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By tuning substrate temperatures in a thermal deposition process, Au nanostructures with
different morphologies, such as polygons, dendrites, irregular islands and dense clusters
have been obtained on graphene surface. The surface-enhanced Raman scattering (SERS)
of graphene caused by gold decoration is systematically investigated. The enhancement
factor of graphene G band and the extent of G band splitting are found to be dependent
on the morphologies of gold clusters. A maximum enhancement factor as high as ~270
is obtained for polygonal gold film deposited on monolayer graphene. Furthermore, as a
SERS substrate, graphene combined with polygonal gold shows the highest Raman enhanc-
ing efficiency for crystal violet (CV) molecules. The mechanisms for the above results are

discussed.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Raman spectroscopy is widely used as a nondestructive tech-
nique to probe the characteristics of graphene. By analyzing
the features of the characteristic G-, D-, and 2D (or G’)-Raman
modes, we can obtain considerable information about graph-
ene, such as the layer number [1,2], stacking order [3,4], the
electronic structure [5,6], edge structure [7,8], dopants [9,10]
and strain-induced mechanical deformation [11,12]. The
well-established Raman investigations of graphene make it
an ideal system for detailed study of surface-enhanced Ra-
man scattering (SERS) effects. Meanwhile, SERS can enhance
Raman signals by several orders of magnitude, and thus facil-
itate the ultrasensitive detection of subtle properties of
graphene and other molecules.

Conventional SERS-active systems, such as rough metallic
surfaces, colloidal metal nanoparticles, metal islands, and

fractal films, are mainly based on the laser induced surface
plasmon resonance (SPR) supported by nanostructured con-
ducting materials [13]. The SPR-mediated enhancement of
electric field will amplify the Raman cross section of mole-
cules adsorbed on plasmonic nanostructures. This enhance-
ment mechanism is called electromagnetic mechanism
(EM). Several parameters, including the structure, shape, size,
density and metal species, greatly affect the SPR behavior and
ultimately influence the SERS properties [14,15]. In addition, it
is generally accepted that the second and less prominent
mechanism contributing to the SERS phenomenon is chemi-
cal mechanism (CM), which results from an increased molec-
ular polarizability [16].

The enhancement of Raman signal from mechanically
exfoliated graphene has been obtained through different ap-
proaches. The commonly used SiO,/Si substrate has been
found to enhance the Raman signal of graphene by ~30 times
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due to the so called interference-enhanced Raman scattering
(IERS) in the SiO, layer [17]. Utilizing Si substrates capped with
designed metal and metal oxide double layers, the Raman
intensity of graphene can be enhanced greatly through a
combination of IERS and SERS [18]. Recently, some studies
have investigated the SERS of graphene through the metal
deposited on it. For instance, an enhancement factor (EF) of
60, under 633 nm excitation, has been reached for single-layer
graphene covered with well-defined gold disc arrays [19]. Lee
et al. have increased the EF to 120 by substituting thermally
deposited gold nanoparticles for gold disc arrays [20]. They
also investigated SERS of graphene covered by Ag, and the
average SERS enhancement factor of the G band for mono-
layer graphene is around 24 [21]. More experiments exploring
new plasmonic nanostructures for SERS of graphene are help-
ful to further understand the SERS phenomena and important
for the research on graphene.

In this work, gold is chosen for its stability and resistance
to corrosion. Au films of 4 nm are thermally deposited with
different morphologies on graphene/SiO, (300 nm)/Si system.
After that, SERS spectra of gold-decorated monolayer graph-
ene are measured. The EFs of the G and 2D peaks show differ-
ent dependence on the detailed morphologies of gold films. In
particular, a maximum EF of ~270 of G band can be obtained
from the gold film with polygonal structure at 633 nm excita-
tion. By analyzing the G band splitting in the SERS spectra, the
mechanical modification of graphene given by these gold
films is qualitatively exploited. Furthermore, Raman signals
of crystal violet (CV) molecules adsorbed on these gold-deco-
rated graphenes which are used as SERS substrates are com-
pared. The results further confirm that the highest
enhancement efficiency is given by the gold film consisting
polygonal particles.

2. Experimental details

Graphene samples were prepared onto a silicon wafer with an
insulating SiO, layer of 300 nm by micromechanical cleavage
of natural graphite flakes (Alfa Aesar). The layer number of
graphene was initially distinguished according to the color
contrast under an optical microscope (OM, Leica DM4000),
and was further identified by micro-Raman spectroscopy
(Renishaw inVia Raman Spectroscope) [22].

Recent work has elucidated that the optimized experimen-
tal conditions for gold induced SERS of graphene are: Au lay-
ers of 4 or 5nm in thick under 633 nm laser excitation [20].
Based on this finding, a 4 nm thick layer of gold was thermally
deposited onto graphenes. The deposition of gold was per-
formed by resistively heating a ceramic crucible under a vac-
uum of ~10~* Pa with a rate of 1.0 A/s. Final thickness (4 nm)
was monitored by a quartz crystal microbalance in the evap-
orator chamber [23]. In order to acquire different morpholo-
gies of gold, the substrate temperature was elevated to
certain values in a controlled manner during gold deposition.
In detail, the wafer with graphene samples was attached onto
a power film resistor (Caddock MP9100) which is parallel to
the horizontal crucible. By running a set current through
the resistor, the temperature of the SiO,/Si substrate can be
monitored from room temperature to 160°C. To examine

the morphologies of gold nanostructures on graphenes, scan-
ning electron microscopy (SEM, Hitachi S-4800) was used at
an accelerating voltage of 5 kV.

To test the different SERS effects on various substrates, CV
dye molecules were deposited by immersing samples in CV
solution with concentration of 2 x 107 M. The soaking time
was 2h, so that the adsorption equilibrium was reached.
Then the samples were rinsed with deionized water (DI) and
dried gently using N, flow.

For SERS studies, the micro-Raman experiments were per-
formed under ambient conditions using 633 nm (1.96 eV) He-
Ne excitation source. To diminish laser induced heating, the
laser power was kept at ~ca. 1.0 mW. For precision, a 100x
objective lens with a numerical aperture of 0.90 was used
leading to a ~1 um laser spot size. Meanwhile, a 250 mm focal
length spectrograph and a high-resolution 1800 grooves/mm
grating make a spectral resolution of ~2 cm~?. Before each
data acquisition, the intensity of the Raman peak at
520 cm ' from silicon was normalized. Every spectrum was
taken with a total accumulation time of 20 s and other param-
eters were also set to be identical.

3. Results and discussion
3.1. Gold deposition and SEM characterization

By means of keeping the substrate at controlled tempera-
tures, after 4 nm gold film deposition on graphenes, four dif-
ferent Au morphologies were obtained. The corresponding
SEM images are displayed in Fig. 1(a)—(d). According to their
characteristics, we name these gold nanostructures by letters
P (polygons), D (dendrites), I (irregular islands) and C (dense
clusters). Here, the gold film “C” shown in Fig. 1(d) was depos-
ited at room temperature [20,24]. The other three gold nano-
structures were obtained by monitoring the substrate
temperature to be higher than room temperature as men-
tioned in the “experimental details” section. “P” and “I” gold
films were formed with the wafer kept at temperatures of
100 and 80 °C, respectively. And the “D” gold film was evapo-
rated while the substrate was cooling down from 80 °C to the
room temperature. In detail, after the temperature of the sub-
strate was elevated to 80 °C, we turned off the current in the
resistor and then carried out the deposition process.

The morphological changes as the substrate temperature
varies can be explained by referring to other related works.
In an early report, the authors have demonstrated the consid-
erable effect of substrate temperature on the nucleation and
growth of gold films through vapor deposition on single crys-
tal graphite [25]. As the temperature of substrate increases to
or above 200 °C, the greater kinetic-controlled island growth
results in much more prominent coalescence and grain
growth events, so that more three-dimensional and geometri-
cal metal islands can be observed [25]. Based on the same
principle, the observed morphologies of gold films on graph-
ene surface here agree well with those shown on graphite
surface. Moreover, the “P” gold film, which consists of geo-
metrical gold islands, was realized on single layer graphene
at a relatively low substrate temperature of 100 °C (Fig. 1(a)).
In our earlier work, thickness-dependent morphologies of
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Fig. 1 - Typical SEM images of n-layer graphenes deposited with different Au nanostructures. Scale bar: 500 nm. (a) Polygons.
(b) Dendrites. (c) Irregular islands. (d) Dense clusters.

gold thermally deposited onto n-layer graphenes were ob- energy or the surface diffusion barrier within graphene is
served, and the densest gold particles on monolayer graphene more prominent, so that the morphologies of gold films are
was attributed to its highest surface diffusion barrier among expected to change more easily on graphene than on graph-
n-layer graphenes [24]. In this work, with substrate at higher ite. Studies on the post high temperature annealing of gold
temperatures during deposition, the shift in the surface free films on graphene/graphite surfaces also showed similar
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Fig. 2 - The comparison on the Raman spectra of pristine and four different Au nanostructures deposited (a) monolayer and
(b) bilayer graphenes at 633 nm laser excitation. The bottom blue curves are the normal Raman spectra, and the other curves
are the SERS spectra after Au with four kinds of morphologies was deposited. The normal Raman spectra have been

magnified by a factor of 10 to make it clear. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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trend. When heating to 600 °C, the {111} face of Au particles
epitaxially grows along the {0001} face of graphite [26]. While
on ~700 layer graphene flakes, Luo et al. presented similar
gold patterns by annealing at 400 °C after deposition [27]. As
for the dendritic gold pattern (“D” gold film), a possible expla-
nation is proposed here as well. Due to the high temperature
in the beginning, the nucleation of gold tends to be scattered
and the saturated islands have bigger size. Then, as the tem-
perature was decreasing, the atom mobilities were decreas-
ing, thus the following gold nanoparticles would pick a
nearby growing island in the coalescence process and form
a smaller island during recrystalization. That makes the typ-
ical Au pattern where big nuclei appear in the center sur-
rounded by small branches.

3.2.  SERS of graphene

Fig. 2 displays the representative normal Raman and SERS
spectra of monolayer and bilayer graphenes using 633 nm
excitation source. Compared with pristine graphene, signifi-
cant Raman enhancing effects of four different Au nanostruc-
tures on the Raman signal of monolayer and bilayer
graphenes can be clearly observed. Meanwhile, no obvious
defect-related D or D’ peak is observed in the SERS spectra,
suggesting the absence of a significant number of defects in
gold-deposited graphene.

The enhancement factors of G and 2D bands for n-layer
graphenes covered by these four different kinds of gold films
are calculated and drawn in Fig. 3. Because the frequency
integrated area under each peak is robust with respect to per-
turbations of the phonon states [28], the EF is determined
from the integrated intensity of each band before and after
Au deposition. Throughout our measurements, typical 4-6
spectra were acquired on each surface and the spot-to-spot
variation is small compared to the overall EF. From the curves
presented in Fig. 3, several distinct features can be found.
Firstly, the EF decreases with increasing the layer numbers
for both G and 2D bands. This phenomenon consists with pre-
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vious results got by Lee et al., and they attributed the largest
EF in monolayer graphene to the strongest interaction be-
tween metal and monolayer graphene [20,21]. In addition,
we calculated the EF for ~10 layers of graphene (the number
“N” in Fig. 3). It can be seen that the EF drops obviously from
monolayer to bilayer graphene, and then declines slowly for
thicker graphene.

Secondly, the SERS EF is much higher in the G band than
that in the 2D band for n-layer graphenes, indicating that G
band is more susceptible to SERS than 2D band [20]. The G
band is associated with the doubly degenerate zone center
E,z phonon mode, and is the only band coming from a normal
first order Raman scattering process in graphene. So the peak
shape is highly dominated by the phonon dispersion, and can
be used to probe any modification to the flat geometrical
structure of graphene [29]. On the other hand, the 2D band
originates from a second-order, double-resonant (DR) Raman
scattering mechanism involving two phonons near the K
point, which has a strong dependence on any perturbation
to the electronic and/or phonon structure of graphene [30].
Apart from metal-induced SERS effect, the G band also shows
more sensitive to the environment than the 2D band in many
cases. For example, the G line was found to exhibit strong and
symmetric stiffening, while the 2D line only presents weak
and slightly asymmetric stiffening for graphene with low
electron/hole doping. The width of the 2D line is, in contrast
to the G line, almost doping independent [31].

Finally, the comparison result of the enhancement effect
among these four gold nanostructures can be concluded as:
P>D~1>C. Specifically, the maximum SERS enhancement
factors are 272 for G band and 147 for 2D band, which are
much higher than the previously reported results [20]. As is
known, SERS from metal substrates is mainly due to the cou-
pled SPR absorption and the resulting increased electric field
strength at the molecule. Therefore, we would like to inter-
pret this morphology-dependent SERS in terms of EM. The en-
hanced Raman signal strength of Au nanostructures is
dependent upon multiple factors including size, shape, den-
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Fig. 3 - Raman enhancement factors of (a) the G band and (b) the 2D band calculated from the integrated intensities of SERS
and normal Raman spectra. The lines in different colors and symbols represent the different gold film morphologies as
labeled in the right top corners. “N” represents a number around ten.
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sity, as well as the orientation and conformation of the tested
molecule (i.e. graphene in this case). It has been documented
that the optimum radius of Au nanoparticles (or aggregates)
for SERS is around 60 nm [32], below which the SERS signal
decreases with smaller size. For the “C” gold film, the size is
the smallest among these four kinds of gold films (around
30 nm), which may account for its weakest EF. More impor-
tantly, the SERS effect is strongly affected by the shape of
nanostructures. For metal nanoparticles with sharp features
(such as rods or triangles), increased fields can be found near
the edges or at the tips of nanoparticles, individually creating
much more “hot spots”—areas providing efficient Raman
enhancement [33]. Therefore, faceted nanoparticles have an
advantage over normal ones for SERS. As discussed above,
with the substrate temperature increasing, the Au particles
on graphene will coalesce into more three-dimensional and
geometrical islands. Moreover, certain edges or facets can
be found, as expected, to lie along the crystallographic direc-
tion of the underlying graphene. Then the polarizability, to a
good approximation, the dipole moments of the uncovered
atoms of graphene will lie near the edges and tips of the gold
nanostructures (i.e. “hot spots”). Besides, theoretical calcula-
tions have provided the distribution of the electric field vec-
tors around a metal triangle, with the orientation
perpendicular to the metal surface [34]. Therefore, the dipole
moments of graphene can be assumed to be parallel to the
electrical field vector of the enhanced light field, leading to
strong SERS activity [14]. As a result, we propose that the
more faceted gold particles with directional alignment there
are, the greater SERS effect will be attained. Consequently,
gold films obtained through higher substrate temperature
all have larger EFs than the normal “C” gold film. And for

the “D” and “P” gold films, although the “D” gold film seems
to contain the largest number of facet gold particles, its Ra-
man enhancement effect is less than the “P” gold film. This
could be explained as due to the different size, distribution
and alignment of the facet gold particles. In the “D” gold film,
small facet gold particles are randomly distributed surround-
ing the middle gold clusters, and their tips are not sharp. In
contrast, almost every gold island in the “P” gold film is
clearly geometrical with rather big size, and their edges are
directional aligned lying along the crystallographic direction
of the underlying graphene, which can contribute to large Ra-
man signals as stated earlier. As a result, the “P” gold film can
provide a maximum EF.

3.3.  The interaction between gold and graphene

Fig. 4(a—d) illustrate the results of the deconvolution of the G
bands from monolayer graphene in Fig. 2(a). After evaporating
4nm thick gold, the G bands of monolayer graphenes split
into two peaks whereas no obvious splitting is spotted for
thicker graphenes. It is noted from early study that the extent
of charge transfer between gold and graphene is small [35].
And G band splitting has been spotted as the Raman charac-
teristics of graphene under anisotropic strain [12,36-38].
Thereby, the splitting of G band investigated here should be
mainly due to the mechanical interaction between Au and
graphene caused by lattice mismatch. As commented previ-
ously, G band can probe the variation in the structure of
graphene and it is highly sensitive to the strain effect. To be
more specific, when the C-C bond lengths and angles of
graphene are modified by strain, the hexagonal symmetry of
graphene is broken. Thus the G band can split into two sub-

2650

(a) Polygons (C) Irregular Islands (e) C—a
—_ —_ —s—2D —
3 1 :‘
s s 1590.2 E 26404 / \‘
> 1584.3 > ) = b
= = [
§ % 1577.2 g w0z T
= 1575.5 < ' @ 1590 —
[ [ — o4
E E & 3 0/ \a
g E = 1580 i S
5 £ 8 — e
o o 1570 4

1500 1550 1600 1650 1500 1550 1600 1650 Pristne P D i c
Raman Shift (cm™) Raman Shift (cm™) Sample
20

(b) Dendrites (d) Dense Clusters (f) . 1%
=) ] = /\ " az
s.' s g 164 A i 44 E
> > -~ T H]
- - o - 40
@ 1576.2 1587.7 @ 1574.9 — O * o g
g 2 o ; 124 -\ 136 E
c c i l 1
< 8 g P = Pol Tg’

[} = = Polygons A
g E a3 D = Dendrites 32 =
© & w | = Islands
14 6l | C = Clusters J28
1500 1550 1600 1650 1500 1550 1600 1650 Pristne P ) | c
Raman Shift (cm™) Raman Shift (cm™) Sample
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bands, which are called G* and G~ according to their energy,
by removing the energy degeneracy of two optical phonons
at the Gamma point [10,36].

Typically, all the 2D, G* and G~ modes of graphene under
uniaxial tensile strain red shift [12,36,37], while compressive
strain leads to hardening of these phonons (blue shift) [38].
In this experiment, the G* peaks slightly blue shift and the
G~ peaks show a ~10 cm™* red shift, while the 2D peaks blue
shift with different magnitudes compared to the pristine
graphene samples (Fig. 4(e)). The unusual Raman shift behav-
ior here is attributed to a non-systematic and nonuniform
strain induced by the thermally deposited gold. In this case,
the 2D peak is a more appropriate indicator of the strain state.
For example, in the analysis of physisorption strain of graph-
ene on Cu substrate, the G peak was used to probe the carrier
density and the strain was explored by the 2D peak [39]. When
investigating the effect of mechanical compression on CVD
graphene consisting of small domains, Bissett et al. also
found that the 2D band upshifts as expected while the G band
surprisingly downshifts [40]. These findings can be under-
stood from the different origins of the Raman G and 2D
modes. The G band, which is due to a first-order single pho-
non process, is affected by not only strain but also other fac-
tors. On the other hand, the 2D band, which originates from
the double resonance processes involving two iTO phonons,
is affected mainly by strain within a crystalline domain
through the changes in the electronic band structure [40].
Consequently, the blueshift of the 2D band here suggests an
overall compressive strain in these gold covered samples.
Moreover, we also observe a ~1.5 times larger full-width-at-
half-maximum (FWHM) of the 2D peaks as shown in
Fig. 4(f). This is consistent with the previous studies of graph-
ene existing inhomogeneous distribution of strain [39]. Addi-
tionally, the absence of splitting in the G peaks and shift of
the 2D bands for thicker graphenes suggests the weaker force
and strain induced by gold. It supports the proposal that the
larger EF in monolayer graphene than in thicker graphenes
is related to the stronger interaction as discussed in the pre-
vious section.

When decreasing ribbon thickness, phonon splitting has
been evidenced in VO, nano-ribbons and is well explained
by a new proposed theory model [41]. What is more, the
V**/V* ratio in the core-shell geometries of the ribbons can
be determined from the phonon splitting, indicating rich
information provided by Raman spectra of materials in split
phonons. Thereby, we now consider the different extents of
the G band splitting in the SERS spectra to get more informa-
tion. They also show dependence on the gold morphologies,
which is summarized in Fig. 4(f). The extent of splitting can
be listed in a descending order as: 13.0 cm ! for the “D” gold
film, 12.5 cm ! for the “I” gold film, 11.6 cm ™" for the “C” gold
film and 8.3 cm™* for the “P” gold film (i.e. D >1> C > P). Com-
pared to their enhancement effect, it can be found that except
“P”, a gold film which provides a larger EF will have a larger
splitting. Huang et al. [36] and Mohiuddin et al. [37] observed
that the splitting of the Raman G mode of graphene will in-
crease with increasing strain. Therefore, we can infer that
gold films which apply a larger external force to monolayer
graphene will usually give rise to a larger EF. In contrast, the
“P” gold film which has the largest EF exhibits the least G
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Fig. 5 - Raman spectra of CV molecules deposited on gold-
decorated monolayer graphene with 633 nm laser
excitation. The concentration of CV solution is 2 x 107° M.

band splitting and the least 2D band blueshift. That means
the geometrical gold islands can remarkably enhance the Ra-
man cross section of graphene while exerting little strain on
graphene. The small strain effect from the “P” gold film may
be related to the relatively high temperature during thermal
evaporation, which will release the compression in graphene
sheet. Another reason is that geometrical gold particles tend
to follow along the crystallographic direction of graphene,
thus causing less strain from lattice mismatch.

3.4.  SERS of crystal violet

Next, we would like to test the enhancement effects of these
gold covered graphenes as SERS substrates. As we have stud-
ied previously [23], CV dye molecules, which can provide a rel-
atively rigorous test of the SERS, were deposited by the
procedures described in the “experimental details” section.
Fig. 5 presents the typical Raman spectra obtained from CV
on the four surfaces and on pristine graphene for comparison.
The SERS of CV on pristine monolayer graphene has been
attributed to the chemical bonding effect in the CV-graphene
complex and the signal is relatively weak at 633 nm [23]. On
the other hand, 633 nm excitation is close to the SPR wave-
length of aggregated Au nanoparticles. The gold assisted Ra-
man enhancement originates from EM, which usually
contributes several orders of magnitude more than that based
on CM. As a result, systems combined with graphene and gold
provide more intense SERS signal here. Furthermore, the en-
hanced efficiency of CV molecules supported by these gold
films exactly follows the same order as that in the SERS of
graphene, that is, P> D ~ I > C. The qualitative agreement be-
tween two experimental results nicely illustrates the different
SERS effects in the studied Au nanostructures. And it proves
that the “P” gold film on graphene can strongly enhance Ra-
man signals of graphene itself as well as other test molecules
adsorbed on its surface.

4, Conclusions

The SERS of graphene was investigated by thermally deposit-
ing gold films of 4 nm on graphene. By controlling the sub-
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strate temperatures, we obtained gold films with four differ-
ent surface morphologies of polygons, dendrites, irregular is-
lands and dense clusters, which are denoted as P, D, I and C,
respectively. The decreasing order of EFs for graphene and CV
molecules in these gold films is found to be: P> D ~ I > C. Fur-
thermore, the G band of gold-covered monolayer graphene
splits into two peaks, indicating some mechanical modifica-
tion of graphene given by the gold deposition. The extent of
splitting is also dependent on gold morphologies, which is or-
dered from high to low as D > 1> C > P. The least G peak split-
ting and the maximum enhancement effect for both
graphene and CV are obtained from the “P” gold film, suggest-
ing its potential application in probing fine structural charac-
teristics by SERS. The mechanisms for these observations are
discussed qualitatively. The results of this study offer valu-
able information for the research of both graphene and SERS,
also for the understanding of the interaction between metals
and graphene.
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