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O
ne of important themes in recent
graphene-based research is to in-
vestigate changes in physico-

chemical properties of graphene as a func-
tion of the layer number.1,2 The layer
number of graphene affected the morphol-
ogy of the metal deposited on graphene
and the chemical reactivity of graphene. For
example, the morphology of the Au film, in-
cluding the grain size and the spacing be-
tween the grains when it was deposited on
graphene, was strongly affected by the
layer number of graphene, forming grains
of a larger size and spacing in few-layer
graphene compared to those in single-layer
graphene.3 Chemical reactivity of graphene
has been investigated by its oxidation,
which was measured by changes of ID/IG ra-
tios in Raman spectra during heating to
600 °C. The ID/IG values decreased in the or-
der single-, bi-, and trilayer graphene, indi-
cating that single-layer graphene is more
oxidized than bi- and trilayer graphene.4 In
the case of reactivity of graphene with

4-nitrobenzene diazonium salt, the single

layer showed 10 times higher reactivity

than the bi- or multilayer.5,6

Raman spectroscopy has been utilized

as a powerful tool for the characterization

of graphene, as it can identify the number

of layers,7�10 the electronic structure,11 the

edge structure,12 the type of

doping,13�17,35 and any defects18,19 in the

graphene. Particularly, recent advance in

Raman study of graphene has attracted

much interest: obtaining resonance Raman

spectra of R6G by using graphene as a fluo-

rescence quencher20 and enhancement of

Raman signal of dyes on single-layer

graphene via the chemical enhancement

mechanism.21 Furthermore, surface-

enhanced Raman scattering (SERS) of me-

chanically exfoliated graphene and reduced

graphene oxide has been studied in order

to improve Raman signal.22�25 However,

dependence of SERS of graphene on the

layer number has not been investigated in

detail. In addition to SERS, binding of metal

to graphene is also important for the re-

search on graphene/metal composites and

the interaction between graphene and

metals.

Herein, we report the interaction be-

tween graphene and a metal. SERS spectra

of single-, bi-, and trilayer graphene on

which metal was deposited were mea-

sured. While the G band was split into two

bands, the extent of the splitting decreased

with increasing the number of graphene

layers: single-layer � bilayer � trilayer.

However, the G band in the SERS spectra

of multilayer graphene (graphite) was not

split. In particular, the SERS enhancement

factor also decreased with increasing the

number of graphene layers: single-layer �

bilayer � trilayer. Thus, the splitting of the
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ABSTRACT The interaction between graphene and metal was investigated by studying the G band splitting

in surface-enhanced Raman scattering (SERS) spectra of single-, bi-, and trilayer graphene. The Ag deposition on

graphene induced large enhancement of the Raman signal of graphene, indicating SERS of graphene. In particular,

the G band was split into two distinct peaks in the SERS spectrum of graphene. The extent of the G band splitting

was 13.0 cm�1 for single-layer, 9.6 cm�1 for bilayer, and 9.4 cm�1 for trilayer graphene, whereas the G band in

the SERS spectrum of a thick multilayer was not split. The average SERS enhancement factor of the G band was 24

for single-layer, 15 for bilayer, and 10 for trilayer graphene. These results indicate that there is a correlation

between SERS enhancement factor and the extent of the G band splitting, and the strongest interaction occurs

between Ag and single-layer graphene. Furthermore, the Ag deposition on graphene can induce doping of

graphene. The intensity ratio of 2D and G bands (I2D/IG) decreased after Ag deposition on graphene, indicating

doping of graphene. From changes in positions of G and 2D bands after the metal deposition on graphene, Ag

deposition induced n-doping of graphene, whereas Au deposition induced p-doping.
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G band is assumed to be a factor determining the inter-
action between graphene and metal. Furthermore,
doping of graphene with metal deposition was investi-
gated from changes in I2D/IG ratios and shifts of the G
and 2D bands.

RESULTS AND DISCUSSION
Mechanically exfoliated graphene samples on a

SiO2(300 nm)/Si wafer were prepared by the procedure
known as the scotch tape method.26,27 The layer num-
ber of graphene can be identified by the thicknesses
measured using AFM and the shape of the 2D band in
the Raman spectra. As shown in Figure 1a�c, the AFM
image indicates four regions with different thickness in
the graphene sample: A (single-layer), B (bilayer), C (bi-
layer), and D (trilayer). These layers were confirmed
again by the shape of the 2D band in the Raman spec-
trum of each region. Figure 1d�f shows that the 2D
band in region A is well fitted with a single Lorentzian
peak (single-layer), the 2D band in regions B and C with

four peaks (bilayer), and the 2D band in region D with
two peaks (trilayer).7�9

Then, Ag of 4 nm thickness was deposited on the
graphene sample by thermal evaporation, in which the
Ag thickness was determined by a quartz crystal mi-
crobalance in a thermal evaporator. Ag was deposited
in the form of nanoparticles. (See Figure S1.) Raman
spectra of Ag-deposited graphene showed a larger Ra-
man signal compared to those of as-prepared
graphene, indicating that SERS occurs in Ag-deposited
graphene.

Figure 2 shows normal Raman and SERS spectra of
single-, bi-, and trilayer graphene before and after Ag
deposition with a 532 nm excitation laser. SERS en-
hancement factors were calculated by comparing inte-
grated intensities of the G and 2D bands before and af-
ter Ag deposition. The enhancement factors of the G
and 2D bands are 24 and 16 for single-layer (Figure 2a),
15 and 12 for bilayer (Figure 2b), and 10 and 9 for
trilayer (Figure 2c). It is particularly noted that the SERS

Figure 1. (a) AFM image and (b and c) height profile of graphene: (b) white line and (c) black line in AFM image. (d�f) 2D bands
of the normal Raman spectra at each region: (d) single-layer for region A, (e) bilayer for regions B and C, and (f) trilayer for re-
gion D.

Figure 2. SERS spectra of (a) single-, (b) bi-, and (c) trilayer graphene before and after Ag deposition. Black curves are for normal
Raman spectra before Ag deposition, and red curves are for SERS spectra after Ag deposition. A 532 nm laser was used for excita-
tion with a laser power of 1.5 mW and an exposure time of 0.2 s.
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enhancement factor decreases with increasing the
layer numbers. The change of the enhancement factor
as a function of the number of layers is well shown in
Figure 3 with error bars. This result is consistent with
our previous result on SERS enhancement factors for
single- and trilayer graphene by Au deposition.28 The
largest enhancement factor in single-layer graphene is
thought to be due to the strong interaction between Ag
and graphene. In the case of bi- and trilayer graphene,
on the other hand, the interaction between Ag and
graphene is assumed to be weak because of van der
Waals interaction between the graphene layers, which
may deteriorate the unique electron property of
graphene. Such interaction between Ag and graphene
will be further explained in the splitting of the G band
and in the decrease of the I2D/IG ratio, indicating doping
of graphene, later on.

Figure 4 illustrates the splitting of the G band after
Ag deposition on the single-, bi-, and trilayer graphene
and graphite. Before Ag deposition, the G band is ob-
served around 1580 cm�1 at any layer graphene. On the
other hand, the G band of graphene after Ag deposi-
tion is split into two peaks at 1571.2 and 1584.2 cm�1

for single-layer in Figure 4a, two peaks at 1573.5 and

1583.1 cm�1 for bilayer in Figure 4b, and two peaks at
1573.7 and 1583.1 cm�1 for trilayer graphene in Figure
4c. A prominent change in the G band after Ag deposi-
tion in Figure 4 is that the extent of the splitting of the
G band decreases with increasing the number of layers.
Specifically, the splitting of the G band is 13.0 cm�1 for
single-layer, 9.6 cm�1 for bilayer, and 9.4 cm�1 for
trilayer, whereas the G band of graphite (thick multi-
layer) is not split. It is noted that it is difficult to distinctly
distinguish between the splittings in bi- and trilayer be-
cause they are within error margin. However, the trend
of the decrement is observed with an increase in the
number of graphene layers. The splitting of the G band
can be attributed to the interaction between Ag and
graphene, which induces a change in the graphene
electronic structure. Dong et al. recently reported inter-
action between aromatic molecules and single-layer
graphene, resulting in phonon symmetry breaking at
the � point.29 When tetrasodium 1,3,6,8-
pyrenetetrasulfonic acid (TPA) was used as a dopant, it
alters the electron density distribution of single-layer
graphene and induces the G band splitting by lifting the
2-fold degeneracy of the LO and TO phonons. They
also reported that the excitation-energy independence
of the split G bands is in line with a first-order Raman
process.29 When Raman spectra of the Ag-deposited
graphene samples in this study were obtained with a
633 nm laser (Figure S2), the position of each split G
band is almost the same as that in Figure 4 obtained
with a 533 nm laser, indicating that the Raman signal
of Ag-deposited graphene is due to a first-order pro-
cess. Since the interaction between Ag and graphene
and the resulting changes in the graphene electronic
structure were also theoretically proven by Giovannetti
et al.,30 our proposal on the G band splitting by the in-
teraction between Ag and graphene seems to be rea-
sonable. The splitting of the G band was identically ob-

Figure 3. Enhancement factors of G and 2D bands calcu-
lated from integrated intensities of SERS and normal Ra-
man spectra. Black and red circles indicate enhancement fac-
tors for the G band and 2D bands, respectively.

Figure 4. (a�d) The deconvolved spectra of G bands after Ag deposition: (a) single-, (b) bi-, (c) trilayer graphene and (d)
bulk graphite. (e) The difference of two fitted bands (��G) in a�d. (f) Frequencies of two fitted G bands in a�d.
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served for Au deposition and was larger in single-layer
than in trilayer graphene (Figure S3).

Even though the 2D band is also sensitive to the
number of graphene layers, the G band splitting was
monitored in this study. The 2D band in the Raman
spectrum of single-layer graphene could be split into
two peaks after Ag deposition, whereas it was difficult
to observe the splitting of the 2D bands in the Raman
spectra of bi- and trilayer graphene because the 2D
band could be deconvoluted to four peaks for bilayer
and two peaks for trilayer before Ag deposition and the
2D band even after Ag deposition could be fitted with
four peaks for bilayer and two peaks for trilayer, as
shown in Figure S4.

From the above results, we found an interesting cor-
relation between the extent of the G band splitting and
the SERS enhancement factor. The order of the extent
of the G band splitting in single-, bi-, and trilayer
graphene is the same as that of the SERS enhance-
ment factor: single-layer � bilayer � trilayer. There-
fore, it is thought that the strongest interaction occurs
between Ag and single-layer graphene.

The Ag deposition on graphene can induce doping
of graphene. Indeed, variations of I2D/IG ratios and shifts
of G and 2D bands are related to doping of
graphene.13�15,31,32 Figure 5a shows changes of I2D/IG

ratios after Ag deposition in each graphene: from 5.1 (be-
fore Ag deposition) to 3.4 (after Ag deposition) for single-
layer, from 2.2 to 1.7 for bilayer, from 1.7 to 1.4 for trilayer.
This indicates that the I2D/IG ratio decreases after Ag depo-
sition and the extent of the reduction in I2D/IG ratio is the
largest in the single-layer. Thus, it is considered that
single-layer graphene is highly doped with Ag deposi-
tion. Similarly, the decrease in I2D/IG ratios was reported
for single- or multilayer graphene with adsorbed doping
species such as tetracyanoethylene (TCNE) and tetrathi-
afulvalene (TTF),33 various benzene derivatives,34 aro-
matic molecules,35 and halogene molecules.1

The type of doping can be determined from the po-
sition shift of the G and 2D bands.13,14,31 It is known
that the upshift of the G band position and the down-
shift of the 2D band position means n-doping of
graphene, whereas the upshift of the G band position
and the upshift of the 2D band position means
p-doping.13,31 In Figure 5b, the position of the G band
shifts from 1580.9 cm�1 (before Ag deposition) to
1584.2 cm�1 (after Ag deposition) for single-layer, from
1580.6 cm�1 to 1583.0 cm�1 for bilayer, and from 1579.6
cm�1 to 1582.5 cm�1 for trilayer. (Spectra are shown in
Figure S5.) On the other hand, the position of the 2D
band shifts to lower wavenumber after Ag deposition
by 4.5 cm�1 for single-layer, by 4.1 cm�1 for bilayer, and
by 2.2 cm�1 for trilayer (Figure 5c). This result indicates
n-doping of graphene with Ag deposition. Unlike Ag
deposition, positions of both G and 2D bands shifted
to high wavenumber when Au was deposited on
graphene (Figure S6). This result indicates p-doping of
graphene. The above results are consistent with the
previous theoretical prediction that Ag- and Au-
deposited graphene showed n- and p-type doping, re-
spectively, due to the interaction between the metal
and the graphene via an electron transfer driven by the
work function difference.30

CONCLUSIONS
In summary, the interaction between metal and

graphene was studied by investigating SERS spectra, G
band splitting, variation of I2D/IG ratio, and positions of G
and 2D bands depending on the number of layers of
graphene on which Ag was deposited. The SERS enhance-
ment factors and the extent of G band splitting decreased
with an increase in the number of graphene layers: single-
layer � bilayer � trilayer. Furthermore, Ag deposition in-
duced n-doping of graphene, whereas Au deposition in-
duced p-doping. This study will open up new challenges
for graphene-based electronics and composites.

METHODS
Preparation of Graphene Samples. Graphene was mechanically

exfoliated using Kish graphite from Toshiba Ceramics on a
300 nm SiO2/Si substrate. The graphene layer is identified by
AFM (Multimode V, Veeco Inc.) and Raman spectroscopy (Al-
pha 300S, WiTec GmbH). Ag was deposited on the graphene

samples at a rate of 0.5 Å/min using a thermal evaporator
(Woosung Hi-Vac).

Characterization of Metal-Deposited Graphene. Raman spectra were
obtained using a micro-Raman system with a 532 nm excita-
tion laser and a 100� objective lens (NA � 0.9). The inci-
dent laser power is 1.5 mW and exposure time is 0.2 s to

Figure 5. Variation of I2D/IG before and after Ag deposition. (b and c) Positions of G and 2D bands before and after Ag depo-
sition as a function of the layer number of graphene: (b) G and (c) 2D bands. Black and red circles indicate band positions be-
fore and after Ag deposition, respectively.

A
RTIC

LE

www.acsnano.org VOL. 5 ▪ NO. 1 ▪ 608–612 ▪ 2011 611



avoid laser-induced thermal effects or damage. The normal
and SERS spectra were fitted by Lorentzian single- and mul-
tipeak fitting.
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