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M
etal nanoparticle (NP)/graphene
platforms are useful not only as a
structure for exploring the funda-

mental properties of graphene, including
graphene�metal interfaces,1 andgraphene�
light interactions,2 but also for creating
functional structures. Graphene�metal cou-
ples promise to solve a number of current
challenges. Graphene�metal NP nanocom-
posites are a novel class of materials with
substantial promise to enhance device per-
formance across numerous applications
such as plasmonically enhanced photonics,3

plasmonically enhanced graphene-based
photodetectors,4 plasmonic photocatalysis,5

sensors,6 memories,7 and solar cells.8 In ad-
dition, metals on graphene can be used to
control the Fermi energy across the system,
enabling effective graphene doping.9

Graphene/NP platforms are also of inter-
est for surface-enhanced Raman spectros-
copy (SERS) substrates for (bio)molecule
detection.10�15 SERS phenomena have
been primarily studied using gold NPs de-
posited on graphene/SiO2/Si substrates,

16

where, in addition to the electromagnetic
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ABSTRACT

Metal nanoparticle (NP)�graphene multifunctional platforms are of great interest for exploring strong light�graphene interactions enhanced by

plasmons and for improving performance of numerous applications, such as sensing and catalysis. These platforms can also be used to carry out

fundamental studies on charge transfer, and the findings can lead to new strategies for doping graphene. There have been a large number of studies on

noble metal Au�graphene and Ag�graphene platforms that have shown their potential for a number of applications. These studies have also highlighted

some drawbacks that must be overcome to realize high performance. Here we demonstrate the promise of plasmonic gallium (Ga) nanoparticle

(NP)�graphene hybrids as a means of modulating the graphene Fermi level, creating tunable localized surface plasmon resonances and, consequently,

creating high-performance surface-enhanced Raman scattering (SERS) platforms. Four prominent peculiarities of Ga, differentiating it from the commonly

used noble (gold and silver) metals are (1) the ability to create tunable (from the UV to the visible) plasmonic platforms, (2) its chemical stability leading to

long-lifetime plasmonic platforms, (3) its ability to n-type dope graphene, and (4) its weak chemical interaction with graphene, which preserves the

integrity of the graphene lattice. As a result of these factors, a Ga NP-enhanced graphene Raman intensity effect has been observed. To further elucidate

the roles of the electromagnetic enhancement (or plasmonic) mechanism in relation to electron transfer, we compare graphene-on-Ga NP and Ga NP-on-

graphene SERS platforms using the cationic dye rhodamine B, a drug model biomolecule, as the analyte.
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(EM) and chemical (CM), or charge-transfer, mechan-
isms, an enhancement resulting from multiple reflec-
tions between SiO2(300 nm)/Si substrate and the
deposited metal NPs is also operative.17 In addition
to the SERS-based detection of surface-attached
molecules, a number of studies show that graphene
Raman modes can be enhanced by the deposition of
metal NPs. These results have been demonstrated on a
number of graphene-based platforms including me-
chanically exfoliated (ME) graphene and chemically
derived graphene oxide (GO) integrated with Au
and Ag NPs. In these demonstrations, oxygen-based
defects in GO play an important role in anchoring the
NPs.18�22 Recently, chemical vapor deposited (CVD)
monolayer-graphene was used as a platform for Au
NPs synthesized by the electron-transfer based reduc-
tion of a spin-coated AuCl3 solution.

23

Metal NPs on graphene are also known to dope
graphene24,25 through charge transfer driven by the
interfacial work function difference. The charge trans-
fer is, however, dependent on a number of factors. For
example, Ruoff's group26 showed that gold can be
used to realize both n-type and p-type doping depend-
ing on the equilibriumdistance between themetal and
graphene, the amount of Au deposited on the surface,
and its morphology, i.e., deposition as nanoparticles or
as an ultrathin film.
Some drawbacks associated with noblemetal-based

graphene couples are becoming clear from these
studies. The chemical interaction between Au and
graphene can break the translational symmetry of
the graphene lattice, as demonstrated by the appear-
ance of the D-band, associated with defects, in the
Raman spectra of Au�graphene hybrids.27 Recently, it
has also been demonstrated that Au NPs can propa-
gate through graphene creating defects.28 These ob-
servations underscore the importance of investigating
the coupling of graphene with metals that preserve
the integrity of the graphene lattice and therefore
enable the functional platform to take full advantage
of graphene's exceptional physical and chemical pro-
perties.
We show herein that there are a variety of reasons

that make the gallium�graphene couple attractive for
a range of applications. First among these is the
chemical interaction between gallium and graphene.
Among the various plasmonic metals, and unlike gold
and silver, gallium (Ga) is a sp-metal with a predomi-
nantly ionic interaction with graphene, i.e., without
strong hybridization between the pz orbitals of gra-
phene and the valence electrons of Ga, and with a
weak bonding charge yielding minimal distortion of
the graphene lattice.29 Furthermore, Ga and carbon are
also insoluble, a characteristic that preserves the
graphene structure.
Additionally, Ga may even produce a “catalytic”

effect in preserving and reconstructing the sp2

structure of graphene. It has been shown that liquid
gallium is a good catalyst for graphene synthesis at the
liquid�solid interface.30�32 For example, direct contact
of amorphous carbon with liquid gallium has been
shown to produce graphene at the interface.32

Recently, it has also been shown that Ga can effec-
tively dope graphene and enhance the reactivity and
sensitivity of graphene to H2S gas sensing.

33

Finally, gallium is one of the relatively few metals
that is itself Raman active,35 and similarly to graphene,
exhibits surface-enhanced Raman scattering (SERS).34

In our previous work, we have demonstrated the
efficacy of GaNP-based platforms for creating localized
surface plasmon resonances (LSPR) tunable over the
UV to the near IR spectral range,36,37 and we have
demonstrated SERS of crystal violet activated by Ga
NPs in both the visible and UV.38

Here we demonstrate the cooperative synergy of Ga
NPs and graphene to create charge-transfer based
platforms while preserving the structure of graphene.
We therefore are able to demonstrate a graphene-
based plasmonic platform with a LSPR tunable from
the UV to the near IR and, consequently, a SERS plat-
form able to enhance both the Raman modes of
graphene and surface-attached analytes. Using rhoda-
mine (R6G) as a model for drug sensitivity, two gra-
phene-based SERS substrates are compared: graphene/
Ga NPs/glass and Ga NPs/graphene/glass. Using these
results we compare the relative roles of the NP-based
plasmonic electromagnetic mechanism and the gra-
phene-activated electron transfer in the SERS enhance-
ment or quenching.

RESULTS AND DISCUSSION

Figure 1 shows SEM images of themorphology of Ga
NPs-on-graphene and of graphene-on-Ga NPs. In the
latter case, the graphene nearly conformally covers the
NPs forming some ripples. TEM cross-section and
energy-filtered (EFTEM) images of a representative Ga
NP are shown in Figure 1d�g and reveal the formation
of amorphous/liquid Ga NPs attached on the graphene/
SiO2 surface. High resolution imaging of the interface
area reveals the presence of a preserved graphene layer
in between the SiO2 layer and Ga NP. EFTEM imaging
has been carried out to obtain compositional informa-
tion across the stack. The Ga elemental map shows that
the Ga NPs are single-phase, and the carbon map
confirms the presence of a carbon-rich layer, i.e., gra-
phene, between the Ga NP and the SiO2 layer.
The integrity of the Ga NP/graphene interface is also

supported by XPS data shown in Figure 2, which shows
the valence band region of graphene before and after
Ga deposition. There are peaks in the XPS valence band
spectrum that relate to graphene π bonding.39 Speci-
fically, the pristine graphene shows the C 2p π states
between 0 and 4 eV, crossing of C 2p π and C 2p σ
bands around 6 eV, the C 2p σ at 7.9 eV, the C 2s-2p
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hybridized state at 10.5 eV, and the C 2s σ band at
13.3 eV. The chemical bonding of Ga to an sp2-bonded
C atom would require a local rehybridization from sp2

to sp3, with a strong influence on the delocalized π
electron system of graphene; i.e., part of the deloca-
lized 2p π states being transformed to C�Ga states
would cause a decrease of the 2p π state with increas-
ing Ga coverage. Indeed, we see that after the Ga NPs

deposition, the Ga metallic states appear; the C 2p σ

states do not increase, suggesting that Ga does not
rehybridize with graphene (see also further Raman
discussion below); additionally, the delocalized C2p π

states get more pronounced because of electron
transfer from Ga to graphene, which may enter the
π* state, giving a ''π doping'' effect. The absence of
C�Ga has been also corroborated by the Ga3d and
Ga2p photoelectron core levels analysis showing the
metallic Ga component only.
A deeper insight into the morphology of Ga NPs of

increasing size deposited on graphene is given in
Figure 3, which shows AFM images and NP radius
histograms of the Ga NPs on graphene with three
different total equivalent volumes of Ga deposited of
41, 116, and 206 MLs (ML = monolayer). From these
images, we can observe that the radius of the NPs
increases with Ga deposition equivalent volume; the
Ga NPs radius distribution is Gaussian and broadens
with increasing Ga deposition time. There is a single
peak in the 41 MLs deposition distribution at 8 nm
mean radius. A second Gaussian peak begins to appear
for the 116 MLs deposition case, resulting in two peaks

Figure 1. SEM images of (a) Ga NPs deposited on the graphene/SiO2/Si stack, and of (b, b0) graphene transferred onto Ga NPs
deposited on SiO2/Si; (b0) is an enlarged image to show a point where graphene has been intentionally broken to reveal the
particle underneath. (c, c0) Tilt images for graphene-on-GaNPs (same in (b)); (c) is an enlarged acquired image of a detail in (c0).
(d) Elastic TEM image of a Ga NP on graphene/SiO2/Si. (e) EFTEM color mixed elemental map: Ga (green) and O (purple). (f�g)
HRTEM images of the Ga NP/graphene interface with highlighted the graphene . In (a�c0) the scale bar is 200 nm.

Figure 2. XPS spectra of the valence band for graphene on
SiO2/Si also with Ga NPs deposited ontop.
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at 2 and 35 nm. The peak broadens after 206 MLs Ga
deposition giving two peaks centered at 3 and 50 nm.
We also extracted the Ga surface coverage from AFM
using Gwyddion software,40 and determined that the
surface coverage is 66, 75, and 92%, respectively, for 41,
116, and 206 MLs of Ga deposition.
The size of the hemispherically shaped Ga NPs

on graphene changes the localized surface plasmon
resonance (LSPR), which is, therefore, tuned during
deposition as shown using in situ spectroscopic ellipso-
metry. Figure 4 shows the LSPR evolution associatedwith
Ga NPs deposited on graphene/SiO2/Si captured in real
time and based on the evolution of the extinction
coefficient, k, spectra of the Ga/Graphene/SiO2/Si dielec-
tric function spectra, Æε2æ. The interference system in the
spectrum originates from the multiple reflections at the
300 nm SiO2/Si interface, which is slightly perturbed
by the graphene because of its high transmittance,
as shown in the inset. The spectrum of the graphene
monolayer is also shown and is characterized by the
absorption peak at 4.6 eV due to the vanHove singularity
in the graphene density of states.41,42 The real-time
spectra show damping of the interference system with
the formation of the Ga NPs with increasing size and
increasing LSPR absorption. The real time spectra were
analyzed using amultilayer model for Ga NPs/graphene/
SiO2/Si (where the graphene/SiO2/Si substrate has been
measured just before initiating the Ga NPs deposition),
constrained by fixing the thickness to the height of Ga
NPs determined by AFM analysis and parametrizing the
Ga NPs ensemble with Lorentzian oscillators represent-
ing the LSPR. This analysis determined the LSPRofGaNPs
of increasing size on graphene, also shown in Figure 4.

The Ga NP LSPR modes on graphene can contribute
to enhance the graphene Raman modes shown in
Figure 5. In order to make an accurate comparison of
the graphene Raman intensity before and after Ga
deposition, optical images were captured to record
the relative positions of the laser spot for each mono-
layer graphene sample using a reference grid. After the
Ga NPs deposition, Raman measurements were reper-
formed at the same positions. More than five samples
were fabricated for each Ga deposition condition.
Upon Ga deposition the D-peak appears (also consid-
ering the SERS enhancement of peaks), indicating a
lowdisorder (ID/IG = 0.15) induced byGaNPs; therefore,
C�C bonds near Ga adatoms mainly retain their sp2

character,43,44 consistent with the TEM and XPS ob-
servations. The inset shows that even after Ga deposi-
tion a Lorentzian function fits both the G peak at
approximately 1580 cm�1 and the 2D peak at the
2630 cm�1. The gray dots are the original Raman data,
and the red lines are fitted Lorentzian curves, corro-
borating the negligible disorder of the graphene layer.
Importantly, a clear enhancement in the Raman inten-
sity is observed, which is due to surface-enhanced
Raman scattering (SERS) at graphene-Ga interfaces.
The enhancement factor (defined as the Raman inten-
sity after NPs deposition/Raman intensity of pristine
graphene) for the G- and 2D peaks increases with
increasing Ga NP size and coverage as shown in
Figure 5. The SERS enhancement factor of the 2D
peak becomes slightly larger than that of the G peak
with the increase in Ga. This could be due to the 2D
peak intensity dependence on electron�electron
interactions,45 which could change in presence of Ga.
Specifically, while there is no significant dependence of
IG on doping (i.e., charge transfer between Ga and
graphene in the present case), a decrease of I2D with
carrier density has been demonstrated.45�47 In the
present case, we started from p-doped graphene and
electron transfer fromGa to graphene (see further data
and discussion) compensates partially the p-doping
reducing the net carrier density and, hence, slightly
increasing I2D. Therefore, this would indicate that the
enhancement factor is affected by both the electro-
magnetic mechanism and charge transfer, as will be
discussed further in the below. Additionally, with
increasing Ga NPs size, both the G and 2D peak
positions shift slightly (3�5 cm�1 depending on the
Ga amount deposited) to lower wavenumbers
(softening of G- and 2D-peak). From this information,
we can also infer that charge transfer at the Ga/
graphene interface occurs. Specifically, considering
that our transferred graphene is p-doped, this slight
shift indicates, according to ref 46, a reduction of the
p-doping, moving to a n-doping consistent with the
device electrical measurement results shown in the
below. Indeed, not to speculate on these small Raman
shifts, we have obtained further evidence of charge

Figure 3. AFM images for (a) 41, (b) 116, and (c) 206 MLs of
Ga NPs deposited on graphene and the corresponding NPs
radius distribution histogram. Thick blue lines show the
Gaussian fit for all the radius distributions.
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transfer from Ga to graphene using Kelvin probe force
microscopy (KPFM) measurements of the work function,
andbackgatevoltagemeasurements asdescribedbelow.
The variation of the work function induced by

integrating Ga NPs and graphene has been measured
using KPFM on a sample of monolayer graphene on
SiO2/Si wherein part of the sample also contains Ga
NPs. A gold strip was evaporated on both parts of the
sample as a reference contact (using the gold work
function of 4.70( 0.08 eV), as schematized in Figure 6.
The KPFM shows that the surface potential (SP) of graph-
ene with Ga NPs increases by ΔSP ≈ 150 ( 50 mV.

This measured variation of the Fermi level induced
by Ga NPs is in agreement with that calculated by
Giovanetti et al.24 and corresponds to a lower work
function for graphene with Ga NPs of 4.38 eV as
compared to 4.55 eV for bare graphene, as a result of
electron transfer from Ga NPs to graphene, consis-
tently with the lower Ga work function of 4.2 eV,48 as
schematized in Figure 6.
The electron transfer fromGaNPs to graphene is also

supported by devicemeasurements on graphene (with
and without 204MLs Ga NPs) FETs with backgate using
CVD-grown graphene transferred to 300 nm SiO2 with

Figure 4. Ellipsometric spectra of the extinction coefficient, k, (k is related to the absorption coefficient,R, byR = 4πk/λ) of (a)
300 nm SiO2/Si (red line) and of graphene/300 nm SiO2/Si (blue line); the interference system is due to themultiple reflection
at the SiO2/Si interface; the effect of the single layer graphene transferred on it is to dampen slightly this interference system
because of the graphene absorption, especially at energies higher than 4 eV. (b) Our CVD graphene compared to the ME
graphene from Kravetz (ref 41). (c) Extinction coefficient spectra recorded in real-time during the Ga NPs deposition (the blue
spectrum in the back is the starting graphene/SiO2/Si substrate in (a)); the progressive damping of the graphene/SiO2/Si
interference system is because of the Ga LSPR absorption red-shifting with increasing Ga, as shown in (d). (d) Red-shifting of
the LSPRpeakwith increasingGadepositionongraphene/glass; the advantageof graphene/glass (with respect to (c)) is that it
does not show a significant interference system so that the red-shift of the Ga NPs LSPR can be clearly seen by increasing Ga
deposition. (e) LSPRof GaNPs ensembleof 8, 35, and 50nmaverage radius ongraphene.On the left are also shownpictures of
graphene transferred on SiO2/Si before and after the Ga NPs deposition; pictures of graphene transferred on glass before and
after the Ga NPs deposition are also shown on the right.
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50 μm Ti/Pd/Au pads and 1 mm channel length. The
data are shown in Figure 7. Both before and after
Ga NPs deposition, samples show a positive charge-
neutrality point (CNP), indicating p-type doping of the
graphene samples. Indeed, after Ga NPs deposition,
the CNP shifts to less positive voltages suggesting
lower p-type doping level as a result of compensation
due to electron transfer from Ga, or, in other words,
Ga-based n-type doping. The initial p-doping of the
graphene/SiO2/Si samples was determined using Hall
measurements that revealed a hole concentration of
4.5 � 1012 cm�2 and mobility of 1040 cm2 V�1. Ac-
cording to ref 46 we can determine how much charge
is transferred from the backgate measurements. For
backgated graphene:

j ¼ ne=CBG

where j is the electrical potential of graphene and e is
the electron charge.

CBG = ε 3 ε0/dBG is the backgate capacitance, while ε is
the dielectric constant of SiO2, ε0 is the permittivity of
free space, and dBG is the backgate thickness, which
is 300 nm in our case. The final calculated electron
density transferred tographene is 2.88� 1010 cm�2. Since
our graphene is initially p-type, the electrons donated by
Ga reduce the hole density consistent with Pisana et al.49

Thus, taken all together, backgating, KPFM, and Raman
data support the conclusion that electron transfer from
Ga NPs to graphene results from their integration.
The observation that metal NPs on graphene lead to

graphene Raman mode enhancement has been re-
ported for Au NPs50 and Ag NPs.51 Zhou et al.51 attrib-
uted their observed SERS of the graphene modes to
the EM mechanism. In our present case, the necessary
condition for a possible EM contribution, i.e., the
existence of a plasmonic resonance, is confirmed by
the LSPR peaks shown in Figure 4. Nevertheless, it looks
intriguing and unfavorable that the observed enhance-
ment is not as high as expected for the EM. Indeed, we
should recall that the absolute value of the SERS
enhancement factor is a combined effect of both
electromagnetic and chemical mechanisms, and in
the present case, the occurrence of the electron

Figure 5. (a) Raman spectra of graphene before (black line)
and after Ga NPs deposition (red line). (b) The black dots are
the experimental Raman signal, and the red lines are the
fitted Lorentz curves for the G and 2Dpeaks of graphene. (c)
Enhancement of the G-peak and 2D peak before and after
deposition of Ga NPs with increasing radius.

Figure 6. (a) Picture of the sample used for KPFM measure-
ments of changes of the graphene work function induced
by Ga NPs. (b) Surface potential (SP) line scan along the line
indicated in (a). (c) Scheme of the work function values and
electron transfer from Ga NP to graphene.
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transfer from Ga to graphene is important, since it
reduces the net free-electron density localized at the
Ga NPs. We observe the impact of the charge transfer
on the LSPR by comparing the LSPR energy for NPs of
the same size on SiO2/Si with and without graphene
and observing the spillover effect (i.e., a blue-shift and
lower amplitude of the LSPR caused by the presence of
graphene). Therefore, we can expect that the EM
enhancement will be lower than expected (orders of
magnitude) because of the electron transfer fromGa to
graphene.
In order to investigate whether the Ga�graphene

platform can be used as an effective SERS substrate for
other analytes, a solution of R6G dye (10 μM) was drop
cast onto the substrate. Graphene/SiO2/Si and Ga NPs/
SiO2/Si were used as controls. With the Ga NPs-on-
graphene and graphene-on-Ga NPs SERS substrates,
the Ga NPs focus the incident light creating localized
electromagnetic hot spots close to the graphene sur-
face. Indeed, for graphene-on-Ga NPs, the permeability
of graphene to the electromagnetic field enhancement
of theGaNPs underneath has beendemonstratedusing
calculations52 and experimentally.53 This is also proven
in Figure 8a showing the LSPR peak for the as-deposited
Ga NPs after graphene transfer and after functionaliza-
tion with R6G. The red-shift of the LSPR peak of the Ga
NPs and its amplitude increase upon graphene and
R6G deposition are due to their refractive index. The

amplitude of the red-shift also depends on the relative
separation between the NPs LSPR wavelength and the
molecular resonances of R6G, aswell as on its conforma-
tion.54 Upon R6G adsorption, an additional band at
approximately 2.35 eV (527 nm) is observed, which is
a signature of the R6G strong UV�vis absorption.
The Raman and SERS spectra for all of the investi-

gated platforms are compared in Figure 8b. Peaks at
∼612, 772, 1181, 1325, 1350, 1528, 1648 cm�1 are due
to R6G,52 while the bands at 1580 and 2630 cm�1 are
the G- and 2D-peaks of graphene. On the basis of a
relative comparison of spectra, taken sequentially un-
der the same experimental conditions to avoid pertur-
bation from ambient conditions and/or aging of
samples, we can identify the most effective SERS
substrate configuration. It can be seen that the primary
impact of graphene is quenching of the fluorescence
background when R6G is anchored directly to gra-
phene instead of the GaNPs as a result of the enhanced
rate of the molecularly excited-state energy transfer
into graphene. This R6G/graphene electron transfer is
also supported by the strong peaks at 1648 cm�1 for
the R6G/graphene platform, which is assigned to the
xanthene ring stretching mode of the C�C bond
located near the aminoethyl nitrogen and has been
found to be very sensitive to R6G orientation.55 In
this case, the spectrum indicates a more parallel ori-
entation of R6G to the graphene resulting from the

Figure 7. (a) Scheme of the graphene back gate FET also with Ga NPs. (b) Back gate measurements of graphene FET before
and after Ga deposition; to show reproducibility of data, lines refer tomeasurements on two different devices prepared in the
same way. (c) Photo of graphene device after fabrication wire bonded to print circuit board. (d) Photo of the Hall bar device
under the optical microscope.
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aromatic rings π-system interaction, as well as a con-
tribution of the chemical mechanism of electron trans-
fer between R6G and graphene to the signal. When Ga
NPs are deposited on graphene, a relative increase by a
factor of 10 in the intensity is observed together with a
decrease in the intensity of the 1648 cm�1 R6G peak

indicating that R6G molecules are more randomly
oriented on the Ga NP surface. This conformational
R6Gdisorder is also supported by the fact that themost
visible R6G peak is now the 1325 cm�1 mode of the
C�H bend of the xanthenes ring56 rather than the C�C
ring modes. The spectral features associated with the

Figure 8. (a) Ellipsometric spectra of the imaginary part of the dielectric function of Ga NPs on glass (black line), of graphene-
on-Ga NPs (blue line), and of R6G chemisorbed on graphene/Ga NPs (red line); the absorption band characteristic of R6G is
seen at 2.35 eV (527 nm) on the left of the LSPR peak. (b) From top to bottom: ordinary spectrum of R6G (top spectrum; OR-
R6G); SERS spectrum of R6G/graphene (R6G-on-G); SERS spectrum for R6G chemisorbed on Ga NPs deposited on graphene
(R6G-on-Ga-on-graphene)_intensity is 10� higher than previous spectrum; SERS spectrum for R6G chemisorbedongraphene
transferred onGaNPs (R6G-on-graphene-on-GaNPs)-intensity is 50� higher than previous spectrum.On the left the sketches
of the structures are shown.
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R6G on the graphene/Ga NPs substrate are the same as
that from the graphene substrate, while the enhance-
ment is improved by the introduction of the Ga NPs
electromagnetic enhancement (a relative intensity en-
hancement of 50) when graphene is on top the Ga NPs.
It is noteworthy that in this case, the 1648 cm�1 xanthene
ring stretching mode can, again, be well discerned,
providing evidence for a more ordered R6G overlayer.
Therefore, since with the laser excitation at 632 nm is off
the R6G resonant Raman condition, we conclude that the
electron transfer and the electromagnetic enhancement
introduced by the Ga NPs are the two main mechanisms
involved in the observed SERS. And, among the two
configurations of substrates analyzed, the graphene on
top Ga NPs provides the greater enhancement and
“cleaner” spectrum resulting from the combined electro-
magnetic enhancementofGaNPsLSPRwithfluorescence
quenching and a more ordered molecular overlayer.

CONCLUSIONS

Ga NPs with a LSPR tunable over a broad spectral
range from the UV to near IR can be coupled to

graphene preserving the graphene structure and acti-
vating electron transfer to the graphene. This novel Ga
NP/graphene platform shows the following character-
istics: Ga does not rehybridize graphene sp2 yielding
minimal distortion of the graphene and, in addition,
may even catalyze graphenization of carbon at inter-
faces, preserving graphene. By comparing two SERS
substrates configurations, i.e., Ga NPs grown on gra-
phene and graphene transferred onto Ga NPs, we also
demonstrate a graphene/Ga NPs SERS platform in
which the graphene on Ga plasmonic metal NPs
creates a smooth surface with strong electromagnetic
hot spots that can be used for Raman enhancement to
obtain clean and reproducible Raman signals taking
advantage of the flatness and fluorescence quenching
of graphene. Therefore, research on graphene-based
systems can take advantage of these findings to better
design and control orientational ordering in functional
multicomponent systems involving nanoparticles,
graphene, and molecular chemisorption as a means
of ultimately optimizing optical and sensing per-
formance.

METHODS

Sample Preparation. Large-scale graphene samples were pre-
pared using chemical vapor deposited (CVD)57 graphene trans-
ferred onto glass and SiO2/Si substrates by the tape method.58

Integrity of graphene and large area coverage of glass by
graphene >90% was confirmed using scanning electron mis-
croscopy (SEM) and optical microscopies.

Ga nanoparticles were deposited onto the graphene in a
Veeco GEN II molecular beam epitaxial system under ultrahigh
vacuum conditions. The nanoparticles were deposited at room
temperature with a constant Ga flux equivalent to 82 MLs per
minute as determined using a thin film approximation.

For SERS experiments, samples were dipped in a water
solution of 0.1 μmol of R6G for 1 h at room temperature and
were dried in N2.

Sample Characterization. Focused ion beam was used to pre-
pare TEM samples. TEM cross-sectional samples were prepared
by the FEI Nova dual beam focused ion beam (FIB) system
involving platinum coating of the sample surface, the cutting of
trenches using a high ion beam current (5 nA), and a series of
cleaning/polishing steps with decreasing ion beam currents.
The final FIB cross sections were cut out with the ion beam and
ex situ mounted to a copper TEM grid. The resulting samples
were between 50 and 100 nm thick.

TEM analysis was carried out on a field-emission JEOL3000F
TEM operating at 300 kV and equipped with a Gatan Imaging
Filter. Energy-filtered (EFTEM) analysis was performed using the
conventional three-windowmethod, which allows the selection
of different predefined energy losses near a specific edge to
generate elemental maps. Plasmon imaging was performed
using 3 eV energy window.

Microstructural analysis was performed using Raman spec-
troscopy. Raman spectroscopy has shown to be a powerful tool
to assess thickness and quality of graphene layers.46,47 Raman
spectra were collected using a LabRAM HR Horiba-Jobin Yvon
spectrometer equipped with the 632.8, 532, and 473 nm ex-
citation lasers. Graphene Raman and SERS measurements were
run under ambient conditions at low laser power (0.5 mW for
632.8 nm and 0.2 mW for 532 nm) to avoid laser-induced
heating and damage. A 50� objective (numerical aperture
(NA) = 0.75) was used for all of the measurements. The Raman

band of a silicon wafer at 520 cm�1 was used to calibrate the
spectrometer, and the accuracy of the spectral measurement
was estimated to be better than 1 cm�1.

The nanoparticles were imaged using atomic force micro-
scopy (AFM) performed in the intermittent-contact mode using
anAutoProbe CP Thermomicroscope. A high aspect ratio probe-
supersharp tip with a radius of curvature of 2 nm was used.
Kelvin probe force microscopy (KPFM) using amplitude mod-
ulationwas used according to the approach reported in ref 59 to
assess variation of the graphene work function.

The chemical species analysis was carried out using X-ray
photoelectron spectroscopy (XPS) using a Kratos Analytical
spectrometer equipped with a monochromatic Al KR X-ray
source. Spectral calibration was determined by setting themain
C 1s component at 284.5 eV and the Au 4f7/2 line at 84.0 eV. The
main core photoelectron levels investigatedwere Si2p, C1s, O1s,
andGa3d. Photoelectron core-levels spectra were acquiredwith
pass energy of 20 eV.

Spectroscopic ellipsometry60 was used to monitor the
plasmonic response of the ensemble of Ga NPs on graphene
by directly recording the pseudodielectric function, Æεæ = Æε1æþ
iÆε2æ, related to the NPs' extinction coefficient, k, and refractive
index, n, by ε = (n þ ik)2. Ellipsometric spectra were acquired
using a phase-modulated spectroscopic ellipsometer (UVISEL,
Horiba Jobin Yvon) in the 0.75�6.5 eV spectral range with
0.01 eV resolution. Standard ellipsometry is applicable to
optically homogeneous and isotropic samples, which has been
verified being the present case. Anisotropy in the system
under investigation may arise from intrinsic crystallographic
properties of the nanoparticles and/or by their anisotropic
geometry. In the present case, the nanoparticles are liquid-
amorphous spread randomly but uniformly on the surface
sustaining the isotropy assumption in the analysis. Further-
more, the size of the nanoparticles (radius 8�50 nm) is small
relative to the wavelength of light (190�1700 nm), so the
optical properties are characterized by the quasistatic
regime;61 i.e., in this approximation (r , λ) the extinction
coefficient is due to dipolar absorption only; the scattering
and highermultipolar contributions are strongly suppressed in
this size regime.62
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