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  1.     Introduction 

 An electromagnetic “hot spot” is a point with a strongly 
enhanced local fi eld which occurs near sharp asperities and 
also forms at the small gaps (nanometer or smaller) between 
metal nanostructures such as nanoparticles (NPs), NP-fi lm 
system, and. [ 1–12 ]  In nanoparticle-fi lm-gap (NFG) system, 
metal NPs (supported localized surface plasmons LSPs) are 
separated from a bulk metal fi lm (supported surface plasmon 
polaritons SPPs) by a spacer. [ 1,2,13–15 ]  One of the interesting 
features of NFG confi guration is that it is widely compatible 
(at least for most of its construction), which can be popularly 
adopted in most of typically analytical sciences and the related 
fi elds, such as surface-enhanced Raman scattering (SERS), 
surface-enhanced fl uorescence spectra, and other plasmonic 
sensing with requirements of large area and great spot-to-spot 
uniformity. [ 1,13–18 ]  Generally, the aforementioned local fi eld 

enhancement of hot spots are critically 
sensitive to the nanoscale spacer (<≈5 nm) 
between the NP and the fi lm. [ 1,2,13,14,16,19 ]  
Although there are some reports in 
forming NFG system using dielectric 
spacer through surface functionalization 
of the metal fi lm with self-assembled 
molecular layers, [ 1,16 ]  the structural inte-
graty of nanosapcer need been further 
considered. Stable oxide like SiO 2  and 
Al 2 O 3  (≈2 nm or above) produced using 
conventional physical techniques have 
also been reported. [ 14,19 ]  However, there 
are still some technical limitations in 
achieving reliable and precise control 
of sub-nanospacing in the experimental 
study on coupled plasmonic system. Con-
sequently, a key issue is to fi nd an effective 
and simple way of realizing a sub-nano-
spacer with highly structural integrity for 
further development of NFG system. 

 It has been widely accepted that SERS 
enhancement results from a combi-

nation of electromagnetic mechanism (EM) and chemical 
mechanism (CM). [ 15,20 ]  EM originates from the orders-of-mag-
nitude increase in the local electromagnetic fi eld due to plas-
monic resonance, [ 21 ]  while CM is caused by charge transfer 
between the target molecules and SERS substrates. [ 22 ]  The 
SERS enhancement of EM can reach up to 10 14  while that of 
CM is ≈10–100. [ 22,23 ]  Regarding the NFG system, works about 
exploring CM enhancement from the nanospacer are rather 
limited while a lot of works about SERS enhancement of EM 
have been popularly studied recently. [ 1,2,13–15 ]  Especially, effi cient 
interaction (e.g., absorbing, concentrating or charge transfer) 
with the target molecules (e.g., rhodamine 6G (R6G)) is previ-
ously inaccessible by using traditional NFG system (with SiO 2  
as a nanospacer) due to weak affi nity between the NFG system 
and target molecules. Thus, some advanced designs are highly 
desirable to further improve the SERS signals from both EM 
and CM enhancement. 

 Graphene has attracted intense interest since its experi-
mental discovery. [ 24–36 ]  The 2-dimensional nature of graphene, 
its special structure with single planar sheet of sp 2 -bonded 
carbon atoms, and the convenient combination of graphene 
with plasmonic nanostructures makes it a favorable test bed 
for investigating the mechanisms of optical response. [ 37–41 ]  
In addition, the ability of graphene to adsorb and concen-
trate target molecules makes it an attractive candidate for 
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of adjacent Ag NPs is about 5 nm. The detailed fabrication pro-
cess is shown in Figure  1 e and Experimental Section. A 100 nm 
smooth Ag fi lm is fi rstly evaporated with very slowly evapo-
rating rate (0.1 A s −1 ) onto Si substrate, followed by transferring 
a single layer graphene grown on a copper foil via chemical 
vapor deposition (CVD) onto the Ag fi lm. Subsequently, Ag 
NPs are evaporated onto the graphene with evaporating rate of 
0.7 Å s −1  to form the proposed G–NFG system with monolayer 
graphene sub-nanospacer (i.e., G–NFG system). 

 Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) are used to observe the surface mor-
phology of different nanostructures involved in the as-proposed 
G–NFG system, including structures of Ag fi lm ( Figure    2  a), 
planar Ag fi lm covered by graphene (Figure  2 b), planar Ag fi lm 
on which several nanometer Ag NPs are deposited (Figure  2 c), 
and the G–NFG system (Figures  2 d–f). As compared to the 
geometry of bare Ag fi lm shown in Figure  2 a, after graphene 
is successfully transferred onto the Ag fi lm, there is no obvious 
change on the morphology and the monolayer graphene has 
very high transmittance (>90% in the visible wavelength, 
see Figure S1 in the Supporting Information) as shown in 
Figure  2 b. From Figure  2 d,e, we fi nd that the Ag NPs formed 
on Ag/graphene structure can be clearly observed. By counting 
about 250 Ag NPs from TEM images, we statistically obtain 
the size distribution of Ag NPs as shown in Figure  2 g and 
fi nd that the size of the Ag NPs is about 20 nm. Regarding the 
space separation between Ag NPs, it is only about 5 nm gap 
obtained from the high-magnifi cation TEM image and the cor-
responding distance-distribution histogram of the space separa-
tion shown in Figures  2 f,h, respectively. The very dense distri-
bution of Ag NPs is very benefi cial to their coupling for further 
enhancing the near-fi eld intensity. In our G–NFG system, the 
graphene sub-nanospacer on Ag fi lm remarkably avoids subse-
quent migration of the evaporated Ag NPs on the Ag fi lm. It is 

plasmonic sensing applications where molecule-graphene 
interaction controls the detection enhancement such as SERS 
enhancement. [ 24,39,40,42 ]  Nonetheless, the highest graphene 
enhancement ratio (by dividing the SERS band intensity with 
the normal Raman band intensity of the graphene) reported 
to date is less than 1000 at the “hot spot” of plasmonic reso-
nance in the combination system of graphene with plasmonic 
nanostructures. [ 10,38,43–45 ]  

 In this work, we propose and fabricate a novel NFG system 
through strategically adopting Ag NPs spaced sub-nanospacer 
from a Ag fi lm particularly through using monolayer graphene 
(G–NFG system as shown in  Figure    1  a,b). We experimentally 
and theoretically demonstrate a signifi cant near-fi eld enhance-
ment. The very strong near-fi eld produced in the proposed gra-
phene sub-nanospacer is due to multiple couplings including 
the Ag NPs–Ag fi lm coupling and Ag NPs–Ag NPs coupling 
(see Figure  1 c). In addition, we also demonstrate the benefi t of 
as-proposed G–NFG system for further improving the SERS 
signals through taking advantage of CM enhancement from the 
graphene nanospacer (see Figure  1 d). Consequently, our results 
contribute to the understanding and applications of new G–
NFG system, which simultaneously achieves particularly strong 
EM enhancement and additional CM enhancement, to become 
a powerful tool in analytical science and the related fi elds.    

 2.     Results and Discussion  

 2.1.     G–NFG Geometry 

 The G–NFG geometry (see Figure  1 a,b) is a three-layer struc-
ture consisting of the Ag NPs with 20 nm diameter residing 
on a ultrathin graphene spacer layer covering a Ag fi lm 
(≈100 nm of Ag deposited on a silicon substrate). The distance 

   Figure 1.    a) 3-dimensional and b) cross-sectional schematic of the G–NFG system, the interesting features the G–NFG system possesses including 
c) strong near-fi eld due to NPs-fi lm coupling and d) chemical mechanism (CM) enhancement from the monolayer graphene sub-nanospacer through 
interacting with target analytes owing to strong π–π interaction; and e) schematic of the fabrication process of the graphene separated G–NFG system. 
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 In order to further characterize the morphology of G–NFG 
system, especially topography of graphene sub-nanospacer, 
atomic force microscopy (AFM) images of different structures 
used in the G–NFG system are measured as shown in Figure S2 
in the Supporting Information. Since monolayer graphene is 
considerably thin and very fl exible, the monolayer graphene 

very different to the case of directly evaporating Ag NPs on Ag 
fi lm as shown in Figure  2 c. The Ag NPs are hardly observed 
and distinguished from the Ag fi lm without placing graphene 
sub-nanospacer as a protective net, which further geometrically 
confi rm that the proposed monolayer graphene is effi cient as a 
spacer of G–NFG system.  

   Figure 2.    SEM images of various structures used in G–NFG system: a) Ag fi lm, b) monolayer graphene coated Ag fi lm, c) Ag fi lm with an on-top 
evaporated Ag NPs, and d) G–NFG system. e) High-magnifi cation SEM image of as-fabricated G–NFG system, and f) high-magnifi cation TEM image 
of as-fabricated G–NFG system. g) Size-distribution histogram of Ag nanoparticles covered onto the Ag fi lm, and h) distance-distribution histogram 
of interparticle (Ag–Ag) gap. 
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sub-nanospacer, and at the same time enhance the Raman 
signal of graphene nearby. The laser line of 514 nm is chosen 
to match the plasmon resonances of the as-prepared G–NFG 
for all the SERS measurement (see absorption spectra of the 
as-prepared G–NFG system in Figure S3 in the Supporting 
Information). As shown in  Figure    3  , typical Raman spectra of 
graphene from samples including monolayer graphene on silica 
glass (Figure  3 a), graphene covered with Ag NPs (Figure  3 b), 
graphene on Ag fi lm (Figure  3 c), and G–NFG system with 
graphene as the sub-nanospacer (Figure  3 d) have been investi-
gated. As shown in Figure  3 a, the two most intensive features 
associated with graphene, the G peak around 1580 cm −1  and 2D 
peak around 2685 cm −1 , were observed. [ 38–40,45,46 ]  Particularly, 
the 2D peak around 2685 cm −1  is the signature of monolayer 
graphene with a single band electronic dispersion. [ 38,39,45,46 ]  
Through the integration of graphene and the double metal 
structures (Figure  3 d), the sample shows additional peak 
around 1334 cm −1  from the D band of carbon, attributed to 
the lattice deformation caused by the local intensive plasmonic 
near-fi eld of metal nanostructures. [ 10,38,43 ]  Furthermore, Raman 
intensity (both G and 2D peaks) of the graphene with the 
double metal nanostructures shows signifi cant enhancement as 
compared to normal Raman spectroscopy from a pristine gra-
phene (graphene on glass), which suggests strong excitation of 
surface plasmons in metal nanostructures.  

 We further study the enhancement ratio by dividing the 
SERS band intensity with the normal Raman band inten-
sity of the graphene. The enhancement ratio for 2D band 
of monolayer graphene is about 15 and 125 for graphene on 
Ag fi lm and graphene on Ag NPs, respectively (see Figure  3 ). 
Remarkably, when the G–NFG system is introduced, the typical 

can tightly cover the Ag fi lm. Comparing 3-dimensional AFM 
images of pure Ag fi lm and graphene covered Ag fi lm as shown 
in Figures S2a,b, Supporting Information, we fi nd there is not 
clear difference after graphene is introduced onto the Ag fi lm 
surface. The two structures show similar roughness with root-
mean-square roughness 5.842 nm and 6.043 nm for the single 
Ag fi lm and graphene covered Ag fi lm, respectively, which con-
fi rms that the graphene is closely covered onto the underlying 
Ag fi lm. Figure S2c, Supporting Information, are the AFM 
image after Ag NPs are evaporated onto the graphene surface, 
respectively. It can be observed that there are many Ag NPs 
dispersed on the graphene surface, which are consistent with 
our SEM results. Based on the clarifi cation using SEM images 
and AFM images, we can confi rm that the graphene sub-nano-
spacer is tightly formed between the Ag NPs and Ag fi lm to 
become G–NFG system.   

 2.2.     Remarkably Enhanced SERS in G–NFG System 

 After constructing the as-proposed monolayer graphene G–
NFG system, we study the fi eld enhancement of G–NFG 
system by detecting the Raman intensity from graphene itself 
because the SERS intensity directly correlates with the strength 
of the localized near-fi eld that are enhanced by the surface 
plasmon coupling between neighboring nanounits. [ 2,38,45–47 ]  
Since graphene has well-known Raman spectrum, it func-
tions as a favorable test bench for investigating the near-fi eld 
enhancement of the G–NFG system. [ 11,37,48,49 ]  The strong cou-
pling between the closely distributed Ag NPs and Ag fi lm will 
induce a dramatic electromagnetic “hot spot” at the graphene 

   Figure 3.    a) Normal Raman spectra of graphene, and SERS spectra of graphene enhanced by different metal nanostructures, including: b) Ag NPs on 
graphene, c) graphene on Ag fi lm, and d) G–NFG system. The excitation wavelength is 514 nm, the accumulated time is 50 s, and laser power is 5 mW. 
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NPs (about 20 nm gap) (NP–NP-20nm/G/Film) as shown in the 
SEM images (Figures S5a,b, Supporting Information) and dis-
tance-distribution histogram (Figure S5c,d, Supporting Infor-
mation). From the SEM images of Figure S5a,b, Supporting 
Information, we fi nd Ag NPs size does not change obviously 
after the sample is immersed into the acetone. As a result, the 
change in SERS enhancement is mainly due to the NP–NP gap. 
To evaluate the Ag NPs coverage, we fi rst count the amount of 
Ag NPs covered on top of the fl at Ag fi lm. There are 1000–1150 
NPs, 170–200 NPs, and 12–15 NPs located on the fi lm in one 
laser spot for the NP–NP–5 nm/G/Film case, NP–NP-20 nm/G/
Film case and isolated NP/G/Film case, respectively. The gra-
phene SERS with these samples are shown in Figure  3 d, and 
Figure S5e,f, Supporting Information. For the three structures, 
the Raman enhancement ratio (2D peak) is 1700, 150, and 23 
for NP–NP–5 nm/G/Film case, NP–NP-20 nm/G/Film case and 
isolated NP/G/Film case, respectively, as compared to normal 
Raman spectroscopy from pristine graphene ( Figure    4  a). The 
strong coupling between the Ag NPs and Ag fi lm will induce a 
dramatic electromagnetic “hot spot” at the graphene sub-nano-
spacer, and then enhance the Raman signal of the graphene. 
Thus, the amount of hot spot plays an important role in Raman 
enhancement. More hot spots will lead to a stronger Raman 
intensity.  

 To further clarify the effect of interparticle gap to SERS 
enhancement of the G–NFG system, we determine the SERS 
intensity per hot spot between the Ag NPs and Ag fi lm (the 
details are shown in Figure S6, Supporting Information). Our 
results show that the SERS intensities per hot spot are about 
50–75, 75–88, and 135–165, for isolated NP/G/Film case, 
NP–NP-20nm/G/Film case, and NP–NP–5nm/G/Film case, 
respectively, as shown in the Figure  4 a, which indicates that 
the fi eld strength per hot spot is increased along with the dec-
rement of interparticle gap. According to previous report, if 
the metal NPs is very sparse on the fi lm in the NFG system, 
the metal NPs become isolated and the interparticle coupling 
could be neglected. [ 14 ]  As a result, it is a linear relation between 
the metal NPs coverage and Raman enhancement. [ 14 ]  Consid-
ering our current case, the metal NPs covered on the fi lm is 
not isolated (NP–NP–5nm/G/Film case and NP–NP-20 nm/G/
Film case) and thus the interparticle coupling should be con-
sidered. Interestingly, we note that SERS signal is dramatically 

enhancement ratio achieves about 1700, which is nearly 115 
times and 14 times larger than that of the graphene on Ag 
fi lm only and graphene on Ag NPs only, respectively. Interest-
ingly, the enhancement ratio of the graphene for the G–NFG 
is signifi cantly larger than the simple linear superposition for 
two individual metal structures with graphene, i.e. graphene 
on Ag fi lm (SPP from the Ag fi lm) and Ag NPs on graphene 
(LSP from the Ag NPs). The signifi cant enhancement is pro-
moted due to the multiple plasmonic couplings including the 
Ag NP-Ag fi lm coupling and Ag NP-Ag NP coupling, which will 
be further described in our theoretical modeling below. Besides 
multiple plasmonic coupling, another contributor to the strong 
Raman enhancement may be from the better superposition of 
the plasmon resonance of G–NFG SERS substrates with excita-
tion line of 514 nm used in the experiments (see the absorption 
spectra of different SERS substrate in Figure S3, Supporting 
Information, and SERS spectra of G–NFG system for three 
different laser lines (514 nm, 488 nm, and 633 nm) in Figure 
 3  and Figure S4 in the Supporting Information). When the 
plasmonic wavelength of SERS substrate is in resonance with 
the excitation (e.g., the plasmon resonance of G–NFG system 
matches well with excitation wavelength), the highly intensifi ed 
Raman enhancement is achieved. [ 25,44 ]  

 It should also be noted that the current graphene Raman 
enhancement ratio with a value of 1700 is one of the highest 
enhancement ratio reported to date in the graphene-metal plas-
monic combination system. In addition, to our best knowledge, 
there is no clear surface-enhancement Raman study on a NPs-
fi lm coupling system with monolayer graphene sub-nanospacer.   

 2.3.     Effect of Ag Interparticle (NP–NP) Gaps to Raman 
Enhancement of the G–NFG System 

 Effect of Ag interparticle (NP–NP) gaps to Raman enhance-
ment of the G–NFG system has also been studied by tuning the 
distance of interparticle gap. Besides the G–NFG system with 
closely distributed Ag NPs (5 nm gap, named NP–NP–5nm/G/
Film system) discussed above (Figure  2 d), we also fabricate 
another two samples with different interparticle gap, including 
G–NFG system with sparse Ag NPs (about 200 nm gap) (iso-
lated NP/G/Film) and G–NFG system with relatively dense Ag 

   Figure 4.    Effect of interparticle distance on the SERS intensity of G–NFG system: a) experimental results and b) theoretical results. For the experimental 
results, the total enhancement ratio is obtained by dividing the SERS band intensity (graphene combined with plasmonic nanostructures) with the 
normal Raman band intensity of the graphene (graphene covered on glass). The measured area is the laser spot area. For the theoretical results, the 
EF is a maximum SERS enhancement factor at the plasmonic spot, which is approximately defi ned as | E  local / E  0 | 4 . 
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the clearly electric fi eld attenuation between 
metal nanostructures. [ 47,50 ]   

 For the case of isolated NP/G/Film, the 
hot spot appears to be around the region of 
sub-nanospacer and the EF at the sub-nano-
spacer is 6.17 × 10 7  (Figure  5 a), where EF is 
approximately defi ned as | E  local / E  0 | 4 . When 
many Ag NPs bring together with very small 
gap of 5 nm sitting on graphene (NP–NP 
case) as shown in Figures  5 b, the enhanced 
fi eld strength with local EF value of 1.68 × 
10 6  is obtained at the small gap. For the case 
of NP–NP–5 nm/G/Film case, the multiple 
plasmonic couplings between the closely dis-
tributed Ag NPs as well as between the Ag 
NPs and the Ag fi lm separated by graphene 
sub-nanospacer are simutaneously observed 
(Figures  5 c,d). Interestingly, the enhanced 
fi eld located in the spacer between Ag NPs 
and Ag fi lm is dramatically boosted and the 
corresponding EF increases to 1.02 × 10 9  as 
shown in Figures  5 c,d, which is stronger than 
that of isolated NP/G/Film case (EF of 6.17 × 
10 7 ). Theoretical modeling is also conducted 
to study effect of Ag interparticle (NP–NP) 
gaps to Raman enhancement of the G–NFG 
system. As shown in Figure  4 b and Figure S7 

(Supporting Information), the local fi eld enhancement in the 
sub-nanospacer strongly increases when the interparticle space 
decreases. Thus, our theoretical results also reveal a greater 
fi eld enhancement for the G–NFG system due to multiple plas-
monic coupling. 

 The multiple pasmonic coupling plays a very important role 
in the G–NFG system. On one hand, the multiple couplings 
considerably strengthen the near-fi eld on the ultrathin gra-
phene spacer layer and effi ciently enhance Raman signals from 
graphene itself. On the other hand, an additional chemical 
enhancement from the graphene sub-nanospacer along with 
the very strong fi eld enhancement at the graphene sub-nano-
spacer can also offer a unique opportunity for using G–NFG 
system in highly sensitive analyte characterization (discussed 
below) (see  Figure    6  a).    

 2.5.     Highly Sensitive Sensors Based on G–NFG System 

 Regarding the potential applications, we investigate the sensing 
capability of the as-prepared G–NFG system in detecting a typ-
ical organic analyte R6G as an example using SERS technique 
(see Figure  6 ). For comparison, we also fabricate two structures 
including closed distributed Ag NPs with interparticle gap 
(5 nm) system on silica (SiO 2 ) glass (NP–NP–5 nm/no G) and 
closed distributed Ag NPs with interparticle gap (5 nm) system 
on the graphene fi lm (NP–NP–5 nm/G). To prepare the sample 
for R6G detection, droplets (of size ≈ 2 mm) of R6G (1 × 10 −9   M ) 
solution in ethanol are dropped on the sample, and then sam-
ples were dried in air for 2 min to immobilize the molecules 
on the substrate surface. (see experimental section for detailed 
Raman measurement). Figure  6 b shows the SERS spectra of 

increased along with the decrement of interparticle gap, which 
indicates that the closer interparticle gap is very benefi cial for 
further enhancing SERS signals (e.g., NP–NP–5 nm/G/Film 
case).   

 2.4.     Theoretical Modeling about Multiple Plasmonic Couplings 
in the As-prepared G–NFG System for Strongly Enhanced SERS 

 To better understand the nature of the strong near-fi eld 
enhancement in the G–NFG system, we have conducted a 
theoretical study on the system (Details are described in SI) in 
which the optical interactions between Ag NPs themselves as 
well as between Ag NPs and Ag fi lm have been fully consid-
ered. In fact, previous studies about the NPs-fi lm system gener-
ally focused on the mutual coupling between upper NPs and 
lower metal fi lm; [ 13,14,16 ]  and there is little study to consider the 
interparticle coupling. In our current experimental samples, the 
interparticles coupling (5 nm gap) is so close that NP–NP and 
NP-fi lm couplings simultaneously exist which will contribute to 
the overall enhancement and will be further described below. 

 In order to systematically study the optical interactions, three 
structures have been investigated including a isolated Ag NP 
on a Ag fi lm separated by graphene sub-nanospacer (isolated 
NP/G/Film, see  Figure    5  a), closely distributed Ag NPs with 5nm 
gap sitting on graphene (NP–NP/G, see Figures  5 b) as well as 
closely distributed Ag NPs on a Ag fi lm separated by graphene 
sub-nanospacer (NP–NP–5nm/G/Film, see Figures  5 c,d). From 
the results, we note that graphene exhibits good penetrability so 
that the electric fi eld can effi ciently pass through the monolayer 
graphene sub-nanospacer, which is consistent with the pre-
vious results that the thin graphene layer itself will not induce 

   Figure 5.    The cross-sectional near fi eld profi les (in log scale) of different nanostructures at 
excitation wavelength of 514 nm: a) isolated NP/G/Film, b) NP–NP–5 nm/G, and d) NP–
NP–5nm/G/Film. c) The top-viewed near fi eld profi les (in log scale) of NP–NP–5 nm/G/Film 
system at excitation wavelength of 514 nm. 
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NP–NP–5 nm/G/Film system through multiple plasmonic cou-
pling including NP–NP coupling and NP-fi lm coupling along 
with the additional CM enhancement from graphene nano-
spacer (see Figure  6 a). We also evaluate the enhancement effect 
of G–NFG system by comparing with that of traditional NFG 
system, which has been widely demonstrated as SERS-active 
substrates. As shown in Figure S8 (Supporting Information), 
our G–NFG system can generate 6.5 times stronger signal in 
detecting R6G molecules. Consequently, through the study of 
a π-conjugated molecule, the monolayer graphene sub-nano-
spacer in the G–NFG system strengthens the ability to interact 
with target molecules which makes G–NFG become an attrac-
tive system for SERS detection. 

 The graphene introduced into the NPs-fi lm coupling system 
serves several distinct purposes. From the construction of 
view, the graphene is the fi rst time to be used as a ultrathin 
protective net to achieve a NPs-fi lm coupling system. Its 
2-dimensional thickness enables the spacer so close up to sub-
nanometer and its 2-dimensional structure make the spacer so 
integrated, which at the same time overcomes the limitation 
to fabricate the sub-nanospacer for metal oxide spacer and to 
improve the integrity of the self-assembly organic molecules 
spacer in the NPs-fi lm coupling system. From the plasmonic 
point of view, the graphene is a Raman active membrane that 
serves as a detection channel of the near-fi eld distribution. 
From the sensor application, the graphene nanospacer could 
offer additional CM enhancement to improve the total SERS 
signal, which can further extend the NFG system application in 
effectively detecting molecules.    

 3.     Conclusions 

 We have proposed a novel G–NFG system by introducing 
ultrathin monolayer graphene as well-defi ned sub-nanospacer 
with high structural integrity between Ag NPs and Ag fi lm. 
Our results show that the G–NFG system offers tremendous 
near-fi eld enhancement with one of the highest enhancement 
ratio (1700) reported to date in the graphene-metal plasmonic 
combination system. Particularly, the strong EM enhance-
ment at the sub-nanospacer and additional CM enhancement 
from the graphene sub-nanospacer offer a very useful oppor-
tunity for the characterization of adsorbed molecules on a 
wide range of graphene surfaces by effi cient enhancement of 
Raman scattering, which is previously inaccessible by using 
traditional NFG system (i.e., SiO 2  as a nanospacer in a NFG 
system). Our experimental and theoretical results show that the 
enhancement can be explained due to the multiple couplings 
between Ag NPs as well as between the Ag fi lm and Ag NPs. By 
detecting R6G as an example, we show that the G–NFG system 
can be used to realize very sensitive detection of π-conjugated 
molecule due to both EM enhancement and CM enhancement. 
Furthermore,we strongly believe that this simple and reliable 
method would offer stepping stones for enabling quantitative 
plasmonic sensing at single molecule level. Our results show 
that the proposed G–NFG system can function as a powerful 
tool in analytical science and the related fi elds. 

 It should be noted that even though the Ag nanostructures 
show a large distribution and non-uniformity in the as-proposed 

R6G from three structures including NP–NP–5 nm/no G case, 
NP–NP–5 nm/G case and NP–NP–5 nm/G/Film case. The 
positions of the characteristic peaks including 1652, 1574, 1509, 
1365, 1192, 775, and 613 cm −1  attributed to R6G are generally in 
agreement with those reported previously. [ 3,40,45 ]  For the SERS 
of R6G on the NP–NP–5 nm/G substrate and NP–NP–5 nm/G/
Film substrate, the monolayer graphene Raman peaks are 
also observed. Compared the NP–NP–5 nm/no G case with 
NP–NP–5nm/G case, we fi nd the Raman intensity of R6G is 
enhanced (by approximately a factor of 10) by introducing gra-
phene on the bottom of Ag NPs. It has been reported that mon-
olayer graphene facilitates charge transfer between graphene 
and probe molecules, resulting in a vibration-mode dependent 
enhancement of 2–17 times. [ 39 ]  Secondly, aromatic molecules 
prefer to stack in parallel to the π-bonds of graphene through 
π-π stacking and lead to enhanced resonant energy transfer. [ 47 ]  
This is further supported by the handful of experimental papers 
reporting the SERS effect from graphene, which belongs to 
chemical enhancement mechanism (CM). [ 24,39,40,42,48–53 ]  In con-
trast, SERS enhancement from CM is not clearly observed from 
SiO 2  fi lm when SERS performance is compared from NP–
NP–5 nm/SiO 2  case and NP–NP–5 nm/G case. 

 Furthermore, when the NP–NP–5 nm/G/Film substrate is 
introduced, the SERS intensity are enormously boosted. The 
intensity of SERS (i.e., peak in 1652 cm −1 ) on the NP–NP–5 
nm/G/Film substrate are 105–000 units, which means our 
NP–NP–5 nm/G/Film system can generate 13-fold and 130-fold 
stronger signal in detecting R6G molecules compared with 
that of NP–NP–5 nm/G substrate and NP–NP–5 nm/no G 
substrate, respectively. The highly intensifi ed SERS sensitivity 
is mainly attributed to the greater fi eld enhancement for the 

   Figure 6.    a) Scheme of detection of organic molecule by using as-pre-
pared G–NFG system. SERS performance of G–NFG (NP–NP–5 nm/G/
Film) system compared with that of NP–NP–5 nm/no G and NP–
NP–5 nm/G structures in detecting R6G with 1 × 10 −9   M  in ethanol. The 
excitation wavelength is 514 nm. The accumulated time is 50 s, and laser 
power is 2 mW. 

Adv. Funct. Mater. 2014, 24, 3114–3122



FU
LL P

A
P
ER

3121

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

refl ection ( R ) and transmission spectra ( T ) (1- T - R ) using a goniometer 
combined with a CCD spectrometer and integrating sphere. [ 60,61 ]  

  SERS for Molecule Detection : Raman spectra were obtained using a 
horiba HR800 Raman system with a 514 nm laser. For each sample, we 
took three SERS spectra in different positions of the substrate and then 
averaged them. To prepare the sample for R6G detection, droplets (of 
size ≈ 2 mm) of R6G (1 × 10 −9   M ) solution in ethanol are dropped on 
the sample, and then samples were dried in air for 2 min to immobilize 
the molecules on the substrate surface. The accumulated time of 
Raman measurement was 50 s; and laser power at the sample position 
was 2 mW for R6G. For detecting the Raman spectrum of monolayer 
graphene, the laser power at the sample position was 5 mW and the 
accumulation time used for the study was 50 s. 

  Theoretical Modeling : Maxwell’s equations were solved utilizing the 
fi nite-difference time-domain (FDTD) method to better understand the 
nature of the strong near-fi eld enhancement in the G–NFG system. [ 62 ]  
Details are described in the Supporting information.  
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G–NFG system (shown in Figure  2 ), the issue will not affect 
our results. It is because taking the case of 5 nm interparticle 
gap in the G–NFG system as an example, the SERS signal 
obtained from one laser spot is an integrated effect from 1000–
1150 Ag NPs (see the relative information in the part: Raman 
enhancement for per hot spot in the Supporting Information). 
In addition, in the presented results, we have taken three SERS 
spectra in different positions of the substrate and then averaged 
them for each sample, which further make the results reliable 
(see the Experimental Section). On the other hand, fi nding a 
way of realizing highly uniform 2-D NPs in our G–NFG system 
will be useful and signifi cant in the industrial implementa-
tion. Recently, several interesting works have been reported in 
achieving highly uniform 2-D nanopatterns [ 54,55 ]  or 2-D close-
packed nanoparticle array, [ 56,57 ]  which contribute to enabling 
highly-uniform depositions of nanoparticles on NFG systems. 
The methods will be explored and studied in the future. 

 When our current work is being reviewed, two work about 
graphene as a sub-nanogap for tuning plasmon resonance 
through different perspective have been reported. [ 58,59 ]    

 4.     Experimental Section 
  The G–NFG System Fabrication : a thin layer of chromium (Cr, 5 nm) 

was fi rstly evaporated onto the silicon substrate as the adhesion layer. 
Then 100 nm smooth Ag fi lm was evaporated with very slowly 
evaporation rate (0.1 Å s −1 ) onto the Cr covered silicon substrate, 
followed by transferring a single layer graphene grown on a copper 
foil (obtained from Graphene Supermarket) by traditional solution 
method. [ 31,32,45–47 ]  In order to transfer the graphene fi lm onto the Ag 
fi lm, polymethyl methacrylate (PMMA) was fi rst spin-coated on the 
surface of the as-grown graphene on copper, followed by 30 min of 
thermal treatment for drying the PMMA fi lm. The sample was then 
placed in iron (III) chloride solution (20mg/ml) to remove the copper 
foil, followed by rinsing with deionized (DI) water, soaking in DI water, 
and then being transferred to an Ag fi lm. The sample was then baked on 
a hot plate at 100 °C for 1 h to eliminate moisture before the PMMA was 
removed by using acetone. Subsequently, Ag NPs were evaporated onto 
the graphene with evaporating rate (0.7 Å s −1 ) to form the proposed 
G–NFG substrate with monolayer graphene as sub-nanospacer. The 
distance of interparticle gap is about 5 nm. To fabricate the G–NFG 
system with different interparticle distance, we can remove partial NPs 
on top of Ag fi lm by immersing the samples into acetone for different 
time. The acetone will infi ltrate into the interface region between the 
NPs and graphene easily, which make the NPs strip out. According to 
our experimental results, we fi nd that the longer time the NPs immerse 
into the acetone, the more the NPs strip out. In our current experiment, 
the time are 120 min and 50 min for the G–NFG system with sparse 
Ag NPs and dense Ag NPs (interparticle distance 20 nm), respectively. 
The fabrication of standard NFG system was similar to that of the G–
NFG system. To create nanospacer layers with controllable thickness 
with just a few angstroms, self-assembled monolayers (SAMs) of amine-
terminated alkanethiols on Ag fi lm were fabricated using chain lengths 
of  n  = 2 where n equals the number of carbon atoms along the alkane 
portion of the molecule based on the previous report. [ 1 ]  The SAMs do 
not show obvious π-conjugated effect. 

  Microscopic and Optical Characterization : The morphology of samples 
was characterized using scanning electron microscopy (SEM; Hitachi 
S-4800) and atomic force microscopy (AFM, Asylum Research MFP-3D) 
in tapping mode. The TEM image of Ag nanomaterials was measured 
using Philips Tecnai G2 20 S-TWIN. The sample for TEM measurement 
were prepared by fi rstly transferring the single layer graphene to copper 
(Cu) grids and subsequently evaporating Ag NPs onto the graphene. The 
absorption spectra of SERS substrates were extracted from the diffuse 
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