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raphene, as a perfect two-

dimensional carbon system, has at-

tracted increasing attention as a
promising candidate for future electronics
because of its unique structure, high crys-
tal quality, ballistic transport under ambient
condition, and the massless Dirac fermion-
like charge carriers.' * It has been envi-
sioned that future electronic circuits could
be made up of graphene-based field-effect
transistors and conductive interconnects
with high mobility of charge carriers.? In ad-
dition, graphene also exhibits great prom-
ise for potential applications in many other
technological fields such as sensors,” com-
posites,® transistors,” transparent conduc-
tive films,® and solar cells.? However, the
properties of graphene are very sensitive
to its fine structure, including the number
of layers, edge structures, defects, doping,
etc. Therefore, detecting these structural
characteristics and investigating their influ-
ence on the properties of graphene are cru-
cial both for the structural modulation and
further applications of graphene.

Raman spectroscopy offers a powerful
tool to probe the structural
characteristics'®~'2 and properties'>~?' of
graphene. The number of graphene layers
can be easily identified by the profile and
position of the Raman second order (2D)
band and the shift of G band
frequency.’®"'2 It has also been demon-
strated that the Raman spectra can be used
to determine and monitor the electron/
hole dopants in graphene,’>~ 17 the elec-
tronic structure of bilayer graphene can be
probed by resonant Raman scattering,'®
and the thermal conductivity and strain of
graphene can be extracted from the shift of
G band and 2D band frequency.' 2" How-
ever, for graphene, a one-atom-thick flat al-
lotrope of carbon, much of the incident
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ABSTRACT We propose a novel surface and interference coenhanced Raman scattering technique to
dramatically enhance the Raman signal intensity of graphene by using a specifically designed substrate of Si

capped with surface-active metal and oxide double layers (SMO). The total enhancement ratio can reach the order

of 10° compared with the original Si substrate. Combining the visibility of graphene on the SMO substrate, we

demonstrate that the tiny structure change and surface structure of graphene can be easily detected. This
technique makes Raman spectroscopy a more powerful tool in the field of ultrasensitive characterization of

graphene, isolated carbon nanotubes, and other film-like materials.

KEYWORDS: graphene - Raman scattering - surface - interference - enhancement

light is transmitted?? and only a small por-
tion is used to generate scattered radiation
during Raman measurements. Moreover,
unlike carbon nanotubes,? it is not ex-
pected for graphene to satisfy strong reso-
nant Raman scattering conditions because
of no singular density of states and no exci-
ton formation of graphene at room temper-
ature, even though one always gets the
resonance condition for any excitation en-
ergies of light. As a result, Raman signals of
graphene are very weak, even undetectable
on many substrates. Consequently, some
fine structural characteristics, such as a low
concentration of defects, vacancies, doping,
functional groups, crumpling, and edge
structures, cannot be sensitively probed
and well-distinguished from the weak Ra-
man spectra of graphene. In situ Raman
measurements can monitor the structural
evolution of graphene during its growth
process and property evaluation, or under
external fields, which will provide some use-
ful information on the structural and prop-
erty modulation of graphene. However, the
weak Raman signals prevent investigations
on the time-dependent structural evolution
since no sufficient Raman signals can be ob-
tained on the time scale of the studied pro-
cesses. Therefore, enhancing the Raman
signals of graphene is essentially
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Figure 1. Schematic of laser penetrating through a typical
SMO substrate of Si/Ag/Al,O; with graphene on it.

important for their controllable synthesis, detailed
structural characterization, and property modulation.
Currently, the effect of substrate on Raman spectra
of graphene has been widely investigated,?*~2 and Si
substrate capped with a specific thickness of oxides,
such as Si/SiO, and Si/Al,0s, is usually used for optical
observations*?”?8 and to enhance the Raman signals
of graphene utilizing so-called interference-enhanced
Raman scattering (IERS) technique.?*~32 Generally, a
substrate consisting of a transparent dielectric film rest-
ing on an opaque metallic reflector is used to generate
IERS of a very thin film sample. By adjusting the thick-
ness of the dielectric film, an IERS condition can be es-
tablished: all of the incident intensity is absorbed, the
scattered radiation suffers from relatively little reab-

sorption in the thin sample, and an in-phase addition
of the emitted radiation is created. By using the IERS
technique, an enhancement ratio of ~30 is achieved
for graphene located on a Si/SiO, substrate.>? Surface-
enhanced Raman scattering (SERS) is another spectro-
scopic technique, which combines modern laser spec-
troscopy with the exciting optical properties of metallic
nanostructures and provides an effective way to dra-
matically enhance the Raman signals of molecules at-
tached to the nanometer-sized metal structures.33~3¢
Combining with ultrasensitive detection limit, high spa-
tial resolution, trace analytical capability, and high
structural selectivity, SERS has been widely used for
the ultrasensitive detection and characterization of vari-
ous single molecules and carbon nanotubes.?*3* In this
article, taking advantage of both the IERS and SERS
techniques, we proposed and developed a surface and
interference coenhanced Raman scattering (SICERS)
technique to significantly enhance the Raman signals
of graphene by using a specifically designed substrate
of Si/SERS active metal/oxide layer (SMO). Surprisingly,
the total enhancement ratio for graphene can reach
more than 10 times and the order of 102 compared with
that by using the sole IERS or SERS technique. More-
over, the graphene is visible on these SMO substrates,
and this is good for the location during the Raman mea-
surements. We also demonstrated that the tiny struc-
ture change of graphene on the substrate and the sur-
face structures of graphene can be easily probed by
utilizing this technique.
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RESULTS AND DISCUSSION
In order to evaluate the en-
hancement effect of the SMO
substrate, we analyzed the pen-
etrating process of incident laser
through a typical SMO sub-
strate, Si/Ag/Al,O;, and the sche-
matic is shown in Figure 1. Ac-
cording to the SERS
mechanism, the collective exci-

= et A "~ tation of the electron gasof a

f\ conductor (here Ag film), that is,
surface plasmon, is confined
near the interface of Ag/Al,0;,
and the electromagnetic field of
the light at the interface is
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Figure 2. Enhancement effect comparison of graphene on different substrates. (a) Raman spectra of
graphene on a Si substrate with 50 nm thick Ag film and different thickness of Al,O; layers, revealing
that the enhancement changes dramatically with the Al,Os thickness. Note that we used the Raman
spectra of few-layer (<5) graphene instead of monolayer on the substrate of Si/50 nm Ag/160 nm Al,O;
since the Raman signals of monolayer graphene are too weak in this case. (b) Raman spectra of
graphene on a Si substrate with 72 nm thick Al,O; layer and different thicknesses of Ag film, reveal-
ing that the enhancement effects are increased by increasing the thickness of Ag film from 20 to 80 nm
and then saturates when Ag thickness is 150 and 240 nm. All the Raman spectra were taken at a la-
ser power of about 1 mW and short collection time of 120 s except the substrate of Si/50 nm Ag/160
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greatly enhanced under the con-
ditions of surface plasmon exci-
tation.3® Therefore, the incident
and reflected radiations at the
interface of Ag/Al,O; are en-
hanced. According to IERS
mechanism, both the surface-
enhanced reflected radiation
and the incident radiation con-
tribute to the total Raman scat-
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tering process in the IERS system. As a consequence, a
stronger SICERS process shall occur on the SMO sub-
strate compared with the conventional IERS and SERS
processes, and thus we call it the SICERS technique.
According to the IERS mechanism, the thickness of
the AlLO; layer plays the key role in establishing the
IERS condition. On the other hand, by increasing the
thickness of Ag film, the reflected light at the interface
of Ag/Al,05 will increase and then reach the maximum.
Consequently, the Raman signals of graphene will be-
come stronger and then saturate at a certain Ag thick-
ness. Therefore, the thicknesses of Ag and Al,O; layers
in the SMO substrate are required to be optimized to
maximize the Raman enhancement of graphene. We in-
vestigated the influence of the thickness of Ag and
Al,0O5 layers on the Raman intensities of graphene. The
enhancement changes dramatically with the thickness
of the Al,O3 layer for the SMO substrates with a 50 nm
thick Ag layer (Figure 2a). The enhancement ratio
reaches the maximum value with a ~72 nm thick Al,Os
layer, and this value is also consistent with that suit-
able for optical observation of graphene.?” For the SMO
substrates with a 72 nm thick Al,Os layer (Figure 2b),
the enhancement ratio increases significantly with an
increase of the thickness of Ag layer from 20 to 80 nm
and then saturates when the Ag thickness is increased
to 150 and 240 nm. It is worth noting that these results
are qualitatively in agreement with the above analyses.
Figure 3 shows the Raman spectra of graphene on
different kinds of substrates. We find that the Raman in-
tensities of monolayer graphene are dramatically en-
hanced on the optimized SMO substrates (Si/50 nm
Ag/72 nm Al,O5 and Si/50 nm Au/72 nm Al,03) com-
pared with all those on the corresponding IERS sub-
strate (Si/72 nm Al,Os), SERS substrate (Si/50 nm Ag),
and an original Si substrate (without oxide layer). We
used the G band (~1580 cm ™) intensity to calculate the
enhancement ratio of Raman signals on different sub-
strates and found that the enhancement ratio of Raman
signal of monolayer graphene on Si/Ag/Al,O3 is ~5
compared with that on Si/Al,Os. It is needed to point
out that this enhancement ratio varies from one sample
to another and can reach ~20. Note that monolayer
graphene is almost invisible on the substrates of Si/50
nm Ag and original Si wafer, thus it is very difficult to lo-
cate them for Raman measurements. Normally, the Ra-
man signals of few-layer graphene are stronger than
those of monolayer graphene, so the intensity of mono-
layer graphene on the original Si substrate should be
much weaker than that of few-layer graphene shown
in Figure 3. Therefore, we speculate that the enhance-
ment ratio of monolayer graphene on Si/Ag/Al,0s to
the original Si substrate and Si/50 nm Ag substrate can
reach the order of 10° and 102, respectively. Moreover,
we found that, if the sandwiched metal layer in the SMO
substrate is not SERS-active, such as Ti, Al, etc., the Ra-
man intensity of graphene is not enhanced at all com-
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Figure 3. Raman spectra of graphene on different kinds of
substrates. For original Si (without oxide layer) and Si/50 nm
Ag substrates, the Raman spectra of few-layer (<5)
graphenes instead of monolayer graphene were presented
and taken at a laser power of about 10 mW and collection
time of 1800 s and laser power of about 1 mW and collec-
tion time of 1200 s, respectively, since the monolayer
graphene on these two substrates is nearly invisible and it
is difficult to locate them for Raman measurements. For the
other substrates, the Raman spectra were taken at a laser
power of about T mW and a shorter collection time of 120 s.
It reveals that the enhancement is different for different sub-
strates, and the Raman signals of monolayer graphene are
dramatically enhanced on the SMO substrates (Si/Ag/Al,05
and Si/Au/Al,03) compared with those on an IERS substrate
of Si/Al,0s, or on a typical SERS substrate of Si/Ag and on an
original Si wafer. Note that if the sandwiched metal layer,
such as Ti, in a SMO substrate is not SERS-active, the Raman
signals of graphene are not enhanced compared with the
corresponding IERS substrate. The inset is the optical image
of graphene on this Si/Ag/Al,0Os substrate.

pared with the corresponding IERS substrate. These re-
sults indicate that a remarkably enhanced Raman signal
can be achieved for the graphene on a SMO substrate
and further prove that both SERS and IERS processes are
involved in this Raman scattering process.

Besides the enhanced Raman signals, the visibility
of graphene is another prerequisite for its detailed
structural characterization by using a nondestructive
optical method, which allows one to easily search for
and locate the studying samples. From this point, the
substrates of Si and Si/50 nm Ag are also not suitable for
Raman measurements of graphene (see Supporting In-
formation). We calculated the total color difference of
graphene on the optimized SMO substrate (see Sup-
porting Information), and it is interesting to find that
the graphene on the SMO substrate is visible in white
light (see the inset of Figure 3). Consequently, the
graphene can be easily located on the SICERS sub-
strate during Raman measurements. The visibility of
graphene on this novel sandwich-like SMO substrate is
another important feature of our SICERS technique.

Figure 4a,b shows the Raman spectra of graphene
with different layers on a typical SMO substrate (Si/50
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Figure 4. Raman spectra of graphene with different layers on SICERS and IERS substrates. (a) Raman
spectra of graphene on a SICERS substrate of Si wafer capped with a 50 nm thick Ag layer and a 72 nm
thick Al,Os layer, and (b) Raman spectra of graphene on an IERS substrate of Si wafer capped with
only a 72 nm thick Al,O; layer, which were taken at a laser power of about 1 mW and short collec-
tion time of 120 s. They reveal that the enhancement on the SICERS substrate is obvious for mono-,
bi-, and few-layer graphene but not for thick graphite, compared with that on the IERS substrate. The
intensity of thick graphite keeps similar for the SICERS (G band intensity = 350) and IERS (G band in-
tensity = 330) substrates.

(marked by blue), monolayer
(marked by red), and bilayer
(marked by green) graphene, in-
cluding the line shape and fre-
quency. Therefore, we suggest
that the edge of this graphene
is bilayer, as illustrated in Figure
5c. This structure is similar to that
obtained by high-resolution
transmission electron micro-
scope observations.3” From opti-
cal microscope (Figure 5b) and
scanning electron microscope
(see Figure S2, Supporting Infor-
mation) observations, it is worth
noting that the measured edge
region is quite different from the
inner region by color, which is
~100 nm in width. This confirms
the edge structure obtained by
Raman spectroscopy. However,
we should note that, because
there is only a small difference
between the edge and inner re-
gion, the IERS Raman spectra of

nm Ag/72 nm Al,0s) and its corresponding IERS sub- the edge and inner region should be almost the same
strate (Si/72 nm Al;0s), respectively. It can be found that  or cannot be well-distinguished since the contribution
all the SICERS features, such as the peak position, line  of the difference is too small to change the weak Raman

shape, and line width of G band and 2D band, keep signals of graphene. The observed clear Raman signals
similar to the IERS features.’®"'? However, all the Ra- of bilayer graphene at the edge indicate that the SICERS
man signals of mono-, bi-, and few-layer graphenes are  technique is helpful to accurately probe the tiny struc-
dramatically enhanced on the SMO substrate, com- ture change due to the stronger Raman 5igna|s'

pared to those on the IERS substrate. Interestingly, if As another examp|e, we investigated the surface
graphene layers are too thick (>20 layers, like thick structure of graphene prepared by micromechani-

graphite), the enhancement effect disappears. These re-  cal cleavage by utilizing SICERS technique and ob-
sults indicate that the SICERS is a general and effective  tained some detailed information that cannot be
technique for the remarkable enhancement of Raman  easily obtained from conventional Raman scatter-
signals of few-layer graphene. Another interesting phe-  ing. Figure 6a,b shows the atomic force microscope
nomenon we should note is that the G band intensity (AFM) images of graphene on IERS and SICERS sub-
of thick graphite is at least 10 times weaker than those  strates, respectively. The topographic profiles indi-
of few-layer graphene on an SMO substrate and isin the  cate that the surface of graphene is not smooth with
same order of those of few-layer graphene on an IERS  some fragments or ribbons, which is possibly attrib-
substrate. Since the intensity of thick graphite on differ-  uted to the little difference of cleavage technique
ent substrates keeps almost identical, it can be used as  and raw material compared to that previously re-
an intensity standard to evaluate the relative enhance-  ported by another group.?® Figure 6¢ shows the Ra-
ment ratio. man spectra of graphene on the IERS and SICERS
Because of the remarkable enhancement in Raman  substrates, collected from the regions marked by
signal intensity, the SICERS effect can be applicable for  circles in Figure 6a,b. The Raman spectrum (green
the characterization of the detailed structure of line) of graphene on the IERS substrate remains simi-
graphene, such as defects, edge structures, and dop- lar to those previously reported in the literature for
ing. Here, we demonstrate the use of SICERS technique  the defect-containing graphene or the edge region
to probe the tiny structure change of graphene. Figure  of graphene,'"'* which generally include a G band, D
5a shows the Raman spectra of graphene on an SMO band, and 2D band. However, after using longer col-
substrate of the Si/50 nm Ag/72 nm Al,O; obtained by  lection time (360 s) and stronger laser (~5 mW),
mapping along the color bar in Figure 5b. As the Raman  two new peaks appears at about 1450 and 1530
mapping locations change from blue to green, the cm™! (also see those indicated by * in Figure 3), al-
SICERS spectra exhibit typical features of few-layer though their intensities are very weak compared
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Figure 5. Morphology of graphene on an SMO substrate obtained from SICERS mapping. (a) SICERS mapping of graphene
on the SMO substrate of Si/50 nm Ag/72 nm Al,O;, revealing that the number of graphene layers changes at different posi-
tions, and Raman feature of bilayer graphene appears at the edge. (b) Corresponding optical image of graphene, and the
color bar corresponds to the different positions of SICERS mapping. (c) Schematic illustration of graphene on the SMO sub-
strate deduced from SICERS mapping, showing that the number of graphene layers changes at the edge.

with the G band. Here, it is worth noting that these  Si/SERS active metal/oxide layer. An enhancement ra-
two peaks can be well-distinguished in the Raman tio in the order of 10° can be achieved by optimizing
spectra of graphene on the SICERS substrate taken  the substrate structure. Another important feature of
with a low laser power of about 1 mW and short col-  this method is that graphene is visible and can be eas-
lection time of 120 s, besides a G band enhance- ily located in white light on this specific substrate. Due

ment ratio of ~10. The appearance of these two to the high structural sensitivity, fine structural informa-
peaks for the graphenes both on SICERS and IERS

substrates reveals that they are not
the SERS-induced. Combined with the
fact that these two peaks are sup-
pressed in smooth graphene (Figure
S3, Supporting Information), we sug-
gest that these two peaks are possibly
related to the vibrations of fragments
or ribbons on the surface of graphene.
From the above, we can see that the
SICERS technique is very sensitive to
probe the detailed structure of
graphene, which will be very helpful
for its applications, especially in
nanoelectronics.

CONCLUSIONS

We proposed a novel surface and in-
terference coenhanced Raman scattering
technique, combining surface-enhanced
and interference-enhanced Raman scat-
tering mechanisms, to dramatically en-
hance the Raman signals of graphene by
using a specifically designed substrate of
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Figure 6. AFM images of graphene (a) on an IERS substrate (Si/285 nm SiO,) and (b) on a
SICERS substrate (Si/80 nm Ag/72 nm Al,Os). The inset shows the cross-section measure-
ments taken along the white line, indicating the presence of some fragments or ribbons.
The circles denote the Raman measurement positions. (c) Raman spectra of graphene on
the IERS (green and blue lines) and SICERS (red line) substrates, which were collected from
the regions marked by squares shown in (a) and (b), respectively. IERS-1 (green line) and SIC-
ERS were taken at a laser power of about 1 mW and collection time of 120 s, and IERS-2
(blue line) was taken at a laser power of about 5 mW and collection time of 360 s. The inset
shows the details of two additional peaks about 1450 and 1530 cm™".

VOL.3 = NO.4 = 933-939 = 2009 ﬁ@W)

1 1D1Ld

937


http://pubs.acs.org/action/showImage?doi=10.1021/nn8008799&iName=master.img-004.jpg&w=315&h=184
http://pubs.acs.org/action/showImage?doi=10.1021/nn8008799&iName=master.img-005.jpg&w=363&h=256

tion of graphene, such as the tiny structure change
and surface structure of graphene, can be easily probed.
This technique makes Raman spectroscopy a more
powerful tool and opens up exciting opportunities in

EXPERIMENTAL SECTION

The graphene samples were prepared by micromechanical
cleavage of highly oriented pyrolytic graphite (HOPG) with
scotch tape and then transferred to the substrates.®® Si wafers
capped with different kinds and thicknesses of dielectric films
were made by a film-coating system (Gatan Model 682 precision
etching coating system) as follows. First, Si substrates were
cleaned and loaded on the sample holder. After the chamber
was pumped to the working pressure (4 X 1073 Pa), the ion gun
voltage and ion beam current were turned on, and then differ-
ent kinds of coating materials, such as Ag, Au, Ti, Al,0s, and SiO,,
were deposited on the Si surface at a steady deposition rate.
The film thickness was in situ recorded by a quartz crystal. The Ra-
man spectra were measured and collected using 632.8 nm laser
with JY HR800 under ambient conditions, with a laser spot size of
about 1 wm. For the Raman measurements of few-layer
graphene on original Si substrate and Si substrate capped with
a 50 nm Ag film and a 160 nm Al,O;s film, we adopted a strong la-
ser power (~10 mW) and longer collection time (1800 s) be-
cause of their weak Raman signals.
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