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  Pu   Wang  ,     Owen   Liang  ,     Wei   Zhang  ,     Thomas   Schroeder  ,         and   Ya-Hong   Xie   *   

 Ultra-Sensitive Graphene-Plasmonic Hybrid Platform for 
Label-Free Detection  
 Surface-enhanced Raman scattering (SERS), capable of label-
free single molecule detection and providing high-resolution 
vibrational information, is one of the most powerful analytical 
techniques. [  1–3  ]  Various metallic nanostructures with tunable 
plasmonic properties have been explored as SERS active sub-
strates. [  4–6  ]  Enormous electromagnetic enhancement required 
to reach analytical limits is induced at the space in between 
nanoparticles (hot spots). [  7  ]  An ideal platform for SERS-based 
single molecule detection (SM-SERS) is expected to be repro-
ducible, chemically stable, biological compatible, and should 
be easily fabricated at the scale of manufacturing. Though the 
detailed physical mechanism of SERS is still under debate, 
it has been widely accepted that SERS enhancement results 
from a combination of electromagnetic mechanism (EM) and 
chemical mechanism (CM). [  8  ]  EM [  9  ]  originates from the orders-
of-magnitude increase in the local (non-propagating) electro-
magnetic fi eld due to plasmonic resonance, while CM [  10  ]  is 
caused by charge transfer between the molecules under study 
and the substrate. The SERS enhancement of EM can reach up 
to 10 14  while that of CM is  ∼ 10–100. [  10  ,  11  ]  

 Graphene, with its unique optical, electronic and mechanical 
properties, [  12–14  ]  holds promises for applications in photonics 
and optoelectronics. The combination of graphene with plas-
monic nanostructures (ranging from nanoparticles, nano-
antennas to quantum dots) has been shown to largely expand 
and complement graphene’s applications in photodetector, [  15–17  ]  
optical modulator, [  18  ]  polarizer, [  19  ]  phototransistor [  20  ]  and 
plasmon resonance sensor. [  21  ]  However, SM-SERS employing 
graphene has not been fully explored. A number of reports 
have appeared in the literature on the potential in sensitive and 
selective detection of protein and DNA using various graphene 
platforms. [  22–26  ]  Graphene has also been shown to be superior 
to metallic surfaces in terms of bio-compatibility and chemical-
stability. [  27  ,  28  ]  Molecular charge transfer between molecules and 
graphene has been shown to be signifi cant for selected families 
of molecules. [  29–31  ]  These properties make it possible to study 
and modulate SERS effects using graphene superimposed 
over nano-structured metallic surfaces. Graphene has indeed 
© 2013 WILEY-VCH Verlag Gwileyonlinelibrary.com
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the promise as a very important building block in SERS active 
structures especially for biosensing applications. 

 Here, we present a graphene-Au nano-pyramids hybrid 
system with demonstrated single molecule sensitivity. The gra-
phene hybrid system boosts a high density of hot spots with 
local SERS enhancement factor of over 10 10  for rhodamine 6G 
(R6G) as well as lysozyme, and enables label-free sensing. The 
specifi c fabrication approach of the Au nano-pyramids is ame-
nable to engineering the SERS hotspots in terms of their den-
sity and location  via  lithography. The coincidence of molecular 
precipitation region with SERS hot spots makes detection of a 
few or a single molecule possible. [  32–34  ]  Single molecule SERS 
detection is demonstrated experimentally using a bi-analyte 
approach. [  35–37  ]  Furthermore, the high resolution vibrational 
information provided by SERS enables us to better understand 
the chemical mechanism, and explore the interaction between 
molecules and graphene. 

 In our approach we used a hybrid SERS-active platform 
consisting of a single layer graphene (SLG) covering a quasi-
periodic Au nano-pyramid (also referred to as Au tips) arrays, [  38  ]  
as illustrated in  Figure    1  a. The hexagonally arranged sharp Au 
tips, almost identical in size and topology, support markedly 
enhanced local fi elds and play a key role in the ultrahigh sen-
sitive system. The tipped substrate can be fabricated in large 
scale with superior reproducibility (Figure  1 b). Figure  1 c shows 
the scanning electron microscopy (SEM) image of the hybrid 
structure. The CVD SLG sheet was transferred to tipped sur-
face using PMMA. [  39  ]  Graphene deforms itself to conform to 
the substrate geometry  via  van der Waals force.  

 We demonstrated SERS using two types of molecules with the 
graphene based hybrid platform ( Figure    2  ). Lysozyme, a type of 
simple protein commonly used as the standard in the study of 
bio-molecules, is used. The active fl uorescent molecule R6G is 
also used as a reference. Figure  2 a-b show the average Raman 
intensities of R6G and lysozyme deposited on the graphene-
based hybrid platform at various molecular concentrations. We 
achieved R6G SERS with concentration down to 10  − 14  M (equiva-
lent to  ∼ 0.0015 molecules per  μ m 2  on average of the surface 
area) as well as lysozyme with concentration as low as 10  − 12  M 
( ∼ 0.15 molecules per  μ m 2  of the surface area). The detection effi -
ciency can be markedly increased with the help of graphene over 
Au pyramids. The local variation of the intensity of graphene 
characteristic Raman peaks can be used as markers for locating 
hot spots where the Raman signal of the molecules is also the 
strongest (see Supporting Information). At low concentration 
limits such as 10  − 14  M, the knowledge of the location of the 
hot spots greatly shortens the time it takes to locate the sparse 
molecular Raman signal. The presence of SLG is evidenced by 
the characteristic D, G, and 2D bands. [  40  ]  The prominent D-band 
has been shown to result from the 1D graphene folds as opposed 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 4918–4924
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N     Figure  1 .     a) Schematic illustration of Raman experiments of molecules on the graphene-Au 
nano-pyramid (tip) hybrid structure; b) SEM image of the semi-periodic array of Au tips. Scale 
bar, 1  μ m; c) SEM image of hexagonally arranged arrays of Au tips with sharply folded graphene; 
scale bar, 200 nm.  
to broken carbon bonds. [  41  ]  The same experiments performed 
with Au tip surfaces free of graphene also resulted in substantial 
enhancement (Figure  2 c-d), indicating the crucial role of the peri-
odic Au tip surface for the high sensitivity. The average Raman 
intensities of both R6G and lysozyme are further enhanced (by 
approximately a factor of 10) by covering the Au tipped surfaces 
with graphene, and the enhancement factors vary with different 
Raman vibrational modes. It has been reported that monolayer 
graphene facilitates charge transfer between graphene and probe 
molecules, resulting in a vibration-mode dependent enhance-
ment of 2–17 times. [  42  ]  As will be shown, such variation in CM 
enhancement factor allows us to probe in further details of the 
different vibration modes of individual molecules.  

 We analyzed different vibrational modes of R6G and lysozyme 
deposited on Au tip substrate with and without graphene 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  2 .     a) Raman spectra of R6G on graphene hybrid structure with 3 different concentra-
tions (10  − 10  M,  ∼ 15 molecules/ μ m 2  10  − 12  M,  ∼ 0.15 mole cules/ μ m 2 , 10  − 14  M,  ∼ 0.0015 mole-
cules/ μ m 2 ) b) Raman spectra of lysozyme on graphene hybrid structure with 4 different 
concentrations (10  − 6  M, 10  − 8  M, 10  − 10  M, 10  − 12  M). c) Raman spectra of R6G on Au tips with 3 
different concentrations. d) Raman spectra of lysozyme on Au tips with 4 different concentra-
tions. The laser excitation wavelength is 633 nm.  

Adv. Mater. 2013, 25, 4918–4924
( Figure    3  a). Figure  3 b shows a comparison of 
the R6G peaks at 613 cm  − 1  and 1187 cm  − 1 . 
The peak at 613 cm  − 1  is assigned to the 
C-C-C deformation in-plane vibration and the 
peak at 1187cm  − 1  is assigned to the in-plane 
vibration of deformed C-H bonds. [  43  ,  44  ]  They 
are slightly shifted from the typical 612 cm  − 1  
and 1185 cm  − 1  position due presumably to 
the extremely high local electric fi eld associ-
ated with the plasmonic resonance. [  45  ]  The 
613 cm  − 1  peak intensity is enhanced by a 
factor of 10 with the presence of graphene, 
while the 1187 cm  − 1  peak intensity is only 
enhanced by a factor of 5 for a R6G concen-
tration of 10  − 12  M. Similar behavior is also 
observed for lysozyme. [  46  ]  As shown in Figure  3 c, the band 
at 1060 cm  − 1  exhibits a larger enhancement than the peak at 
1466 cm  − 1 .  

 The dependence of the graphene-derived CM enhance-
ment factor for various vibrational modes is shown quan-
titatively in Supporting Information. The peak at 613 cm  − 1  
and the 1577 cm  − 1  peak assigned separately to C-C-C and 
C-O-C bond stretching vibrations show the highest enhance-
ment (I G/Tip /I Tip   ∼ 9). The peaks at 1311, 1360, 1506, and 
1645 cm  − 1  assigned to C-C stretching modes show 4-6 folds 
enhancement. The peak at 775 cm  − 1  assigned to the out-of-plane 
vibration of deformed C-H bonds shows an average enhance-
ment of 5 times. Among all peaks, the peak at 1187 cm  − 1  
assigned to in-plane C-H stretching modes exhibits the lowest 
enhancement ( ∼ 2 times). For lysozyme, the band at 1060 cm  − 1  
h

assigned to the vibrations of  ν (C-N) is about 
3-fold more enhanced than the  δ (CH 2 ) vibra-
tion mode [  48  ]  observed at 1466 cm  − 1 . 

 These observations allow us to propose the 
following mechanisms for the SERS chem-
ical enhancement attributed to graphene-
molecule interaction. Firstly, the 2–10 times 
enhancement for all vibration modes partly 
result from charge transfer between mol-
ecules and graphene. [  42  ,  47  ]  Charge transfer 
occurs when the graphene Fermi level is 
located in between the HOMO and LUMO of 
molecules including R6G [  47  ]  (Figure  3 d). Sec-
ondly, aromatic molecules prefer to stack in 
parallel to the    π   -bonds of graphene through 
  π  –  π   stacking and lead to enhanced resonant 
energy transfer. [  49  ,  50  ]  In our experiments of 
lysozyme, the absence of peaks assigned to 
the symmetric ring-breathing vibration mode 
(exist only when benzene rings stand up or at 
least be tilted with respect to the surface) [  46  ]  
refl ects the fl at orientation of the aromatic 
amino acid residues in lysozyme. Both charge 
transfer and resonant energy transfer effects 
are expected to be stronger when mole-
cules are closer to the surface. In the case 
of charge transfer, the increased separation 
between negative and positive charges leads 
to an increase in molecular polarizability 
4919wileyonlinelibrary.comeim
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     Figure  3 .     a) Raman spectra of R6G on graphene hybrid structure and Au tips at molecular concentrations 10  − 10  M and 10  − 12  M. b) The Raman inten-
sity of R6G peaks at 613 cm  − 1 and 1087 cm  − 1  on graphene hybrid structure and Au tips separately, as a function of the molecular concentration, in 
log scale. c) Raman intensity of lysozyme peaks at 1060 cm  − 1  and 1466 cm  − 1  on graphene hybrid structure and Au tips separately, as a function of 
the molecular concentration, in log scale. d) Energy level diagram of graphene–molecule interface: charge transfer occurs when graphene Fermi level 
locates in between the HOMO and LUMO of molecules. e) Schematic of a R6G molecule lying parallel to graphene surface. f) Schematic of in-plane 
deformation C-C-C vibration mode and in-plane deformation C-H vibration mode of R6G molecules.  
that has been associated with larger Raman scattering cross-
sections. [  10  ]  Furthermore, the basic chemical structures of R6G 
are similar to that of graphene, thus the in-plane deformation 
C-C-C vibrational mode will be further enhanced due to the 
vibrational coupling between the molecules and graphene. In 
contrast, such effects are absent for the deformed C-H in-plane 
vibrational mode. This explains the more pronounced enhance-
ment of the 613 cm  − 1  peak assigned to the in-plane deforma-
tion C-C-C vibration. The behavior of the enhancement factors 
being dependent on the geometry of the molecules is a dis-
tinct characteristic of SERS chemical mechanisms. A more in-
depth study of graphene-based surface enhancement scattering 
(GERS) has been given in ref. 47. 

 Single molecule detection was demonstrated with bi-analyte 
SERS (BiASERS) method. The BiASERS method is a contrast 
based spectroscopy technique using two different molecules 
at the same time. This approach facilitates reliable statistics 
based on a large spectral sample size for single molecule SERS 
detection. In our case, an aqueous solution of rhodamine 6G 
(R6G) and lysozyme of the same concentration was dispensed 
on the hybrid platform for SM-SERS under 633 nm excitation. 
The signifi cant difference between R6G and lysozyme’s Raman 
fi ngerprints makes them highly distinguishable. Spatially 
resolved Raman mappings of R6G and lysozyme were meas-
ured for three progressively diluted analyte solutions (10  − 8  M, 
10  − 10  M, 10  − 12  M). (see Supporting Information). Raman inten-
sity mappings of selected molecular vibration modes 
(R6G band at 613 cm  − 1  and lysozyme band at 821 cm  − 1 ) at 
10  − 10  M and 10  − 12  M concentrations are shown in  Figure    4  a-d. 
When solution concentration is further reduced, percentage of 
overlapping R6G-lysozyme signal signifi cantly decreases, and 
breakdown of ensemble averaging spectra occurs when single 
molecule regime has been reached (Figure  4 e). We observed 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
signal purely composed of SERS spectrum of one type of 
molecule, shown as a rather isolated pixel in the mapping. At 
extreme dilution, the spatial coincidence of an analyte molecule 
with the hot spots of the hybrid platform will be the key to 
detect molecular signal. Following the argument of Le Ru and 
Etchegoin, [  35–37  ]  the bi-analyte nature of target molecules serves 
as strong evidence that the spectrum of one certain analyte 
from an individual pixel is attributed to single molecule.  

 Next, we present spatially resolved Raman data to assess the 
relative importance of EM and CM to the overall SERS enhance-
ment ( Figure    5  ). Comparing the Raman intensity mapping of 
R6G 613cm  − 1  peak with that of the graphene G peak (Figure  5 a 
inset), we fi nd that the hotspots coincide. Figure  4 a shows the 
Raman spectra of R6G at three spots on the graphene hybrid 
platform, two of them are from the hotspots in the mapping. 
Figure  5 b shows the Raman intensities of R6G 613 cm  − 1  peak 
and 1187cm  − 1  peak as a function of graphene G peak intensity. 
The intensities of the R6G characteristic peaks correspond lin-
early to the graphene G band intensity. The lysozyme–graphene 
peak intensities from a series of spectra of a line scan over one 
of the hotspots are shown in Figure  5 c, which also shows the 
same linear dependence. The linear dependence spans signifi -
cantly over 3 orders of magnitude. The observations of synchro-
nized enhancement of the molecular and the graphene Raman 
peaks serve as strong evidence that the signifi cant local EM 
fi eld enhancement from the Au nanostructures is the major 
contribution to the dramatically enhanced Raman signals, in 
agreement with other SERS studies. [  51  ,  52  ]   

 The precise location of the SERS hot spots relative to the 
location and the orientation of the nano-pyramids are studied 
both experimentally and theoretically.  Figure    6  a shows the spa-
tially resolved Raman spectra of graphene 2D band intensity. 
Within the diffraction limited spatial resolution of the 633 nm 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 4918–4924
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     Figure  4 .     Spatial resolved Raman intensity mapping and selected spectra of R6G and lysozyme bianalyte mixture on hybrid platform at different 
concentrations. (a), R6G peak at 613 cm  − 1 (red) and (b), Lysozyme peak at 821 cm  − 1 (blue) intensity mappings of the same area at 10  − 10  M. Scale bar: 
10  μ m. (c), R6G peak at 613 cm  − 1 (red) and (d), Lysozyme peak at 821 cm  − 1 (blue) intensity mappings of the same area at 10  − 12  M. Scale bar: 10  μ m. 
(e), Selected spectra from the mapping area. Bi-analyte mixed event: black. R6G single molecule event: red. Lysozyme single molecule event: blue.  
excitation laser, the hotspots appear to be located in between Au 
tips. We modeled the enhancement of the electric fi eld of Au 
nano-pyramids using Finite-difference time-domain (FDTD) 
analysis (see Methods). The hexagonally arranged 200 nm Au 
nano-pyramids geometry representative of the actual sample 
structure was used. Figure  6 b-c shows the x-z and x-y views 
of the electric fi eld amplitude distribution for incident light 
© 2013 WILEY-VCH Verlag Gm

     Figure  5 .     a) SERS spectra for 10  − 14  M R6G on graphene hybrid system tak
squares. The inset of panel (a) is composed of Raman intensity mapping of 
band (green), scale bar, 2  μ m. b) Raman intensities of R6G peaks at 613 cm
three spectra shown in panel (a). c) A series of Raman spectra from a line sc
Raman intensities of lysozyme peaks at 849 cm  − 1  and 1466 cm  − 1  separately 

Adv. Mater. 2013, 25, 4918–4924
wavelength 633 nm. Strong fi eld enhancement appears in 
between two individual tips as well as at the apex. However, 
the volume of the high fi eld region in between the tips is 
approximately one order of magnitude larger compared to that 
at the apex and is expected to be the dominant contributor to 
the detected Raman signal. The hot spots distribution in the 
Raman map (Figure  6 a) provides strong support to the above 
4921wileyonlinelibrary.combH & Co. KGaA, Weinheim

en from three spots from the inset Raman mappings in the same color 
R6G peak at 613 cm  − 1  (red) and Raman intensity mapping of graphene G 
  − 1  and 1187 cm  − 1  separately as a function of graphene G band from the 

an across a lysozyme SERS hotspot. The spectral interval is 500 nm. Inset: 
as a function of graphene G band from the spectra shown in panel (c).  
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     Figure  6 .     a) Raman mapping of graphene 2D band intensity for the hybrid structure. Scale bar, 500 nm. FDTD simulated b) x-z view of electric fi eld 
distribution between two Au tips in the periodic structure. The incident light wavelength is 633 nm. The white arrow indicates the polarization direc-
tion of the incident light. Scale bar, 200 nm. c) x-y view of electric fi eld distribution between two Au tips when z  =  200, 150, 100, 0 nm separately. Scale 
bar, 200 nm. d) FDTD-simulated extinction (black line), absorption (blue line) and scattering (red line) cross-sections and electric fi eld distribution of 
periodic hexagonally arranged Au tips. Scale bar, 200 nm. e) x-z view of electric fi eld distribution between two Au tips with incident light  λ   =  514 nm, 
600 nm, 633 nm. Scale bar, 200 nm.  
expectation and is in excellent agreement with the modeling 
results. The regions of strong fi elds represent evanescent (non-
propagating) modes of the plasmonic structure with only near-
fi eld coupling capability. [  53  ]   

 To obtain a consistent picture of plasmonic resonance, both 
near fi eld as well as far fi eld optical responses are needed. Figure 
 6 d shows the simulated far fi eld extinction spectra as well as near 
fi eld electric fi eld distribution of the tip substrate. The extinction 
peak can be decomposed into absorption and scattering contri-
butions. The hexagonally arranged Au tip substrate exhibits an 
extinction peak at  ≈ 600 nm, with FWHM  ≈ 100 nm. The simu-
lated fi eld intensity maps in Figure  6 e also show the wavelength 
dependence with a clear peak characteristic of resonant behavior. 

 In summary, we have developed a bio-compatible graphene 
based SERS active platform that enables single molecule detec-
tion and provides a reproducible and uniform response. The 
hybrid substrate generates a high density of “hot spots” with 
SERS enhancement factors over 10 10 . The addition of graphene 
allows us to determine separately chemical enhancement (CM) 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
and electromagnetic enhancement (EM) in a semi-quantitative 
fashion. In practical applications, the option of adding graphene 
to SERS active metallic surfaces will broaden the utility of such 
platforms by offering chemically inert surface that is easily 
refreshed after each test and also being resistant to the degra-
dation of the metallic nano-structures. [  54  ]  The result indicates 
that EM is the dominant contributor with CM adding another 
order of magnitude to the large SERS enhancement factor. Our 
approach and the results will go beyond simple single molecule 
detection to facilitate understanding of the basic mechanisms of 
SERS, and open up new opportunities in developing and revolu-
tionizing the applications of graphene in biomedical diagnostics, 
analytical chemistry, as well as biological sensing and imaging.  

 Experimental Section  
 Sample fabrication : The periodic Au nano-pyramid structure 

with tunable size and sharpness can be fabricated by a wafer-scale 
bH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 4918–4924
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templating technology. [  55,56  ]  Spin-coated on (001) silicon wafers, 
close-packed monolayer polystyrene balls of  ∼ 200 nm diameter 
serve as templates. The templated chromium nano-hole arrays can 
be used as etching masks. Then periodic inverted silicon pyramidal 
pits are created by anisotropic etching in KOH solutions since KOH 
preferentially etches silicon in the (001) plane. Wafer-scale gold nano-
pyramid arrays can be fabricated by the silicon templates with inverted 
pyramidal pits through an adhesion and peeling process. The silicon 
templates with inverted pyramidal pits are employed as reusable 
structural templates to replicate arrays of metallic nano-pyramids with 
sharp tips.  

 Micro-Raman spectroscopy : Micro-Raman spectra and mapping of 
molecules and graphene were carried out using a Renishaw inVia Raman 
Spectroscope under ambient conditions. The laser excitation wavelength 
is 633 nm from a He-Ne laser. The power of the laser was kept around 
1.5 mW for single spectrum and 0.5 mW for mapping to avoid sample 
heating. The laser spot size was  ∼ 0.5  μ m. We used a  × 100 objective 
(numerical aperture 0.90) and spectral analysis was accomplished with 
a 1800 lines per mm grating. The spectroscope is equipped with a High 
Speed Encoded Stage that enables shift of samples in XYZ directions 
with nominal spatial resolution of  ∼ 100 nm. The spatially-resolved 
Raman mapping data is achieved by Raman imaging with step down 
to 0.2  μ m in X and Y direction with the actual spatial resolution being 
limited by diffraction. The Raman imaging data is processed by WiRE 
3.2 Raman software.  

 FDTD : simulations Three-dimensional FDTD simulations were 
performed using a commercial software (FDTD Solutions, Lumerical 
Inc.). A conformal mesh with size down to 0.5 nm (x, y and z directions) 
was used. The optical constants of Au were taken from E. Palik [  57  ]  in the 
spectrum range of 200 nm to 1000 nm. Perfectly matched layer (PML) 
boundary condition was applied for z-direction, while periodic boundary 
condition was set for x and y directions of the FDTD simulation region. 
The amplitude  | E 0  |  of incident light is 1.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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