
Can Graphene be used as a Substrate for
Raman Enhancement?
Xi Ling,† Liming Xie,† Yuan Fang,† Hua Xu,‡ Haoli Zhang,‡ Jing Kong,§
Mildred S. Dresselhaus,§ Jin Zhang,*,† and Zhongfan Liu*,†

†Beijing National Laboratory for Molecular Sciences, Key Laboratory for the Physics and Chemistry of Nanodevices,
State Key Laboratory for Structural Chemistry of Unstable and Stable Species, College of Chemistry and Molecular
Engineering, Peking University, Beijing 100871, China, ‡State Key Laboratory of Applied Organic Chemistry, College
of Chemistry and Chemical Engineering, Lanzhou University, Lanzhou 730000, China, and §Department of
Electrical Engineering and Computer Science, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

ABSTRACT Graphene is a monolayer of carbon atoms packed into a two-dimensional (2D) honeycomb crystal structure, which is a
special material with many excellent properties. In the present study, we will discuss the possibility that graphene can be used as a
substrate for enhancing Raman signals of adsorbed molecules. Here, phthalocyanine (Pc), rhodamine 6G (R6G), protoporphyin IX
(PPP), and crystal violet (CV), which are popular molecules widely used as a Raman probe, are deposited equally on graphene and a
SiO2/Si substrate using vacuum evaporation or solution soaking. By comparing the Raman signals of molecules on monolayer graphene
and on a SiO2/Si substrate, we observed that the intensities of the Raman signals on monolayer graphene are much stronger than on
a SiO2/Si substrate, indicating a clear Raman enhancement effect on the surface of monolayer graphene. For solution soaking, the
Raman signals of the molecules are visible even though the concentration is low to 10-8 mol/L or less. What’s more interesting, the
enhanced efficiencies are quite different on monolayer, few-layer, multilayer graphene, graphite, and highly ordered pyrolytic graphite
(HOPG). The Raman signals of molecules on multilayer graphene are even weaker than on a SiO2/Si substrate, and the signals are
even invisible on graphite and HOPG. Taking the Raman signals on the SiO2/Si substrate as a reference, Raman enhancement factors
on the surface of monolayer graphene can be obtained using Raman intensity ratios. The Raman enhancement factors are quite
different for different peaks, changing from 2 to 17. Furthermore, we found that the Raman enhancement factors can be distinguished
through three classes that correspond to the symmetry of vibrations of the molecule. We attribute this enhancement to the charge
transfer between graphene and the molecules, which result in a chemical enhancement. This is a new phenomenon for graphene
that will expand the application of graphene to microanalysis and is good for studying the basic properties of both graphene and
SERS.
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INTRODUCTION

Raman spectroscopy is an important and powerful
tool in characterizing the structure of materials.
However, due to the low scattering cross-section

(10-30 cm2 molecule-1), the weak intensity of Raman signals
result in low sensitivity, which is the reason why the ap-
plication of Raman spectroscopy was neglected for many
years.1-3 The development of techniques for enhancing the
Raman signals made Raman spectroscopy more popular in
many kinds of research and applications.4-9 The techniques
are mainly based on resonant Raman scattering (RRS)10 or
surface-enhanced Raman scattering (SERS).1,7,11 For RRS,
the excitation wavelength should be resonant with a molec-
ular transition. For surface-enhanced Raman spectroscopy
(SERS), though there are numerous experimental and theo-
retical works on it, there are also many controversies about

the mechanism and no complete picture of the enhance-
ment mechanism is available even now.12-23 Normally, the
two widely accepted mechanisms are electromagnetic mech-
anism (EM) and chemical mechanism (CM).1

EM is based on the enhancement of the local electromag-
netic field that results in a significant increase in the cross
section of the Raman scattering. The contribution to the
electromagnetic enhancement is mainly due to the surface
plasmons excited by the incident light. The enhancement
is roughly proportional to |E|4 and can get to 108 or more,
where E is the intensity of the electromagnetic field.11,21

Compared to EM, CM11,12,14 is based on a charge transfer
between the molecule and the substrate. Because of charge
transfer, the positive and negative charge in the molecule
become more separated, which means the polarizability of
the molecule increases, and then the cross section of the
Raman scattering increases. CM is usually thought to be a
“first layer effect”. Some works show that the first monolayer
of absorbed molecules often exhibits a SERS cross section
much larger than that from the second layer.11 The enhance-
ment of CM is usually 10-102. Additionally, EM is really a
long-range effect that requires the substrate to be rough, so
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that a so-called “hot spots” can exist between two particles,
while CM is a short-range effect occurring on the molecular
scale, which means it requires the molecule to be in contact
with the substrate or very close to the substrate, so that
charge transfer can easily occur between the molecule and
the substrate. In many cases, the two mechanisms coexist.
Usually, SERS is mostly based on EM including CM.

For SERS, the emphasis on getting strong enhancement
is how to get a good substrate. Traditionally, the SERS
substrate is based on a rough surface of a noble metal such
as Ag, Au, Cu, and so on,24,25 which takes advantage of
the huge enhancement of EM compared to other enhance-
ments. To make a rough metal surface for SERS, the follow-
ing methods have been used: (1) electrochemical ways by
successive oxidation-reduction cycles as in the work of
Fleischmann and co-workers,26 (2) depositing a thin film
using vacuum evaporation methods,27,28 (3) nanosphere
lithography with the assistance of micro-nano-fabrication
techniques,29,30 (4) preparing size-controlled colloidal nano-
particles and depositing a monolayer on the substrate,31-33

(5) assembling a large-area colloidal monolayer of nanopar-
ticles on the substrate,34 and so on. No matter which method
is used, the fabrication process is relatively complex, difficult
to control, reproduce, or keep clean, which leads to the low
activity of SERS.24 Also, the enhanced efficiency is often
quite different for different metals. Silver is thought to be
the best one, but it is expensive and easily oxidized, which
will decrease the enhanced efficiency. Besides, metals usu-
ally have a bad biological compatibility. Therefore, it is
necessary to develop new substrates for Raman enhance-
ment. To satisfy further requirements, a material, which is
cheap and easy to obtain, effective and can be used directly,
chemically inert, and biocompatible should be exploited.

Graphene, a single sheet from graphite, has the ideal 2D
structure with a monolayer of carbon atoms packed into a
honeycomb crystal plane. Graphene is aromatic and hydro-
phobic and has great chemical inertness. People can get
graphene by mechanical exfoliation from HOPG or Kish
graphite. Graphite is abundant on the Earth’s surface35 and
we can observe it by optical microscopy on a 300 nm thick
SiO2/Si substrate, which is cheap and convenient for most
laboratories.36-38 Also, it is biocompatible and has potential
bioapplications.39,40 As a rising star, it has attracted large
interest from both physicists and chemists for its excellent
properties both observed and predicted.35,41-43 Actually,
great progress has been made in finding applications for
graphene, from chemical sensors to transistors.44-47 Most
of them are based on electrical measurements. But its
potential as a substrate for Raman enhancement has not
been investigated up to now. Here, we analyze the charac-
teristics of classical SERS substrates first and then we
consider whether graphene has potential as a substrate for
Raman enhancement.

The EM mechanism requires a rough surface, metal
particles with large curvature, and a surface that can absorb

the incident light to produce surface plasmons. The CM
mechanism requires the distance between the molecule and
the substrate to be below 0.2 nm and the Fermi level of the
metal substrate to symmetrically match with the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the molecule, so that charge
transfer can occur from the metal to the molecule or vice
versa.1,14 Considering graphene, first, its surface is relatively
smooth in despite of fluctuations that follow from the under
lying substrate.48 Second, the optical transmission through
the graphene surface in the visible range is higher and is
more than 95%.49 Besides, the surface plasmon on graphene
is in the range of terahertz rather than in the visible range.50

On the basis of these considerations, graphene does not
support EM. On the other hand, for CM graphene has
possibilities. One of the most important conditions for CM
is charge transfer between the molecule and the substrate.
Since previous research has already shown that charge
transfer could occur between graphene and some mole-
cules,51-54 we think that chemical enhancement may occur
on the surface of graphene for selected molecules. In fact,
in the earlier period, metals with a flat surface were used to
separate CM from EM for further studying of the CM effect,11

but the cold-deposited method that used to get a flat surface
of a metal film is challenging since it requires very low
temperature and ultrahigh vacuum. Graphene is an ideal 2D
plane and the surface of graphene is quite flat. If graphene
can be used as a substrate for Raman enhancement based
on the chemical mechanism, it will provide an easy method
to separate CM from EM for further study.

In this work, we use graphene as a substrate for Raman
enhancement experiments. Some common molecules used
for Raman probes, such as Pc, R6G, PPP, and CV are
deposited equally on graphene and a SiO2/Si substrate using
vacuum evaporation or solution soaking. By comparing the
Raman signals of molecules on monolayer graphene and on
a SiO2/Si substrate, we observed that the intensities of the
Raman signals on monolayer graphene are much stronger
than on the SiO2/Si substrate. For solution soaking, we can
observe Raman signals from the molecules on graphene
even though the concentration is as low as 10-8 mol/L, while
there is only a fluorescence background from the SiO2/Si
substrate that is consistent with our previous work.55 Fur-
thermore, the intensities decrease with an increase in the
number of the layers of graphene and eventually the signals
can no longer be seen on graphite and HOPG. The Raman
enhancement factors of 2-17 are calculated by taking the
signals on the SiO2/Si substrate as references, and they are
found to be dependent on the vibrational symmetry of the
molecules. This is the first report about the Raman enhance-
ment on the surface of graphene. Though the detailed origin
is not so clear, we contribute this phenomenon to chemical
enhancement due to the much easier charge transfer be-
tween graphene and the molecules. We believe that further
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research is needed in this direction to understand this special
phenomenon.

EXPERIMENTAL SECTION
Graphene was prepared by the mechanical exfoliation of

Kish graphite (Covalent Materials Corp.) using scotch tape
on a SiO2/Si substrate (300 nm thick oxide). Before graphene
deposition, the SiO2/Si substrate was washed clean by
ultrasonication in acetone, ethanol, and water in turn, and
at the end was cleaned by a Plasma Cleaner. Graphene was
characterized by optical microscopy (OM), Raman spectros-
copy, and atomic force microscope (AFM). By the color
contrast in the OM image (Figure 1a), we can distinguish the
relative number of layers as monolayer (1 L, pink), few-layer
(FL, purple), multilayer (ML, purple close to white), and
graphite (G, yellow). In this work, the number of layers is
∼10 for FL, 50-100 for ML, and several hundred or more
for graphite. The shape of the Raman G′-band and the IG/IG′

intensity ratio in the Raman spectra (Figure 1b) and the
sample thickness in the AFM image (Figure 1c,d) can give
more accurate information about the number of layers.

Phthalocyanine (Pc) from Alfa-Aesar, Rhodamine 6G
(R6G) from Sigma-Aldrich, Protopphyrin IX (PPP) from
Frontier Scientific, Inc., and Crystal Violet (CV) from Sinop-
harm Chemical Reagent Co., Ltd. were used directly as
received. The chemical structures of these molecules are
shown in the Supporting Information. The water used in this
work is purified until the resistivity is 18.2 MΩ·cm.

We deposited the organic molecules on the surface of
graphene using standard thermal evaporation. The pressure
during the evaporation is about 10-4 Pa. The precision of
the thickness measurement is 1 Å. Two kinds of thicknesses
are used, 1 and 2 Å. For the sample deposited to 1 Å, we
control the deposition time to about 3 s. For the thicknesses
of 1 and 2 Å, the degrees of coverage are all less than a

monolayer coverage as shown by many references.56 The
AFM images of graphene before and after molecular deposi-
tion also show a submonolayer coverage that the surface
after deposition is as smooth as before (see Supporting
Information Figure S2a-d). Meanwhile, for comparison, a
bulk HOPG sample was put in the thermal evaporation
system at the same time with the graphene sample. STM
characterization also shows that the molecules on the sur-
face form a submonolayer that we can only find when some
molecules form a chain on the surface (see Supporting
Information Figure S2e,f).

We also deposited the organic molecules on the surface
of graphene by simply soaking the SiO2/Si substrate with
graphene in the solution of the molecules. Three kinds of
molecules with a series of concentrations were used. One is
a R6G solution (4 × 10-6, 8 × 10-7, 8 × 10-8, 8 × 10-9, 8 ×
10-10, 8 × 10-11 M in water); the second one is a PPP
solution (2 × 10-5, 2 × 10-6, 2 × 10-7, 1 × 10-7, 5 × 10-8,
2 × 10-8 M in methanol); the third one is a CV solution (1 ×
10-6 M in water). The solutions with different concentrations
were prepared by diluting the concentrated solution gradu-
ally. The soaking time is 1 h for all the solutions. After
soaking, the sample with molecules was washed with the
corresponding solvent to remove the free molecules and
then dried under flowing N2.

Raman spectroscopy was obtained using a Horiba HR800
Raman system with three laser lines, a 632.8 nm line from
He-Ne laser, a 514.5 nm line from an Ar+ laser (Spectra-
Physics model 163-C4205), and a 457.9 nm line from an
Ar+ laser (Melles Griot model 543-AP-A01). The detector is
a Synapse CCD detector with thermoelectric cooling to -70
°C. An 100× objective was used to focus the laser beam and
to collect the Raman signal. The laser power on the sample
was 0.5 mW for 632.8 nm, 0.2 mW for 514.5 nm, and
0.6mW for 457.9 nm to avoid possible heating effect by the

FIGURE 1. (a) The optical image of graphene, including single layer (1 L), few-layer (FL), multilayer (ML), and graphite (G). (b) The Raman
spectra of different numbers of layers of graphene corresponding to (a). The data collection conditions are the same for all spectra. (c) The
typical AFM image of graphene. (d) The cross-section analysis of (c).
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laser. The size of the laser spot is about 1 µm. The spectra
in comparison were obtained under the same conditions.
The intensities of the peaks are obtained by fitting them with
a Lorentzian function.

RESULTS AND DISCUSSION
To investigate whether the graphene can be used as a

substrate for Raman enhancement, submonolayer mol-
ecules were deposited on the sample by vacuum evaporation
to ensure an equal distribution on the whole surface. First,
the Raman signals of the molecules on graphene and on the
SiO2/Si substrate were compared. Pc with two kinds of
thicknesses was deposited; one is thicker, about 2 Å and the
other one is less, about 1 Å. Raman spectra were collected
from both graphene and the SiO2/Si substrate under the
same conditions (integration time, laser power, focus, etc.).
Figure 2a shows a schematic illustration of the molecules on
graphene and on the SiO2/Si substrate, and the results of the
Raman experiment. We found that the signals of Pc on
graphene are clearly stronger than that on the SiO2/Si
substrate, no matter which laser excitation was used (Figure
2). The assignments of the peaks are shown in the Support-
ing Information (Figure S3), which is in accordance with
previous reports.57,58 For the sample deposited at 2 Å Pc,
Pc Raman signals were observed both on graphene and on
the SiO2/Si substrate at each wavelength excitation among
632.8 nm (Figure 2b), 514.5 nm (Figure 2c), and 457.9 nm

(Figure 2d). We suppose that the absorption spectra of the
molecules are not affected by the adsorption of the mol-
ecules,whichhasbeenshowntobeverysmallbyothers.59-61

The intensities of the Raman signals at 632.8 nm excitation
are larger than at 514.5 and 457.9 nm, which is consistent
with the fact that the absorption of Pc at 632.8 nm is much
stronger than at 514.5 and 457.9 nm.62 It is also interesting
to note that the Raman signals of Pc on graphene are even
stronger than the G-band of graphene (Figure 2b). In any
case, the same trend is observed in all three cases and that
the signals on graphene are stronger than that on the SiO2/
Si substrate. As the thickness of Pc on the surface decreases
to 1 Å, the differences of the signals on graphene and on
the SiO2/Si substrate become even larger. At 632.8 nm
excitation, which is better resonant with Pc, only very weak
signals from Pc are observed on the SiO2/Si substrate, while
on graphene the signals are much stronger and well-distin-
guished (Figure 2e). At 514.5 and 457.9 nm excitation,
which are outside the absorption range of Pc, the Raman
signals at 1340, 1543, and 1617 cm-1 are still distinguish-
able on monolayer graphene, in contrast to the signals from
Pc on the SiO2/Si substrate, which are invisible and only the
fluorescence background can be seen (Figure 2f,g). In Figure
2f,g, the baselines for graphene and the SiO2/Si substrate are
not at the same level, which is due to the graphene-induced
fluorescence quenching.55

FIGURE 2. (a) Schematic illustration of the molecules on graphene and a SiO2/Si substrate, and the Raman experiments. (b-d) are the
comparisons of Raman signals of Pc deposited 2 Å on graphene (red line) and on the SiO2/Si substrate (blue line) using vacuum evaporation
at 632.8 nm excitation (b), 514.5 nm excitation (c), and 457.9 nm excitation (d). (e-g) Similar to (b-d), but depositing less Pc (∼1 Å). Except
for the peak marked by the star (*) (the 960 cm-1 peak from Si, and the 1586 cm-1 peak from graphene), all the peaks are from Pc. The inset
in (b) shows the structure of Pc.
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The situation is similar for R6G and PPP deposited at
about 1 Å. The assignments of the peaks of R6G and PPP
are shown in the Supporting Information (Figure S3). At the
resonant wavelength excitation of R6G (Figure 3a) and PPP
(Figure 3c), 514.5 nm,63-65 the spectra with strong Raman
signals and high signal-to-noise ratio were observed on
graphene, while only the fluorescence background was
observed when collecting Raman spectra from the SiO2/Si
substrate. At the nonresonant wavelength excitation of R6G
(Figure 3b) and PPP (Figure 3d), 632.8 nm, there is only a
fluorescence background from the SiO2/Si substrate as we
expected, but on graphene, though the signal-to-noise ratio
is not so good as for the 632.8 nm excitation, the signals
from the molecules are still visible, which is interesting and
exciting. What is more important is that even though the
absorption is near to zero at 632.8 nm for R6G,63 some

signals such as 1312, 1360, 1512, and 1650 cm-1 from R6G
appeared unexpectedly.

For further investigation, solution soaking was used to
deposit the molecules. The detailed description about the
solution soaking was mentioned in the experimental section.
The samples were soaked in a PPP solution with six con-
centrations from 2 × 10-5 to 2 × 10-8 M and in a R6G
solution with six concentrations from 4 × 10-5 to 8 × 10-11

M. The intensities of the Raman signals of the molecules on
monolayer graphene decrease with a decrease in the con-
centration for both molecules (Figure 4a,b). The data can be
fit well with the BET model (Figure 4c,d) and it is clear to
see the intensity of the Raman signal saturate as the con-
centration is increased. So, under low concentrations, such
as below 8 × 10-7 M for R6G and 2 × 10-6 M for PPP, the
degrees of coverage can be thought to be submonolayer.

FIGURE 3. Comparisons of Raman signals of R6G and PPP deposited on graphene (red line) and on the SiO2/Si substrate (blue line) using
vacuum evaporation at 514.5 nm excitation and 632.8 nm excitation. (a,b) R6G, (c,d) PPP. (a,c) Excitation at 514.5 nm. (b,d) Excitation at
632.8 nm. The peak marked by the star (*) is the G-band of graphene.

FIGURE 4. Raman spectra of PPP (a) and R6G (b) deposited on monolayer graphene by soaking in the solution with different concentrations.
For PPP, the concentrations from top to bottom are 2 × 10-5, 2 × 10-6, 2 × 10-7, 1 × 10-7, 5 × 10-8, and 2 × 10-8 M. For R6G, the concentrations
from top to bottom are 4 × 10-5, 8 × 10-7, 8 × 10-8, 8 × 10-9, 8 × 10-10, and 8 × 10-11 M. (c,d) The corresponding plots of Raman intensity
vs concentration. For PPP, we choose the 1615 cm-1 peak as an example, and for R6G we choose the 1650 cm-1 peak. The intensities of the
peaks are normalized to the signal from silicon at 520 cm-1. (e,f) The magnified spectra of PPP under 2 × 10-8 M and R6G under 2 × 10-5 M,
respectively. All the spectra are obtained at 514.5 nm excitation. The peak marked by the star (*) is the G-band of graphene.

© 2010 American Chemical Society 557 DOI: 10.1021/nl903414x | Nano Lett. 2010, 10, 553-561



More importantly, some signals from the molecules can be
observed even for concentrations as low as 8 × 10-10 M for
R6G (Figure 4e), and 2 × 10-8 M for PPP (Figure 4f). The
concentration is comparable with the concentration used in
the classical SERS experiments.66,67 Compared to the situ-
ation on graphene, under all the concentrations both for R6G
and PPP no Raman signals were observed on the SiO2/Si
substrate except the fluorescence background, which is the
same as in our previous work.55

From the experimental data shown above, the much
stronger Raman signals of the molecules on graphene
compared with that on the SiO2/Si substrate, and the ap-
pearance of the Raman signals for molecules on graphene
when soaking in solutions with very low concentrations
clearly suggests that a Raman enhancement effect exists on
the surface of graphene. As a result of the Raman enhance-
ment on the surface of graphene, we can obtain the Raman
signals from very few molecules. Also, we can obtain Raman
spectra from the molecules at nonresonant wavelength
excitations to avoid the fluorescence background that some-
times occurs at resonant wavelength excitations.

Considering the origin of this special Raman enhance-
ment on graphene, as mentioned in the introduction, EM is
not likely, while CM is possible. First, the molecules we used
are conjugated and macrocyclic (for Pc and PPP). Their basic
structures are similar to graphene. When deposited as a
submonolayer on graphene, due to the π-π stacking, these
aromatic molecules should lie parallel to the surface of
graphene,68-70 which means that the distance between
graphene and the molecules is small. Second, the position
of the HOMO and LUMO of the molecules are all located on
the two sides of the Fermi level of graphene (see Supporting
Information Figure S4.). These observations suggest that

charge transfer can easily occur between graphene and the
molecules, which will induce chemical enhancement. Ad-
ditionally, because of the similarity of the chemical structure
between the molecules and graphene, the vibrational cou-
pling71 between them may be another factor contributing
to the Raman enhancement.

Under resonant excitation, the signals are attributed to
three factors, the number of the molecules, resonant en-
hancement, and chemical enhancement. When the amount
of molecules is small, the resonant enhancement is insuf-
ficient to observe the Raman signals of molecules, and there
is no chemical enhancement on the SiO2/Si substrate, and
we cannot see the signals. But on graphene, both resonant
enhancement and chemical enhancement exist, which result
in observable Raman signals. At the nonresonant wave-
length excitation, the signals are attributed to the number
of molecules and to chemical enhancement. Because of the
fewer molecules and no chemical enhancement on the SiO2/
Si substrate, no signals are observed, while on graphene
chemical enhancement still exists, which results in a survival
of the signals.

Then,tounderstandtheRamanenhancementongraphene
further, we compared the Raman signals of molecules on
the surface of graphene with different numbers of layers.
Figure 5 shows the Raman spectra of different molecules on
monolayer (blue line), multilayer (green line), and graphite
(red line), where molecules were deposited using both
vacuum evaporation and solution soaking. For the samples
deposited at 1 Å thickness by vacuum evaporation (Figure
5a-c), at the corresponding resonant wavelength excitation
of Pc, R6G, and PPP, the intensities of the Raman signals
from the corresponding molecules decrease with an increase
of the number of graphene layers. On the graphite, the

FIGURE 5. Raman spectra of Pc (a), R6G (b), and PPP (c) deposited using vacuum evaporation and the Raman spectra of CV (d), R6G (e), and
PPP (f) deposited by solution soaking on different surfaces, respectively. The blue line is for spectra obtained on monolayer graphene, the
green line is for spectra obtained on multilayer graphene, and the red line is for spectra obtained on graphite. In (e), the spectra are the
results after removing the fluorescence background. For all the peaks, except the peaks marked by the star (*), all the peaks are from
the indicated molecules.

© 2010 American Chemical Society 558 DOI: 10.1021/nl903414x | Nano Lett. 2010, 10, 553-561



signals are usually very weak or invisible. On the surface of
HOPG upon which molecules were deposited at the same
time with the sample, the signals are hardly observed (see
Supporting Information Figure S5.). The trend is analogous
to that observed for the samples with deposited molecules
obtained by solution soaking (Figure 5d-f). In ref 72, Wang
et al. considered the incident laser and scattered Raman
signal interference in between the graphene layers and in
this way they explained the G band intensity dependence
on the graphene layer number. However, if we apply the
same consideration to our system here, we would expect
the enhancement factors to oscillate periodically with the
graphene thickness. Thus we conclude that the interference
effect induced by the different numbers of graphene layers
does not make a major contribution to the observed inten-
sity.72

Regarding the difference of the Raman signals on mono-
layer and on multilayer graphene, though we do not know
the precise origin of these signals, one possibility is the
difference of the surface potential induced by the substrate-
induced effects.73 The p-doing effect from the SiO2/Si sub-
strate will result in an increase in the work function of
graphene sheets with thickness, which may affect the ef-
ficiency of the chemical enhancement. Further work should
be done to investigate the origin of this effect.

In order to calculate the Raman enhancement factors, we
chose the intensity of the Raman signals of Pc on the SiO2/
Si substrate as the normalization reference. The data used
here is at 632.8 nm wavelength excitation. In Figure 6, we
show the relative intensities of 15 peaks of Pc on different
numbers of layers of graphene. Comparing the signals from
monolayer graphene with those from the SiO2/Si substrate,
we observed that the Raman enhancement factors of dif-
ferent peaks are different and vary from 2 to 17. According
to the magnitude of the enhancement, the peaks are clearly
distinguished into three classes. The peaks at 1140, 1340,
1450, 1512, and 1542 cm-1, assigned as Ag symmetry
vibrations,74 are enhanced the most by about 15 times. The
peaks at 1082, 1182, 1189, 1312, and 1428 cm-1, assigned
as B3g modes, are enhanced by about 5 times,74 and the
peaks at 680, 722, 797, 890, and 1228 cm-1, usually
assigned as macrocycle breathing vibrations,74,75 are en-
hanced relatively less, by about only 2 times. Also, there are
some new peaks appearing, such as 766, 1159, 1405, 1479,
and 1617 cm-1 (see Figure 2e, and the magnified spectra
are shown in Supporting Information Figure S7). Most of
them are assigned as E modes, which are infrared active
(such as 766, 1159, and 1405 cm-1),57,74 whose intensity is
usually weak in other SERS experiments.58 Besides, because
of the enhancement some overtones in the range 1800∼3400
cm-1 are visible (see Supporting Information Figure S8). This
classification of the enhancement factors indicates a vibra-
tion symmetry dependence of the Raman enhancement for
this effect. On the other hand, with an increase in the
number of graphene layers the signals become weaker and

weaker. For few-layer graphene, the biggest enhancement
factor is about 12. For multilayer and more layer graphene,
the signals are even weaker than that on the SiO2/Si substrate
(Figure 6).

It should be noted that the magnitude of the enhance-
ment, 2-17 times and the vibration dependence of the
enhancement factors are both consistent with the chemical
enhancement mechanism. For chemical enhancement, the
enhancement of different vibrational modes is usually de-
pendent on the geometry of the molecules on the surface.76,77

Here, the enhancement in our system is also vibration
dependent, which is related with the surface geometry of
the molecule on graphene. The appearances of some new
peaks may be due to symmetry-breaking of the molecule.
Regarding the vibration dependence of the enhancement of
the molecular signal with different vibrational modes and
different orientations on the graphene, further investigations
are being carried out in our group. These are expected to
determine the geometry of the molecule on the surface of
graphene by the difference in the Raman enhancement
factors for different symmetry vibrations.

FIGURE 6. The relative Raman intensity of Pc deposited 1 Å on
different surfaces using vacuum evaporation. The different spectral
lines represent the different peaks of Pc labeled in the right top
corner. The signals on the SiO2/Si substrate are set to “1”.
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In summary, in this study we discussed whether graphene
can be used as a substrate for Raman enhancement. To
investigate and understand this, a series of experiments
were carried out. Two methods, vacuum evaporation and
solution soaking, were used to deposit submonolayer mol-
ecules on graphene as well as on the SiO2/Si substrate. First,
the Raman signals of the molecules on monolayer graphene
and on the SiO2/Si substrate were compared and the Raman
signals on monolayer graphene could be observed easily and
were stronger than that on the SiO2/Si substrate, indicating
a clear Raman enhancement effect on the surface of mono-
layer graphene. Especially, for solution soaking the Raman
signals of the molecules on graphene were visible even
though the concentration was low and was comparable with
the concentration used in the classical SERS experiment.
Furthermore, the Raman enhancement effect was investi-
gated on different layers graphene. The enhanced efficiency
was found to be best on monolayer graphene (or few layer
graphene, which needs further research). The intensities of
the Raman signals of molecules decreased roughly with the
increase of the number of the graphene layers. Since the
precise origin is unknown, further investigations should be
carried out. Finally, a Raman enhancement factor of 2-17
was obtained and the magnitude was found to be dependent
on the vibrational symmetry of the modes of the molecules.
Considering the discussion in the introduction and the results
from the experimental data, we attribute this Raman en-
hancement in graphene to a chemical enhancement effect.

This is the first report about the Raman enhancement on
the surface of graphene. Compared to metals, graphene as
a substrate for Raman enhancement has many advantages
such as easier preparation, lower cost, and better biocom-
patibility. Although the precise origin is not very clear now
and more research should be carried out in this new research
direction, we believe this discovery will expand the applica-
tion of graphene to microanalysis and is good for the
studying the basic properties of both graphene and SERS,
such as the charge transfer of graphene and chemical
enhancement mechanism, separating it from the electro-
magnetic enhancement mechanism.
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