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G
raphene has been intensively stu-
died because of its unique and use-
ful electrical, mechanical, and chem-

ical properties.1�4 One of its promising
applications is the use of graphene as a
substrate for the surface-enhanced Raman
scattering (SERS),5�8 and SERS has been
used from single-molecule detection tomulti-
plexed target detection applications.9,10 In
SERS, there are two widely accepted en-
hancement mechanisms;electromagnetic
and chemical mechanisms (EM and CM),
and it is difficult to separate these two
mechanisms from each other. The EM is
based on surface plasmon resonance (SPR)
of metallic nanostructures and has been
much more rigorously studied than the
CM11�14 because the contribution from
the CM is typically much less than the EM,
and separating the chemical contribution
from the EM is difficult. Key to the separa-
tion of these two mechanisms could be the
use of completely flat metallic substrate.15

Graphene has many advantages as a sub-
strate in studying the CM, and the advan-
tages include an atomic flat surface that
causes a small-distance charge transfer be-
tween the graphene surface and adsorbed
molecules more reliably and efficiently,
surface plasmon range in terahertz that
enables separation the CM from the EM,
and low manufacturing cost compared
to other noble-metal-based SERS subst-
rates.16,17 Recently, there have been major
breakthroughs in synthesizing large-scale
graphene films using the chemical vapor
deposition (CVD) method.18,19 This CVD-
grown large-scale graphene film can be
an excellent SERS substrate because (1) it
provides a large, atomic flat substrate for
SERS studies; (2) conventional patterning

techniques such as E-beam lithography
and photolithography require a surface
area of several tens of micrometer-scale
for the site-selective SERS studies on pat-
terned graphene substrates; and (3) the
graphene can be transferred to an arbi-
trary substrate, such as a flexible polymer
matrix.20
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ABSTRACT

We fabricated a highly oxidized large-scale graphene platform using chemical vapor deposition (CVD)

and UV/ozone-based oxidation methods. This platform offers a large-scale surface-enhanced Raman

scattering (SERS) substrate with large chemical enhancement in SERS and reproducible SERS signals

over a centimeter-scale graphene surface. After UV-induced ozone generation, ozonemolecules were

reacted with graphene to produce oxygen-containing groups on graphene and induced the p-type

doping of the graphene. These modifications introduced the structural disorder and defects on the

graphene surface and resulted in a large chemical mechanism-based signal enhancement from

Raman dye molecules [rhodamine B (RhB), rhodamine 6G (R6G), and crystal violet (CV) in this case]

on graphene. Importantly, the enhancement factors were increased from ∼103 before ozone
treatment to∼104, which is the largest chemical enhancement factor ever on graphene, after 5 min
ozone treatment due to both high oxidation and p-doping effects on graphene surface. Over a

centimeter-scale area of this UV/ozone-oxidized graphene substrate, strong SERS signals were

repeatedly and reproducibly detected. In a UV/ozone-based micropattern, UV/ozone-treated areas

were highly Raman-active while nontreated areas displayed very weak Raman signals.

KEYWORDS: graphene . oxidized graphene . ozone . surface-enhanced Raman
scattering . chemical enhancement
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In this work, we report a straightforward oxidation
and patterning strategy for the preparation of large-
scale SERS graphene substrates with large chemical
enhancement in SERS using the CVD graphene growth
and UV/ozone treatment methods (Figure 1). It was
reported that ozone molecules, generated by UV-
induced oxygen activation,21�23 can be adsorbed onto
the graphene basal plane with a binding energy of
0.25 eV and the physisorbed molecules can chemically
react with graphene surface to form oxygen-containing
groups including epoxides.24,25 Notably, we observed
that the ozone-induced oxidation of the graphene can
contribute to larger chemical SERS enhancement than
that from the pristine graphene.26 We suggest that this

oxidationmethod can provide an efficient and uniform
surface oxidation of graphene using the ozone mole-
cules in a site-selective fashion. Raman, X-ray photo-
electron spectroscopy (XPS) analyses, and scanning
electron microscopy (SEM) were used in characterizing
structural changes and chemical groups on the gra-
phene surface during the ozone treatment. Rhodamine
B (RhB), rhodamine 6G (R6G), and crystal violet (CV)
molecules were used as Raman dyes to study the SERS
effect of the graphene surface.27 In our scheme, the
chemical enhancement factors (EFs) can be controlled
by UV exposure time for ozone treatment from∼103 to
∼104, and 104 represents the largest chemical en-
hancement in SERS ever on a graphene substrate.5,26

Figure 1. (a) SERS substrate using CVD-grown large-scale graphene. The graphene is oxidized and p-doped by the UV-
induced ozone molecules (inset shows the down-shifting of the Fermi energy of the graphene after UV/ozone treatment).
RhBmolecules are placed on the graphene surface after immersing for 30 min in the aqueous solution (10�5 M) and washing
with water. The chemical enhancement in SERS on the oxidized graphene is higher than that on the pristine graphene.
(b) Change in the Raman spectra of the graphene during the UV/ozone-induced oxidation. (c) XPS spectra of the graphene
before and after ozone treatment. (d) Content change in oxygen and carbon as the ozone treatment time increases. (e) SEM
images of the graphene substrates after 0, 5, and 7 min ozone treatment. Scale bar is 2 μm.
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We suggest that the UV/ozone exposure on the gra-
phene surface provides two different contributions
for Raman enhancement: p-type doping effect and
oxygen groups. We further proved that SERS signals
were rather uniform and reproducible over a centi-
meter-scale of UV/ozone-oxidized CVD-grown gra-
phene substrate. Finally, a straightforward prepara-
tion of micropatterned SERS substrates with large
chemical enhancement in SERS using UV/ozone treat-
ment of CVD-grown graphene substrate is shown.

RESULTS AND DISCUSSION

Characterization of Oxidized Graphene and Doping Analysis.
Figure 1a shows a schematic diagram of the UV/ozone-
oxidized graphene-based chemical enhancement in
SERS. The large-scale graphene film was prepared by
the CVDmethod and transferred onto a glass or SiO2/Si
substrate (detailed experimental procedures were de-
scribed in the Supporting Information and Figure S1).18

A graphene single layer was confirmed by Raman
spectroscopy with 514 nm excitation, showing the
two characteristic peaks of graphene, G and 2D bands
at ∼1580 and ∼2680 cm�1, respectively (Figure S2).
The intensity ratio of 2D to G band [I(2D)/I(G)] of 3.6
further suggests there is a single-layered graphene.28,29

The modulation of Raman scattering intensities of
molecules on the graphene by tuning the graphene
Fermi level with electrical field effect has been
reported.30,31 It was shown that the Raman intensities
of the probe molecules become weaker when the
graphene Fermi level is up-shifted by applying a posi-
tive gate voltage, while they become stronger when
the graphene Fermi level is down-shifted by applying a
negative gate voltage. In this work, we show that the
UV/ozone treatment introduces the strong down-shift-
ing of the graphene Fermi level, indicating the p-type
doping of the graphene. Therefore, we suggest that
the modulation of the transport properties of the gra-
phene via the UV/ozone treatment variation causes the
tunable Raman enhancement effect. To obtain the
SERS signals on the oxidized graphene, the graphene
was immersed in 10�5 M RhB solution for 30 min and
washed with water. To analyze the structural damage
or change of graphene during UV/ozone treatment,
Raman, XPS, and SEM studies were performed.
Figure 1b shows the evolution of the Raman spectra
of the graphene surface as a function of UV/ozone
exposure time from 0 to 10 min. It is clear that ozone
treatment results in the appearance of sharp D and
broad D0 peaks, providing evidence for the degree of
disorder in graphene structure.32 After 5 min, a large
deformation was observed in the spectra with strong
D and D0 bands. Notably, the Raman spectra showed a
gradual decrease of the height and a slight broadening
of the 2D bands, which were shown as a change in
the ratio of 2D band/G band and in the full width at

half-maximum (fwhm) of the 2D band, respectively,
and these results indicate that the ozone exposure
induced the doping of graphene film.33,34

To define the type of doping, we carried out the
transport measurements by the device fabrication of
graphene field effect transistor (FET) (Figure S3), where
the Dirac voltage (the gate dependence of the mini-
mum current) shifts depending on electron or hole
doping levels (see the Supporting Information for
details).35,36 Figure S3c shows that the Dirac voltage
shifts to a positive value after ozone treatment on
graphene, which agrees with the previous result
for the p-doping effect of ozone adsorption on gra-
phene.37 More detailed information about the doping
of the ozone-treated graphene was obtained with the
XPS spectra (Figure 1c). The results show that the main
C1s peak, related to the pure sp2 carbon�carbon
bonds, was down-shifted from 284.8 to 284.5 eV and
slightly broadened, caused by p-type doping after
5 min ozone treatment.30,31 The deconvoluted spectra
(red lines in Figure 1c) show the appearance of the
oxygen-containing groups on the graphene surface
with the bands at 287.3 and 288.7 eV for CdO and
O�CdO bonds, respectively, as well as the increased
band intensity at 285.9 eV for the C�O bond, contrib-
uted from the oxygenated carbon atoms, including
epoxide groups, after ozone exposure. The content of
oxygen and carbon on the graphene surfacewasmoni-
tored while varying ozone exposure time (Figure 1d).
A gradual increase of oxygen and a gradual decrease of
carbon up to 5 min ozone exposure were observed,
and significant change in content for both oxygen and
carbon after 5 min ozone exposure was observed. SEM
images further support that the graphene surface had
dramatic change in morphology and damage after
ozone exposure for >5 min (Figure 1e). These suggest
that highly flat graphene surface wasmostly preserved
up to 5 min ozone treatment with high oxidation on
the surface.

Chemical Enhancement-Based SERS Studies on Oxidized
Graphene Substrates. Figure 2a shows an actual image
of centimeter-scale UV/ozone-exposed graphene sub-
strate (Figure 2a inset), distributions of the 2D band/G
band intensity ratios over a large area of the oxidized
graphene substrate, and change in SERS intensity at
1648 cm�1 (Raman fingerprint peak of RhB molecules)
while increasing UV/ozone exposure time from 0 to
7 min. RhB-modified graphene substrate was obtained
by immersing the substrate in 10�5 M RhB aqueous
solution for 30 min and subsequent washing with
water, and SERS spectra were obtained with a micro-
Raman setup (inVia Raman Microscope, Renishaw,
Wotton-under-Edge, UK). First, uniformity and repro-
ducibility in SERS signal at 20 different spots over a
2 cm � 2 cm area of the oxidized graphene substrate
were shown as a function of the ozone exposure time
at 0, 3, 5, and 7 min (Figure 2a). At 5 min ozone
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exposure, the highest SERS signal intensity was ob-
served, but the signal gets weaker when >5 min ozone
exposure time was applied to the substrate. Impor-
tantly, a distribution of the 2D/G intensity ratio values
for 5min ozone exposure time is relatively narrow over
a centimeter area. The highest SERS signal was ob-
tained in ∼2.1 ratio, and it was rapidly decreased after
7 min treatment. The ratios in the 0�5 min ozone
treatment have a narrow distribution, indicating the
uniform ozone treatment on the graphene substrate
with signal reproducibility over the whole substrate.
The results show that 5 min ozone exposure time is

best for obtaining the largest SERS signals with high
signal reproducibility over a large area of the oxidized
graphene substrate (Figure 2a,b). The 2D/G intensity
ratio value was continuously decreased while increas-
ing ozone treatment time.

Next, we studied change in enhancement factors
from the Raman dyes on the ozone-oxidized graphene.
Figure 3a�c shows the SERS spectra of RhB, R6G, and
CV molecules on graphene before and after ozone
treatment for 5min.We found that the Raman intensity
of the fingerprint bands of the three Raman dyes was
enhanced after 5 min treatment. The RhB molecules

Figure 2. (a,b) Distributions of the SERS intensity at 1648 cm�1 from the RhBmolecules and 2D band/G band intensity ratio of
graphene as a function of the UV/ozone exposure time. The spectra of 20 were obtained on the centimeter-scale graphene
substrate in the ozone exposure time of 0, 3, 5, and 7 min (inset of panel a).

Figure 3. Raman spectra of RhB (a), R6G (b), and CV (c) on the graphene before and after ozone treatment. The graphenewas
immersed in the 10�5 M dye solution before measurement. (d) SERS enhancement factors for RhB, R6G, and CV molecules
before and after 5 min ozone treatment.
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exhibit the vibrational bands corresponding to the
aromatic C�C stretching modes at 1648, 1560, 1507,
1433, and 1357 cm�1, a CdC stretching mode at
1595 cm�1 (unclearly observed due to the overlapping
with the strong G band of graphene at∼1580 cm�1), a
C�O�C stretching mode at 1281 cm�1, and an aro-
matic C�H bending mode at 1208 cm�1.38,39 Our
results suggest that the most increased Raman signals
obtained in this spectrum can be assigned to the
vibrations related to the benzene rings in RhB mole-
cules, leading to the π�π interactions with graphene.40

The R6G molecules exhibit the vibrational bands cor-
responding to the aromatic C�C stretching modes at
1648, 1572, 1547, 1505, and 1367 cm�1, a C�O�C
stretching mode at 1190 cm�1, and an aromatic C�H
bending mode at 775 cm�1.41 The CV molecules
exhibit the vibrational bands corresponding to the
aromatic C�C stretching modes at 1619, 1585, 1535,
and 1444 cm�1, a N-phenyl stretching mode at
1370 cm�1, and aromatic C�H bending modes at
1171, 915, and 809 cm�1.42 Importantly, the SERS EF
values in the spectra for all three Raman dyes after
ozone treatment showed significant enhancement
(Figure 3d; see the Supporting Information for the
calculation details of EF values).43 The EF values for
the vibration modes at 1648 cm�1 of the RhB and R6G
molecules were increased from ∼103 (1737 and 2161
for RhB and R6G) before ozone treatment to ∼104

(26265 and 16454 for RhB and R6G) after ozone treat-
ment, and the EF value for the vibration mode at
1619 cm�1 of the CV molecules increased from 1126
to 5413 after ozone treatment. Difference in the dis-
tance between dye molecule and graphene surface
and difference in position and orientation of the high-
est occupied molecular orbitals and the lowest unoc-
cupied molecular orbitals induce the difference in
efficiency of the charge transfer for different dye
molecules in the CM of the SERS.44,45

To calculate the amount of the adsorbed RhB
molecules on the graphene surface before and after
ozone treatment, the content of the nitrogen on the
RhB-adsorbed graphene surface was monitored by
the XPS spectra (Figure S7). We could not observe the
noticeable increase in N1s peak in the spectrum before
RhB adsorption, and this suggests that the amount of
physisorbed N on the oxidized graphene is negligible
(Figure S8). The content of nitrogen was consistent
from 0 to 5 min ozone exposure but was decreased
after 5 min ozone treatment. The results show that
CVD-grown graphene surface can be structurally and
chemically damaged after >5minUV/ozone treatment,
and the amount of the adsorbed RhB was decreased
after a certain amount of ozone exposure time (5min in
this case).

For the large chemical enhancement in SERS for the
UV/ozone-treated graphene substrate, we suggest that
two different factors contributed to this enhancement:

the oxygen groups on graphene surface and the p-type
doping of the graphene. Other reports showed that the
oxidized graphene provides higher Raman enhance-
ment than the pristine graphene.26 It was suggested
that the oxygen-containing functional groups on the
graphene have larger polarizability, and strong local
dipole moment for the enhanced local electric field
enhances the Raman signal.46,47 It was also reported
that Raman scattering intensity of the probemolecules
on the graphene can be controlled by tuning the gra-
phene Fermi level.48 Down-shifting of the graphene
Fermi level was shown therein, indicating the p-type
doping, and this leads to larger Raman signal enhance-
ment. The results suggest that the graphene transport
system can affect on the Raman scattering signals of
the Raman dyes on the graphene. In our work, we
showed that both high oxidation and p-doping on
CVD-grown graphene were observed after UV/ozone
treatment, and both enhancementmechanisms played
roles in generating EF values of ∼104.

Preparation and Characterization of Oxidized Graphene
Micropattern. WepreparedUV/ozone-induced SERS pat-
terns using the CVD-grown graphene. Figure 4a shows
the patterning process of the SERS substrate by ozone
treatment. In a typical experiment, first, the graphene
film was synthesized by the CVD method (Figure S1)
and was transferred onto a SiO2/Si substrate. Next,
poly(methyl methacrylate) (PMMA) was spin-coated
on the graphene, and micopatterns were formed by
the E-beam lithography through the short lift-off step.
The patterned area of the graphene was exposed
for UV irradiation, and UV-induced ozone molecules
were then interacted with graphene for 0�5min. After
removing the patterned PMMA by acetone, the gra-
phenewas immersed in RhB aqueous solution (10�5M)
for 30 min. After washing with deionized water, the
patterned SERS substrate was formed. Figure 4b shows
the side view of the schematic representation for the
RhB-adsorbed graphene SERS substrate with a micro-
pattern. The optical microscope image of the graphene
with patterned PMMA is shown in Figure 4c before the
patterned PMMAwas removed. The UV-irradiated area
(for 5 min; area A) and PMMA-masked area (area B) are
shown in Figure 3c.

To observe the selective ozone patterning and sub-
sequent Raman enhancement in the ozone-treated
area, Raman spectra weremapped and integratedwith
the characteristic peaks of RhB molecule (1648, 1360,
and 1280 cm�1) (Alpha 300s, WITEC, Ulm, Germany;
Figure 4d�f). The Raman mapping images with three
different characteristic peaks matched well and clearly
showed the micropatterns with ozone-treated and
masked areas.

In summary, we found that simple UV/ozone treat-
ment can selectively induce highly efficient oxida-
tion in preparing a large SERS-active graphene sub-
strate, and this oxidation along p-doping can result in
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very high SERS signal. To the best of our knowledge,
this is the first example of using UV/ozone-oxidized
large-scale graphene patterns for chemical SERS en-
hancement study. Moreover, the chemical enhance-
ment factor reported herein is∼104, the largest ever on
graphene;at least 1 order of magnitude higher than
any other examples. Moreover, this strategy can be
readily applicable to a CVD-grown large-scale gra-
phene surface with a straightforward patterning cap-
ability, and strong SERS signals were detected over a
large area in a rather reproducible fashion. The SERS
enhancement was gradually increased as ozone

exposure time was increased, showing a straightforward
control of oxidation on graphene and tunability of che-
mical enhancement on the SERS-active graphene plat-
form using our strategy. Finally, a UV/ozone treatment on
CVD-growngraphene can readily and efficiently generate
a large-scale SERS substrate with high SERS signals within
ozone-treated areas while keeping very low SERS signals
in nontreated areas. This large-scale graphene platform
with large chemical enhancement in SERS can be readily
coupled to plasmonic nanostructures with large electro-
magnetic enhancement in SERS49�51 for theultrasensitive
and quantitative SERS sensing applications.

EXPERIMENTAL SECTION

Synthesis of Graphene. The graphene films were synthesized
on Cu foils by the CVDmethod as previously reported.18 The Cu
foils (25 μm thickness) were placed in a quartz tube under an
argon atmosphere. The temperature was increased to 1000 �C,
and the reaction gas mixture of CH4 and H2 was flowed. Then,
the foils were cooled to room temperature with a rate of∼10 �C.
Since the graphene layers are formed on both sides of a Cu foil,
the back side graphene should be removed by O2 plasma
etching after protecting the front graphene layer with PMMA.

After the Cu foil was etched in an ammonium persulfate
solution for ∼10 h, the graphene layer was transferred onto
a target substrate. Finally, the PMMA layer was removed by
acetone.

Preparation of the Patterned SERS Substrates. To pattern the
PMMA film on the graphene, E-beam lithography was used
(JSM-7401F; JEOL). A microsized stripe-patterned PMMA was
attached onto the graphene surface as a shadow mask before
irradiation with UV light source (UV/ozone cleaner, Bioforce).
After PMMA pattern was removed from the film surface by
acetone, the graphene film was immersed in 10�5 M RhB

Figure 4. (a) UV/ozone-induced oxidation and patterning process of the graphene substrate. PMMA film on the CVD-grown
graphene surface was micropatterned by E-beam lithography and lifting off. It provides selective oxidation of the graphene
during UV/ozone exposure. After removing PMMA by acetone, this patterned substrate is immersed in 10�5 M RhB solution
for 30min. After washingwith deionizedwater, RhBmoleculeswere adsorbed on the patterned-oxidized graphene substrate
(b). (c) Opticalmicroscope image of the graphenewith the patterned PMMAby E-beam lithography. Area A is theUV-exposed
area, and area B is the PMMA-covered area. Raman images were mapped with the integrated intensities of the characteristic
peaks of RhB molecules on the graphene substrate with 5 min ozone treatment [(d) 1468, (e) 1360, and (f) 1280 cm�1].
Scale bar is 5 μm.
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(Sigma-Aldrich, 95%) aqueous solution for 30 min and washed
with deionized water to remove nonbonded RhB molecules on
the graphene surface. Raman images for the integrated inten-
sities of the fingerprints of the RhB molecule on the patterned
SERS substrate were mapped by using Alpha 300s (WITEC, Ulm,
Germany) with Ar laser of 514 nm at the power of 1.5 mW and
pixel size of 250 nm. Other Raman dyes (R6G and CV) were also
purchased from Sigma-Aldrich for additional SERS experiments.

Measurements. The Raman spectra were acquired using Re-
nishaw inVia Raman Microscope with Ar laser of 514 nm at the
power of 1.6�16 mW and laser spot size of 2 μm. The morphol-
ogies of the graphene films during the ozone treatment were
determined by using scanning electron microscope (SEM)
operating at an accelerating voltage of 5 kV. The X-ray photo-
electon spectroscopy (XPS) was used for measurement of
binding energy of the carbon bond (ThermoVG, UK). The
gate-dependent current of the films was measured with probe
station at room temperature.
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