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Resonance Raman spectroscopy (RRS), which can enhance
Raman signal by 107 times than normal Raman spectroscopy, is a
powerful approach to characterize structures of chemicals (especially
biomolecules) at low concentrations.1-4 However, fluorescence (FL)
background is a major obstacle in RRS because the FL cross section
(∼10-16 cm2) is much larger than the RRS cross section (∼10-22

cm2).3 Several approaches, such as ultraviolet RRS (UV-RRS),1

time-resolved Raman detection,5,6 femtosecond broadband stimu-
lated Raman spectroscopy (FSRS),7 and coherent anti-Stokes Raman
spectroscopy (CARS),8 have been used to suppress or reject FL
background in RRS. However, these approaches need expensive
and complex equipments and have other limitations, such as sample
degradation in UV-RRS. Surface-enhanced Raman spectroscopy
(SERS) is another powerful approach to characterize structures of
chemicals at extremely low concentrations or even at the single
molecule level.9 But the metal surfaces used in SERS require proper
roughing and further modification for bioapplications.

Graphene, a plane of honeycomb carbon lattice, has attracted
intense interests for its unusual properties10,11 as a consequence of
its linear energy dispersion near the Dirac points. Sp2 carbon
materials, like carbon nanotubes (CNTs), have excellent biocom-
patibility and have applications in biosensing12 and drug delivery.13

Graphene has a similar biocompatible surface and has potential
bioapplications14,15 too. Herein, we demonstrate that graphene can
be used as a substrate to suppress FL background by ∼103 times
(Figure 1a), which can be used to measure RRS from fluorescent
molecules at low concentrations. Two probe molecules were used
in this work: rhodamine 6G (R6G) and protoporphyrin IX (PPP)
(chemical structures in Supporting Information (SI)).

Graphene was prepared by mechanical exfoliation of Kish
graphite (Covalent Materials Corp.) on SiO2/Si (300 nm thick
oxide). Raman measurement and optical imaging were used to
identify monolayer (1L), bilayer (2L), and multilayer (ML)
graphenes and graphite pieces16,17 (see SI). Graphene on SiO2/Si
was soaked in R6G solution (10 µM in water) or PPP solution (20
µM in methanol) for 30 min. Then the graphene sample with
adsorbates was rinsed in the corresponding solvent for ∼15 min
and then dried under a N2 flow. A Horiba HR800 Raman system
with a 514 and a 633 nm laser was used. A 100× objective was
used to focus the laser beam and collect the Raman-FL signal. The
laser power on the sample was ∼0.6 mW for 514 nm and 4 mW
for 633 nm.

A typical Raman-FL spectrum of R6G in solution at 514 nm
excitation is shown in Figure 1b (the blue line). Only a strong FL
background was observed. The Raman peaks, whose intensity
should be above the detection limit of our system,3 however, were
not observed due to the strong shot noise of the FL emission. The
wave pattern with a period of ∼100 cm-1 shown in the Raman-FL
spectra (blue line in Figure 1b and line in Figure 2a) is due to the

uncalibrated intensity response of our system. This uncalibrated
intensity response distorts FL peaks but has a minor effect on
Raman peaks because FL peaks are wide (>1000 cm-1) but the
Raman peaks are quite sharp (∼10 cm-1).

In contrast, for R6G adsorbed on graphene, the FL emission was
weaker and the Raman peaks were clearly observed (red line in Figure
1b). The 1588 cm-1 peak was from graphene. Atomic force microscope
(AFM) images of graphene before and after R6G adsorption and RRS
peak assignment of R6G on graphene are in the SI.

A similar result was observed for PPP: only strong FL observed
from solution (Figure 2a) vs greatly suppressed FL with moderate
Raman observed from presence on graphene (Figure 2b). Assign-
ment of RRS peaks of PPP on graphene is in the SI.

Figure 2c and 2d present Raman-FL spectra of R6G and PPP on
1L, 2L, and ML graphenes and graphite. The Raman intensity of R6G
and PPP on graphite is significantly lower because of the lack of
interference enhancement of excitation and signal on graphite.18

Compared with ML graphene, the higher Raman intensity of R6G
and PPP on 1L and 2L graphenes indicates more adsorbed R6G and
PPP, which is attributed to corrugation19 induced higher activity.

Compared with the solution, R6G and PPP on both graphene and
graphite have a much larger Raman/FL intensity ratio. This larger
Raman/FL intensity ratio may be contributed by (a) an increased RRS
cross section, (b) aggregation-induced FL quenching for R6G and PPP
on graphene, (c) graphene-induced FL quenching, and/or (d) photo-
bleaching of R6G and PPP on graphene. First, graphene does not

Figure 1. (a) Schematic illustration of graphene as a substrate to quench
FL of R6G in RRS. The inset is an optical image of a 1L graphene on
SiO2/Si. (b) Raman-FL spectra of R6G in water (10 µM) (blue line) and
R6G on a 1L graphene (red line) at 514 nm excitation. The spectrum
integration time was 10s for the blue line and 50s for the red line. The
Raman peaks labeled as * were from the SiO2/Si substrate. The 1588 cm-1

peak was from graphene.

Published on Web 07/02/2009

10.1021/ja9037593 CCC: $40.75  2009 American Chemical Society9890 9 J. AM. CHEM. SOC. 2009, 131, 9890–9891



support electromagnetic enhancement of Raman. Chemical enhance-
ment of Raman for graphitic material is unknown. More important,
no SERS has been reported for physically adsorbated molecules on
graphitic materials.20,21 Therefore, the RRS cross section increase
can be ruled out. Additionally, R6G does not aggregate at a concentra-
tion of 10 µM.22 For PPP, a methanol solution with a low concentration
was used to avoid aggregation. After adsorption, a sufficient solvent
wash followed to remove nonadsorbed R6G and PPP. So aggregation
is not likely here. For photobleaching of R6G and PPP on graphene,
it only contributes less than 10 times to the FL suppression (see SI).
Finally, the greatly increased Raman/FL intensity ratio is mainly
attributed to graphene-induced FL quenching. A similar result has been
reported for dyes on graphitic carbon.21 For R6G on graphene, FL
quenching may be mainly via energy transfer because calculation has
shown a fast energy transfer from dyes to graphene23 and energy
transfer from R6G to metals24 has usually been observed. For PPP on
graphene, both energy and electron transfer are possible because both
energy25 and electron26 transfer have been observed in a similar system
(porphyrins on CNTs).

The factor of FL quenching (denoted as q) can be calculated by

where σ is the cross section and A is the integrated area. For R6G,
the σRaman and σFL of R6G in solution is ∼10-22 and ∼10-16 cm2,
respectively. The AFL/ARaman for R6G on graphene from 100 to 1700
cm-1 (i.e., 517-564 nm) is ∼102:1 (from Figure 1b). Assuming
that the Raman cross section for R6G in solution and on graphene
is at the same order, the FL quenching factor q can be estimated
(q ∼104). Considering photobleaching contributed <10 times to FL
quenching (see SI), the graphene-induced FL suppression is
estimated to be ∼103. Figure 3 summarizes the cross section values
for R6G in solution and on graphene. A similar calculation is carried
out for PPP (see SI).

In conclusion, by adsorption of R6G and PPP on graphene, we
have observed RRS peaks of R6G and PPP over their FL
background. The successful observation of Raman peaks is mainly
attributed to graphene-induced FL quenching. Toward applications
in RRS, compared with metal surfaces, graphene has its disadvan-
tages: the lack of SERS and having interference peaks (∼1580 and
∼2700 cm-1). However, graphene has an aromatic and hence

hydrophobic and almost nonreactive surface, which offers an
alternative way for RRS measurement of fluorescent molecules.
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Figure 2. Raman-FL spectra of PPP (a) in solution and (b) on a 1L
graphene at 633 nm excitation. The peak labeled as * was from SiO2/Si.
The 1588 cm-1 peak was from graphene. Raman-FL spectra of (c) R6G
(514 nm excitation) and (d) PPP (633 nm excitation) on different surfaces.
The spectrum integration time was 2 s in (a) and 60 s in both (b) and (d).
In (c), spectrum from R6G on graphite was integrated by 300 s and others
were integrated by 5 s.

q )
σFL in solution

σFL on graphene
)

σFL in solution

σRaman on grapheneAFL on graphene/ARaman on graphene

Figure 3. Summary of (a) FL and (b) Raman cross section of R6G in
solution and on graphene. S0: ground state, S1: excited state, VB: valence
band, CB: conducting band. Raman cross section of R6G in solution and
on graphene is considered as the same. FL cross section of R6G on graphene
is calculated using σFL on graphene ) σRaman on grapheneAFL on graphene/ARaman on graphene.
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