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Gold nanoparticles (Au-NPs) were deposited on single layer graphene (SLG) and few layers graphene (FLG)
by applying the gas aggregation technique, previously adapted to a 4-gun commercial magnetron sputtering
system. The samples were supported on SiO, (280 nm)/Si substrates, and the influence of the applied DC
power and deposition times on the nanoparticle-graphene system was investigated by Confocal Raman
Microscopy. Analysis of the G and 2D bands of the Raman spectra shows that the integrated intensity ratio
(I;p/Ig) was higher for SLG than for FLG. For the samples produced using a sputtering power of 30 W, the in-
tensity (peak height) of the G and 2D bands increased with the deposition time, whereas for those produced
applying 60 W the peak heights of the G and 2D bands decreased with the deposition time. This behaviour
was ascribed to the formation of larger Au-NPs aggregates in the last case. A significant increase of the Full
Width Half Maximum (FWHM) of the G band for SLG and FLG was also observed as a function of the DC
power and deposition time. Surprisingly, the fine details of the Raman spectra revealed an unintentional dop-
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ing of SLG and FLG accompanying the increase of size and aggregation of the Au-NPs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Graphene was first isolated in 2004 [1] by the micromechanical
cleavage of graphite crystals, and since then it became one of the
most intensively studied materials owing to its unique physical prop-
erties and potential applications [2-4]. The micromechanical proce-
dure has not yet been abandoned, since at the present time, the
preparation of monolayer or few layers graphene in large sizes or in
defect-free states remains very challenging [5,6].

A convenient tool for the characterization of graphene is Raman
spectroscopy, because it is able to identify the number of layers, the
electronic structure, the edge structure, the type of doping and also
structural defects [7]. The graphene Raman spectra collected at visible
excitation wavelengths exhibit very characteristic peaks, which have
been extensively studied [8-10]. A peak near 1580 cm™!, also
known as the G band, has been assigned to an in-plane asymmetric
translational motion of two nearby carbon atoms (E,g mode). This is
a degenerated optical phonon mode at the Brillouin zone centre (the
T point of the reciprocal lattice space), and is induced by a single res-
onance process. There is another peak around 1300-1400cm™ ',
denoted as the D band, which corresponds to an in-plane carbon
ring breathing mode (A;g mode). This band is symmetry forbidden
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in perfect graphite. The peak position of the D band is dependent
upon the excitation wavelength, and has been explained by a double
resonance process at the K point of the reciprocal lattice space. This
process requires a scattering at defect sites in order to conserve the
momentum. For this reason, the D band has been considered a mea-
sure of disorder in graphite crystals, and it is dominant at the edge
sites of single layer graphene [11]. The double resonance process
also induces an additional activation by two phonons appearing
around 2600-2800 cm ™ '. Since this peak frequency is practically dou-
ble of the frequency of the D band, it is has been denoted 2D. Interest-
ingly, the 2D peak position is sensitive to the excitation wavelength
and perturbations on the graphene layer and its band shape can be
used to identify the number of graphene layers [7,8,12].

Currently, Raman spectroscopy has also been employed to monitor
the doping in graphene [13,14]. It should be noted that the ability to
control the n or p doping is a key point for electronic applications. The
effect of back-gating and top-gating on the G-peak position and
its FWHM has been reported in the literature [13-15]. In addition, the
G-peak frequency increases while the FWHM(G) decreases for both
electron and hole doping. The stiffening of the G peak is due to the
non-adiabatic removal of the Kohn-anomaly at T [15]. The FWHM
sharpening is due to blockage of the phonon decay into electron hole
pairs due to the Pauli exclusion principle, when the electron-hole gap
becomes higher than the phonon energy [15,16]. FWHM(G) sharpening
saturates when the doping causes a Fermi level shift greater than half
of the phonon energy [15]. Doping has been studied in single layer
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graphene with aromatic molecules [17], in suspended and non
suspended graphene (SG and NSG) [18]. It has been found that the in-
tensity ratio between the 2D and G bands is a sensitive indicator, of
the level of charged impurities present [18]. It has also been shown
that molecules which act as electron-donors or acceptors modify the
electronic structure of single-walled carbon nanotubes (SWNTs), giving
rise to significant changes in the electronic and Raman spectra as well as
in their electrical properties [19,20].

Recently, graphene has been successfully modified with gold
nanoparticles (Au-NPs) using conventional synthetic strategies
[21,22], by the in situ reduction of HAuCl, or the direct interaction
with previously formed Au-NPs.

To the best of our knowledge, graphene modification with gold
nanoparticles using the gas aggregation technique has never been
reported before. In addition to its rather simple nature, this technique
allows the controlled deposition of gold clusters without the inter-
ference of any chemical coating, as in the case of most typical chem-
ical procedures. There is also especial interest in the generation of
graphene containing gold nanoparticles for catalysis [23]. The gas ag-
gregation technique is based on the vapour phase condensation of
sputtered atoms. The nanoparticles produced were deposited directly
over graphene in a 4-gun commercial magnetron sputtering system
[24]. This methodology was employed here for exploring a new
route of modification of graphene with gold nanoparticles using two
different DC sputtering powers and deposition times. The Raman sig-
nals were recorded for SLG and FLG before and after depositing the
Au-NPs, and the integrated intensity ratio of the 2D and G bands
(Ip/lg) as well as their FWHM was investigated as a function of
time and G band frequency shift, for the two DC power depositions,
after deconvoluting using Lorentzian functions. The measurements
were performed for each region of SLG and FLG.

2. Samples and experimental details
A set of four samples were prepared and named m2, m4, m6 and

m8. These samples contain SLG and FLG, which were obtained by
the micromechanical cleavage method from natural graphite and

transferred to SiO, (280 nm)/Si substrates, followed by the deposi-
tion of Au-NPs. Before the deposition, the thickness of the graphene
layer was checked by white light contrast microscopy [25].

The deposition of Au-NPs with different sizes on the graphene
surface was carried out using the gas aggregation technique in a
4-gun commercial magnetron sputtering system (Further details can
be found elsewhere [18]). The sets of samples were produced with
different deposition times for two DC powers. At a power of 30 W, de-
position times of 20 and 40 min were used for samples m2 and m4,
whereas at a power of 60 W, 10 and 20 min of deposition were used
for samples m6 and m8. After depositing the Au-NPs, the Raman spec-
tra were acquired using a WITEC confocal (x 100 objective) spectrom-
eter with 600 lines/mm grating and 532 nm excitation energy, keeping
the laser power at 1.0 mW to preclude or minimize the heating effect.

3. Results and discussion

Raman spectroscopy measurements were performed for SLG and
FLG, in the presence and absence of gold nanoparticles. Fig. 1 shows
optical image (a) and Raman maps (b-d) at four different regions
(1-4) of the m4 sample after the deposition of Au-NPs. The Raman
maps were performed taking into account different number of layers
inside the square white of Fig. 1a. Fig. 1b was mapped with the inte-
grated intensity of the G band (1580 cm™!), where it is possible to
see that the intensity of region 4 is higher than regions 3, 2 and par-
ticularly of region 1. Therefore, from this figure and a single spectrum
of each region (before deposition of Au-NPs) we can infer that region
1 is a monolayer with a narrow FWHM (about 28 cm ™~ '), region 2 a
bilayer (not studied here), region 3 encompasses about 3 layers and
region 4 many layers. Fig. 1c and d shows the Raman Images
mapped with the integrated intensities of the 2D bands at
2690cm~! (c) and 2671 cm™! (d). Note that the intensity at
2690 cm ™~ ! appears a bit higher in SLG (region 1) than in FLG (region
3), whereas for 2671 cm ™ ! the intensity is higher in region 1 than for
the other regions, being a characteristic of monolayer graphene.

Simultaneously to the production of m2-m8 samples, additional
samples with only the Au nanoparticles were produced on carbon

Fig. 1. Optical image of single (1), bi (2), few layers (3) and many layers (4) regions of graphene on SiO,/Si substrate, for the sample m4, before deposition of Au-NPs (a). Raman
images mapped with the integrated intensities of the G band (1580 cm~!) (b) and 2D bands at 2690 cm~! (c) and 2671 cm™ ! (d) after deposition of Au-NPs.
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coated Cu grids for transmission electron microscopy (TEM) analysis.
It is clear from the TEM images (Fig. 2) that isolated Au-NPs are gen-
erated in a large extent using a power of 30 W, in contrast to 60 W. As
a matter of fact, at 30 W/20 min (Fig. 2a) it is possible to see isolated
nanoparticles (NP) of about 5 nm, in addition to a few aggregates,
while, for the same power, after 40 min (Fig. 2b) the size of the NP
increased, as well as, the formation of aggregates on the graphene
surface. On the other hand, when the deposition power was kept at
60 W (Fig. 2c), the aggregates predominated.

The TEM results were corroborated by the UV-vis measurements
(Fig. 2d) performed on the m2-m8 samples. Accordingly, for a
power of 30 W, 20 min and 40 min the peaks maximum were found
around 600 nm and ~720 nm. On the other hand, for a power of
60 W is not possible to observe a peak maximum, just a broad plateau
spanning all range of wavelengths. This can be attributed to the
presence of aggregates, as shown in Fig. 2c. It is well known that
the UV-vis spectrum of single Au-NP consists of a narrow band with
a peak maximum around 528 nm, which is named plasmon band
[26]. As the size of the NPs and aggregates increases, this band suffers
a broadening and shifts to a higher wavelength [21]. The broadening
and red-shift of the absorption bands (Fig. 2d) of Au-NPs in SLG and
FLG, with respect to the corresponding single Au-NPs at 528 nm, indi-
cate the formation of Au-NPs aggregates on the graphene layers,
which is consistent with the TEM results. This kind of behaviour has
also been observed in colloidal solutions of Au-NPs of different sizes
and shapes [27,28].

A comparison between the Raman measurements of SLG in the ab-
sence (black curve) and presence of Au-NPs can be seen in Fig. 3. At
30 W (m2, m4), the intensities of the G and 2D bands increase as
the deposition time increases. This fact can be attributed to the in-
crease of size and formation of aggregates, enhancing the extinction
spectra in the visible (see Fig. 2).

At 60 W/10 min (m6), the Raman intensity also exhibits a small
enhancement. The observed intensity is three times the Raman inten-
sity observed at 30 W/20 min (m2) and almost equivalent to the
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Fig. 3. Comparison of the Raman intensities of SLG graphene before (black curve, 1)
and after deposition of Au-NPs at different power and deposition times. m2
(30 W/20 min., 2), m4 (30 W/40 min, 3), m6 (60 W/10 min.,4) and m8 (60 W/20 min, 5).

intensity recorded at 30 W/40 min (m4). The extinction profile
shown in Fig. 2d exhibits an interesting feature around 550 nm, char-
acteristic of large Au-NPs, in addition to the broad (plateau) plasmon
coupling band above 700 nm. There is a good matching between the
exciting radiation (532 nm) and the Au-NPs spectrum. It is interest-
ing to note that at 60 W/20 min (m8), in spite of the larger deposition
time, the heights of the G and 2D bands decreased, in contrast to the
behaviour observed at 30 W. As one can see in Fig. 2d, as the nanopar-
ticles size and aggregation increase at 60 W/20 min, the extinction
profile shifts to longer wavelengths (>800 nm) leading to a mis-
match with the available excitation wavelength of 532 nm. This as-
pect may be responsible for the observed decrease of intensity of
the G and 2D bands (Fig. 3). On the other hand, with the increase of
the Au-NPs size, a strong background appears on the Raman spectra
due to the formation of large aggregates or films, as previously ob-
served in photoluminescence (PL) studies on SLG [29].

In the same way, Fig. 4 shows a comparison of the Raman mea-
surements before (black curve 1) and after the deposition of Au-NPs
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Fig. 2. TEM images of Au-NPs. a) 30 W/20 min, b) 30 W/40 min, c) 60 W/10 min and d) UV-vis spectra of the Au-NPs, shown in Fig. (a-c), 30 W/20 min (1, black), 30 W/40 min (2, red),

60 W/10 min (3, green) and 60 W/20 min (4, blue).
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Fig. 4. Comparison of the Raman intensities of FLG before (black curve) and after depo-
sition of Au-NPs (same colours as in Fig. 3, 1=without Au-NPs, 2=m2, 3=m4,
4=m6, 5=m8).

onto FLG. Similarly, as in SLG, one can observe for FLG at a DC power
of 30 W that the intensity of the G and 2D bands increases as the
deposition time increases. On the other hand, for a power of 60 W
the intensity of G and 2D bands decreases as the deposition time in-
creases. In contrast to SLG, the intensity for 60 W/20 min is lower
than the intensity for a power of 30 W/40 min.

There are two outstanding differences between Figs. 3 and 4. One
is that the intensities of SLG, after deposition of Au-NPs, are higher
than FLG, the second one is that the broadening of the G band in
SLG is wider than the G band in FLG as the power and deposition
time increase, particularly at 60 W/20 min.. On the other hand, for
the same power and deposition time the broadening of the 2D band
in FLG is wider than 2D band in SLG.

In order to evaluate the integrated intensities and FWHM of the G
and 2D bands for SLG and FLG, the G band was deconvoluted using
Lorentzian functions. In Table 1 one can find the G-peak frequency
(¢ (em™ 1)), Ip/lc and FWHM for SLG and FLG for the different DC
powers and depositions times. The results show that the G-peak fre-
quency for SLG is more affected than for FLG, as the DC power
increases.

In addition, the analyses from Figs. 3 and 4 (not shown here)
showed that the Raman shift of the 2D band on SLG (Fig. 3) is more
pronounced than the Raman shift of the G band, while for FLG
(Fig. 4) the Raman shift it is nearly identical for the G band and 2D
bands. According to the literature [23] there is an overall decrease
of I;p/Ic when the amount of charged impurities in graphene in-
creases [30]. The blue shift in the G band has been used as indication
of doping or charged impurities. On the other hand, the SLG samples
without Au-NPs [31] seem to exhibit I,p/Ig higher in the case of
suspended graphene (SG) than for non-suspended graphene (NSG)
samples. As a matter of fact, the I;p/Ig intensity ratio provides more
effective criterion for the selection of SLG sample exhibiting low im-
purity concentration levels (<10'2cm™2) for device-applications.
Therefore, it is plausible that the shift of the G, 2D bands and the de-
crease of Ip/lg, in our samples are due to the presence of charge im-
purities, or to slightly doped SLG and FLG from the Au-NPs at
increasing sizes and aggregation.

Table 1
Set of G-frequency peaks (g (cm™ 1)), I,p/lg and FWHM for SLG and FLG, for the dif-
ferent DC power and deposition times.

Power(W)/time g (em™1) Lp/lg FWHM(G)
(min) (em™1)
SLG FLG SLG FLG SLG FLG

Without Au-NPs 1583 1584 29 1.4 17 19
30/20 1577 1578 24 1.8 27 20
30/40 1573 1576 145 1.44 35 28
60/10 1570 1575 1.84 1.34 38 29
60/20 1569 1574 1.0 0.9 52 32
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Fig. 5. Integrated intensity ratio between the 2D band and G band (I,p/Ig) of SLG (black
dots) and FLG (empty dots) before (without Au-NPs) and after deposition of Au-NPs at
the two DC powers and deposition times. As the time increases the ratio for SLG and
FLG remains practically the same (30 W/40 min.).

In order to rationalize the information on the effect of Au-NPs in
SLG and FLG, the integrated intensity ratios between the 2D and G
bands, I,p/Ig, were plotted as a function of time in Fig. 5. From this
Figure and Table 1, one can conclude that:

a) The Irp/Ig ratio is always higher in SLG (filled black dots) than in
FLG (empty black dots) for the two power and deposition times;

b) the Ip/Ig ratio in SLG decreases from 2.9 (without Au-NPs) to 1.07
(with Au-NPs) for a power of 60 W/20 min, in agreement with a
previous report [26] of a ratio of 2.4 for SLG before and 1.4 after
the deposition of Au-NPs. For FLG, it is almost constant in all the
range of power and deposition times. The sizes and Au-NPs aggre-
gates have a negligible effect on I,p/I; for FLG.

c) The FWHM of both G (Fig. 3) and 2D bands (Fig. 4) increases for SLG
and FLG as the DC power and deposition times increase. According
to the literature [25], a charge-transfer between Au-NPs and gra-
phene can be responsible for the increase of the FWHM(G).

Another interesting feature in our results is the relatively low in-
tensity of the D band (traced arrows in Figs. 3 and 4) due to the in-
crease of disorder as the size of the Au-NPs and aggregates increases.

In Fig. 6, FWHM(G) was plotted as a function of wg (cm™!) for SLG
(filled dots) and FLG (empty dots). One can see that as the w¢ (cm ™)
decreases, FWHM(G) increases. This observation has also been
reported in FLG samples after interaction with 1 M (g/mol) solutions
of various monosubstituted benzenes (aniline) with electron-
donating groups [32]. They argued that such marked effects (decrease
of the G band) are due to molecular charge-transfer even with multi-
layered graphene encompassing 3-4 layers. In addition to this, it has
been observed shifts of the G band of single-walled carbon nanotubes
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Fig. 6. FWHM(G) as a function of the G peak frequency (cm™ ') for SLG (black dots) and
FLG (empty dots). Red line is a fitting of the experimental values.
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(SWNTs) on interaction with varying concentrations of tetrathiaful-
valene (TTF), as well as, an increase of a small shoulder at low fre-
quency of the main peak G band [33]. On the other hand, there is a
broadening, at low frequency, of the G band lineshape of metallic
SWNTs, which is related to the presence of free electrons in nano-
tubes with metallic character [34]. In spite of the fact that SWNTs
and SLG or FLG are different systems, they are carbon related mate-
rials and are in accordance with our results. Furthermore, carbon
nanotubes doped with boron and nitrogen produced shifts in the op-
posite directions just as nitrobenzene and aniline [33]. While boron
doping (p-type) increases the G band frequency, nitrogen doping
(n-type) decreases the G band frequency, similar to our results. Final-
ly, the fitting between ®c and FWHM(G) shown in Fig. 6 plots is in
agreement with the theoretical correlation [30]. One can also see a
similar behaviour for FWHM(G) in both SLG and FLG. The charge im-
purities and doping in graphene must be higher in our samples than
in samples without Au-NPs. Therefore, taking into account these re-
sults, we surmise that Au-NPs of different sizes and aggregates can
cause n-type doping in SLG and FLG samples.

4. Conclusions

The graphene Raman intensity depends on the sizes and aggrega-
tion of Au-NPs. Probably, the electronic interactions of the Au-NPs
with the graphene sheet are the main responsible for the changes in
the Raman spectra. In addition, an unintentional doping of the SLG
and FLG surfaces introduced by the Au-NPs at increasing sizes and ag-
gregates was detected by the decrease of the integrated intensity
ratio, Irp/lg, with the increase of the power and deposition times.
This fact was corroborated by the shift of the G and 2D band to
lower frequencies, and increase of the FWHM(G) with the decrease
of wg (cm™1) in SLG and FLG.
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