au NPs to team up with graphene toward the construction of
hybrid nanomaterials with outstanding sensitivity. Those
attributes led us to explore potential mismatch planes, local
effects generated by Au NPs and Au tip, and SERS of
rthodamine 6G (Rh6G) performed on different areas of single
Au nanoplates and on Au NP networks at the heterojunction.
TERS performed on NP networks showed reversible changes in
frequency and fwhm of the 2D band every time the tip
approached/retracted to/from the heterojunction. Surprisingly,
SERS of Rh6G adsorbed onto a single Au triangular nanoplate
indicated that the largest enhancement corresponds to the most
irregular region from one particular border. These experiments
reveal interesting information about the number of graphene
layers, potential dislocation, doping as well as local strains in
graphene as indicated by TERS.

B EXPERIMENTAL METHODS

Chemicals. Sodium borohydride (99%), tetraoctylammo-
nium bromide (99%), toluene (99.9%), ethanol (200 proof),
acetone (99.9%), isopropyl alcohol (99.9%), HAuCl,, rhod-
amine 6G (Rh6G) (Exciton), Cu foil (25 um thick, 150 mm
width X 90 m length, >99.99% MTI Corp.) were purchased
from Aldrich Chemical Co. Gases of H, (99.999%) and CH,
(99.999%) were purchased from Linde Argentina. CuCl, was
synthesized from metallic Cu foil to the desired concentration.
Milli-Q water (17.8 M cm) was employed for all aqueous
solutions.

Synthesis of TOABr-Coated Au Nanoparticles (Au@
TOABYr). The TOABr-coated Au NPs (SNPs) were synthesized
according to the two-phase Brust—Schiffrin reaction but
without the addition of organic thiols.”” Details of the synthesis
were reported somewhere else. The nanoparticles prepared in
this manner are 4.39 + 1.25 and 2.96 + 0.66 nm according to

8316

transmission electron microscopy (TEM)”" and small-angle X-
ray scattering (SAXS),”” respectively.

Synthesis of Graphene by CVD. Graphene was grown by
chemical vapor deposition (CVD) on a Cu foil previously
sonicated three times 20 min each in acetone. Clean Cu foil was
loaded into a quartz tube in a tube furnace pumped to 8.0 X
107° Torr. After reaching a steady pressure, 24 mL/min of H,
was constantly passed through the tube during the entire
growth process. The sample was then heated at 1000 °C for 30
min, and graphene was grown under a flow of CH, run at 75
mL/min for 5 min.'>>> After removal from the furnace, the
graphene was transferred to different substrates (Si, glass, and
TEM grids) using the protocol described in the heterojunction
formation.

PMMA-Free Graphene Transfer Procedure and Het-
erojunction Formation. The as-grown graphene was cut into
small pieces (1 X 1 cm?), placed in a Petri dish, and 40 uL of a
concentrated solution of TOABr-Au NPs was drop-casted. The
sample was allowed to air-dry and Cu foil removed with ~5 mL
of 2.0 M CuCl, (28% w/v) in 6 M of HCl mixed with isopropyl
alcohol (10% v/v) which was carefully added to the Petri dish
trying to avoid contact of the etching solution with the top
layer of NPs. The Cu foil was completely dissolved in about 6
h. Finally, the etching solution was removed and replaced with
a mixture of 10% v/v of isopropyl alcohol in water to remove
the residual CuCl,. This yields a heterojunction formed by
TOABr-Au NPs films on top of graphene. The sample was then
transferred to different substrates such as Si, glass, and Cu grids.
The cleaned substrates (soaked in a solution of 10% (v/v) of
IPA in water) were carefully immersed underneath the floating
heterojunction (flakes of Au NPs/graphene) and pulled out
from the solution to obtain the heterojunction.

Thermal Treatment. In order to remove the organic
material from the Au NPs, the heterojunction was subjected to
300 °C for 1 h conducted in a Barnstead/Thermolyne Small
Benchtop Muffle Furnaces Type 1300 (Thermo Scientific).

Microscopic Characterization. Raman experiments.
Raman spectra were acquired in a LABRAM-HR Horiba
Jobin-Yvon confocal microscope Raman system using a 632.8
nm (He—Ne) laser. Raman experiments were carried out with a
100X objective lens (0.9 NA) and 5.4 mW laser power. For
SERS experiments, the heterojunction (graphene + Au
nanoparticles) sample was immersed in 1.0 X 107> M Rh6G
aqueous solution (pH 5). Excess Rh6G molecules were
copiously rinsed with nanopure water. Raman imaging.
Raman imaging was constructed by 64 Raman spectra collected
by scanning every 0.5 ym along the entire triangular nanoplate.
Acquisition time: S s for every S averaged spectrum. In this
case, low laser power was used in order to avoid laser-induced
heating (0.05 mW). TERS experiments. Tip-enhanced Raman
scattering spectra were acquired in a Nanonics Imaging Ltd.
Multiview 2000 microscope Scan Head Assembly (top-
illumination) with a 100X objective lens (0.7 NA) optical
fiber probe with a bent fiber tip coated with Cr. For each TERS
experiment, the laser 632.8 nm (He—Ne) was carefully focused
and locked onto the approached AFM tip, and the sample
scanned underneath both. Au NP tips were purchased from
Nanonics Imaging Ltd. AFM characterization. Atomic force
microcopy images were acquired with the same microscope
used for TERS using a Si tip operating in tapping mode at
30.62 kHz. HRTEM characterization. High resolution trans-
mission electron microscopy (HRTEM) images were acquired
with a Phillips CM 200 UT operated at 200 keV.
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Spectroscopic Characterization. Scattering spectra were
collected from individual Au nanoplates using resonant
Rayleigh dark-field scattering spectroscopy. Bright-field and
dark-field images were performed with an inverted Olympus
microscope with a halogen lamp light source and a dark-field
condenser (NA = 0.95—0.80) for sample illumination.

B RESULTS AND DISCUSSION

PMMA-Free Transferred Graphene. The scheme in
Figure 1 describes the three steps required for obtaining
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Figure 1. Scheme describes the general steps required for obtaining
PMMA-free graphene. Step 1 involves graphene growth on a Cu foil
by the CVD method followed by the heterojunction formation using
surfactant-coated Au NPs (step 2), and finally Cu etching and
transferring graphene to clean substrates prior to thermal treatment
(step 3). The spectra exhibit Raman plots of as-synthesized graphene
on Cu foil (step 1) and the heterojunction at step 3, as indicated.

PMMA-free graphene films. Step 1 shows CVD grown
graphene on a Cu foil followed by drop casting tetraocty-
lammonium bromide (TOABr)-coated Au NPs (step 2) and
Cu etching (see Methods section for more details). Thermal
annealing causes an increase of the as-synthesized Au NP
diameter from ~3—4 nm'** to ~10 nm along with the
formation of interesting Au features including nanoparticle
networks, dimmers, and nanoplates of various shapes (circles,
hexagons, and triangles), as indicated by wide field optical and
HRTEM images shown in Figure 2. Figure SI shows more
HRTEM images of ~10 nm diameter Au NPs associated with
thermal annealing. Raman spectra were recorded on a selected
area of graphene before (step 1) and after being transferred
with Au NPs and thermally treated (step 3). Once transferring
graphene, via Au NPs, is completed, the spectra exhibited ~10-
fold increase in intensity for all the characteristic graphene
bands (D, G, and 2D) and the appearance of bands at ~990
(D"), ~1610 (D'), 2450 (D + D”), and ~3220 cm™ (2D’)
(vide infra).”> Importantly, the absence of bands at ~1430,
~1530, and ~2900 cm™' indicates that as-transferred and
treated graphene lacks organic impurities either from polymers
or alkyl chains.'”?"°

Parts A and B of Figure 2 show optical images of selected as-
transferred areas corresponding to different shaped Au features
and Au NP networks, respectively. Figure 2B exhibits an
interesting Au NP network, which may have preferentially
formed on grain boundaries of the graphene film. Parts C and
D of Figure 2 and the inset exhibit HRTEM images of an as-
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Figure 2. Optical (A, B) and HRTEM images (C, D) of selected as-
transferred areas of the heterojunction on glass (A, B), which
correspond to Au features of different shapes (A) and Au NP networks
(B), the heterojunction on a Cu grid after thermal treatment (inset)
showing Au NPs surrounded by some halo around the NPs (C), and
shaded strips which may correspond to Moiré effects (D). The inset
corresponds to a zoomed-in area from part D.

transferred and -treated heterojunction comprised of Au NPs
surrounded by some shaded “halos” that may correspond to
carbon allotropes. In addition, Figure 2D exhibits atomically
arranged stripes along with shaded and bright spots which may
indicate a Moiré pattern potentially caused by mismatch
graphene planes.”’ " It can also be attributed to carbon
fragments (ie, organic TOA" alkylchains) remaining after
thermal treatment of Au NPs. However, Raman performed on
the as-prepared heterojunction showed no evidence of R—CH,
and —CHj stretching modes (i.e, Raman spectra in Figure 1),
which should have indicated the presence of organic residues.
The literature® recently have shown that, in the case of Moiré
patterns, a Raman band should appear next to the G band,
which is not observed here. As a result, a close examination into
Raman bands in graphene and HRTEM revealed important
information about the actual number of layers and potential
dislocation between layers, respectively, whereas the presence
of Au nanostructures teams up with graphene to significantly
improve Raman sensitivity.

TERS Characterization. The PMMA-free transferring
protocol and the formation of intriguing Au NPs networks
lead us to explore mechanical strains in graphene. Figure 3
shows TERS measurements performed by successive move-
ment of “tip up” and “tip down” on a selected Au NP network
(aggregated area indicated in the inset). It should be noted that
all the spectra and data shown in this figure were normalized to
the intensity of the G band. In the far-field (tip retracted), the
spectra exhibit the characteristic graphene bands corresponding
to D, G, and 2D at ~1325, ~1585, and 2648 cm™, respectively.
Note that these bands are observed despite the large
concentration of Au NPs at the heterojunction. Each time
the tip approaches the sample, a few interesting aspects should
be addressed from the spectra as follows. First, all Raman
modes reversibly change their wavenumbers and full width at
half-maximum (fwhm). The blue shift (higher wavenumbers)
observed for the D and 2D bands suggests that the system
requires higher energy to excite vibrational modes in graphene
(vide infra). Second, outstanding spatial resolution led to the
exaltation of former bands (i.e., disorder D band) along with
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Figure 3. TERS characterization at “tip up” and “tip down” conditions, performed on a selected Au NPs network as indicated by the optical image
next to part A (A). Plots are offset for better comparison. All of the spectra and data shown were normalized to the intensity of the G band. Change
in frequency and fwhm of the D (B), G (C), and 2D (D) bands during “tip up/tip down” experiments corresponding to the plots shown in part A, as
indicated. The black lines and gray shadows are guides for the eye.
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Figure 4. Tapping mode AFM image along with a cross-section of the triangular nanoplate exhibiting different heights along the border of the
nanoplate ranging from 40 to 120 nm (A). The arrow points out a region where the reference NP used to be before AFM scanning. The Raman
image shows a color chart constructed by Raman measurements acquired at 760 cm™" (B). Representative Raman plots of Rh6G measured at
corners, borders, and center as indicated (C). Shaded strips represent four of the characteristics Raman bands of Rh6G. Optical image with exalted
colors labeled with 1, 2, and 3 corresponding to corners of the same nanoplate (D).
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better resolved bands D’ (~1610 cm™) and D + D’ (~2920
cm™") which are not observed in the retracted position (see
also Figure S2). The D’ band is activated by a single-phonon
intravalley scattering process’”***" also affected by defects or
faults in graphene, whereas the D + D’ is a combination of
both.*' Finally, Figure 3B, C, and D show plots of frequency
(and fwhm) versus number of successive tip events (tip up and
down) accounted for the D, G, and 2D bands, respectively. The
shift observed for the 2D band (8—10 cm™'), as expected, is
twice that of the D band (4—5 cm™), since the former is an
intervalley double-phonon resonance process.”> The frequency
of the G band increases to a lesser extent (2—3 cm™) relative
to any of the other two bands. Changes in the fwhm are also
observed for all the bands involved in this study; however, they
follow different trends. For instance, the 2D band fwhm
reversibly increases/decreases as long as the tip is up/down,
while G and D bands progressively increase regardless of the tip
position. Figure S2 shows TERS results obtained from another
Au NP network of the sample indicating a reproducible
behavior.

To the best of our knowledge, there is just one report by
Novotny and co-workers® who performed TERS on a
heterojunction formed by NPs and graphene. They scanned
over a single Au nanoparticle placed underneath a mechanically
exfoliated graphene and observed a decrease in frequency and
fwhm during TERS scanning. Their heterojunction resembles
ours in the sense that it combines Au NPs with graphene;
however, the configuration is different, since the tip is scanning
directly on graphene instead of Au NPs. That could be one
reason why their results, in terms of frequency, opposed ours by
decreasing instead of increasing. We believe that the shift of the
2D band to higher frequency can be associated with electron
transfer from graphene to the Au tip.** Figure S3 shows a
control experiment performed in an as-transferred area of the
sample where the Raman image exhibits no Au features or
networks. The figure shows a TERS plot and table for tip down
and up positions indicating that D, G, and 2D wavenumbers
followed a similar paradigm (blue-shifted) as that observed in
Figure 3A and Figure S2. This effect can be associated with
local doping which turns graphene into a p-type (majority of
hole carriers) nanocarbon as a result of electron Withdrawing.43
It can be further confirmed by systematic changes in frequency
of the G band also associated with changes in the Fermi level.**
More experiments are underway in order to conclusively
determine this behavior.

SERS Activity on a Single Triangle Nanoplate. In order
to test SERS activity on a single nanostructure, the as-
transferred graphene sample was immersed in 1 X 107> M
Rh6G aqueous solution for 60 min. We performed Raman
spectroscopy and AFM (cross-section profiles and RMS values)
on each corner, border, and center of a single triangular
nanoplate. Figure 4A shows a tapping mode AFM image of the
nanoplate along with its cross-section profile measured at a
particular border, labeled 1—3 (cross-sections from other areas
are shown in Figure S4). The arrow points out a spot where
there used to be a NP, used as a reference, before AFM
scanning. The cross-section along that particular border reveals
a significant difference in thickness ranging from ~40 to ~120
nm. Figure 4B shows a Raman image of SERS intensity from
Rh6G molecules measured at 760 cm™', which corresponds to
in-plane C—C—C ring bending™ (for more details, see the
Experimental Section). As shown in Figure 4B, the Raman
image reveals a nonuniform distribution of Rh6G SERS signal
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consistent with 1 order of magnitude difference between the
center and border of the nanoplate. This difference in the
Raman signal can be associated with nonuniform electro-
magnetic fields along the entire surface of the nanoplate. There
are numerous reports on SERS caused by nanoparticles smaller
than 100 nm, where the enhancement is associated with
localized surface plasmon resonance.*® However, differences in
Raman intensity cannot be observed experimentally at different
points of the individual nanoparticle because the SERS
resolution is limited by diffraction. On the other hand, when
working with extended substrates such as a nanoprism,*’
increased Raman signal is usually attributed to variations in
surface roughness.

In this work, we have studied a single nanoplate with
intermediate characteristics between small particles and a rough
extended surface, i.e., observable plasmonic modes (see Figure
SS). The scattering spectrum of this particular nanoplate
indicates that the Stokes fingerprint of Rh6G falls within the
range of one of the plasmonic modes of the Au nanoplate. This
result suggests that electromagnetic effects may also contribute
to Raman enhancement of Rh6G. However, it can also be
attributed to differences in the surface roughness of the
nanoplate, as can be seen in the AFM image and root-mean-
square (RMS) values (Table 1).

Table 1. Correlation between Enhancement Factor (EF),
Root Mean Square (RMS), and Thickness Range Taken
from Corners, Borders, and the Center of the Nanoplate

area of the nanoplate  EF* (X10°) RMS? (nm) thickness range” (nm)
corner 1 0.3 32.8
corner 2 0.4 11.9
corner 3 3.0 18.2
border 1-3 2.5 233 40—-120
border 1-2 1.7 28.2 70—130
border 2—3 0.2 28.6 80—160
center 0.6 49 90—120

“Corresponds to the enhanced factor (EF) values of Rh6G measured
at 760 cm™" for different areas of the nanoplate with respect to the
Rh6G intensity measured outside of the nanoplate. “Root-mean-
square (RMS) roughness values. “Thickness range obtained by cross-
sections in different areas, as indicated here and in Figure 4A and
Figure S3. *Note that corner 3 possess a nanoparticle on top
consistent with the largest RMS value (most irregular) of the
nanoplate.

We believe that the reference NP shown in the optical image
of Figure 4D, in close proximity to border 1—2, may have
influenced the electromagnetic field distribution in this area, as
it is clearly shown in the Raman image. For this reason, we
centered our analysis in all the areas of the nanoplate but
excluded border 1-2 for a fair comparison. Figure 4C shows
three Raman spectra of Rh6G adsorbed on the selected regions
within the nanoplate. The less intense SERS spectrum comes
from the central part of the nanoplate, with a Raman
enhancement factor (EF) of ~0.6 X 10°. Values of EF
measured at border 1—3 and corner 3 are 2.5 X 10° and 3.0 X
10°, respectively, consistent with larger Raman intensity. This
behavior can be rationalized in terms of the difference in the
surface roughness for these regions of the nanoplate. Table 1
summarizes a correlation between EF, RMS, and thickness
range taken from corners, borders, and the center of the
nanoplate. The table shows that the RMS value at the center is
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Figure S. Optical images (A, B, and C) and corresponding SERS (j, ii, and iii) of Rh6G recorded on three different areas of the same heterojunction,
including two different Au NP networks (different aggregated areas) (A, B) and a single circular nanoplate (C). Enhanced factor (EF) values of
Rh6G measured at 1362 cm™' are also indicated. The red (1) and green (2) circles indicate the laser spot focused inside and outside the
heterojunction, respectively. For clarity, the spectra were separated into two panels with different intensity scales.

4X lower than those in the border and corner, whereas borders
and corners are quite similar between them. In conclusion, the
spatially modulated SERS signal observed can be attributed to
two predominant factors such as electromagnetic effects and
differences in surface roughness along the nanoplate.

SERS Activity on Au NP Networks. We expanded SERS
studies to other Au NP configurations formed on the sample,
such as Au NP networking (Figure SA and B) and regions with
a single circular Au nanoplate (Figure SC). Comparison of
SERS spectra from two NP networks indicates almost 1 order
of magnitude difference in the intensity of Rh6G between
Figure SA (EF = 1.7 X 10%) and Figure 5B (EF = 3.3 X 10?).
The optical image in Figure SA shows more crowded and well-
defined Au NPs as compared to the other network observed
which may be responsible for improving the Raman signal. It is
not surprising, though, that the electromagnetic field between
particles is notably increased when the distance between them
is diminished, giving higher EF values.*” As in the Raman
spectrum from Figure 1, it should be noted that the 2D band is
not completely shielded by Au NPs at the heterojunction. It is
also worth noticing in Figure Siii a small spike corresponding to
the 2D band, which persists despite the presence of a thick Au
nanoplate. It is reasonable to think that Au may act as an
antenna of energy propagation as recently demonstrated with
Au nanorods placed on graphene.*® Further experiments will be
conducted in order to test the ability of the heterojunction to
propagate energy to greater depths.

B CONCLUSIONS

In conclusion, transferring graphene using surfactant-coated Au
NPs instead of polymers benefited in two important aspects.
First, the heterojunction was free from impurities which is a
highly required condition given by SERS and TERS. Second,
annealing of the heterojunction led to interesting Au features
(NPs networks, triangular and circular nanoplates, etc.), which
acted as ideal TERS and SERS platforms. Raman and HRTEM
results denote the presence of bilayer graphene and potential
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dislocation between them, respectively. In this heterojunction,
TERS results suggested that Au might be responsible for
withdrawing electrons from graphene, as evidenced by the
higher energy needed to excite those Raman bands (phonon).
SERS performed on a single triangular-shape nanoplate
demonstrated that borders have larger EF of Rh6G than
corners and strikingly larger than the center likely due to
surface roughness and irregular areas of the nanoplate. A close
examination into aggregated Au NPs and a circular nanoplate
exhibited that crowded areas and well-defined nanoparticles on
graphene are better SERS platforms rather than a flat circular
nanoplate. We will further explore TERS of individual
nanoplates and the propagation of phonons in the hetero-
junction (metal + graphene).
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