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 Surface-enhanced Raman spectroscopy (SERS) imparts 
Raman spectroscopy with the capability of detecting 
analytes at the single-molecule level, but the costs are also 
manifold, such as a loss of signal reproducibility. Despite 
remarkable steps having been taken, presently SERS 
still seems too young to shoulder analytical missions in 
various practical situations. By the virtue of its unique 
molecular structure and physical/chemical properties, the 
rise of graphene opens up a unique platform for SERS 
studies. In this review, the multi-role of graphene played 
in SERS is overviewed, including as a Raman probe, as 
a substrate, as an additive, and as a building block for a 
fl at surface for SERS. Apart from versatile improvements 
of SERS performance towards applications, graphene-
involved SERS studies are also expected to shed light on 
the fundamental mechanism of the SERS effect. 
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  1. Introduction 

 Raman spectroscopy is exploited for rapid, precise and 

robust molecular identifi cation, yet the bottleneck is the 

quite small cross-section of common molecules and sequen-

tially rather weak Raman signal. Surface-enhanced Raman 

spectroscopy (SERS) [  1  ,  2  ]  can hugely boost the Raman fi n-

gerprints of molecules, which offers ultrasensitive detection 

(even down to the single-molecule level [  3  ,  4  ] ) with molecular 

selectivity. The fi rst SERS experiment could be said to date 

back to 1974, [  5  ]  done by Fleischmann et al., about three years 

before the proposition of the concept of the SERS effect. [  1  ,  2  ]  

In their experiment, an electrochemically roughened silver 

electrode and pyridine were used as the enhancement media 

(usually called a SERS substrate) and the probe molecule, 

respectively, to produce a dramatically enhanced Raman 

signal. During the past nearly four decades, great efforts and 

ingenuity have gone towards both understanding the origin 

of the SERS effect and creating a more desirable SERS sub-

strate, resulting in continuing theoretical and experimental 

progress. Yet SERS has not entered the widespread real-

world application stage. The main reason lies in the diffi culty 

in achieving a quantitative understanding of the controversial 

mechanism of SERS and the diffi culty to develop a perfect 

SERS method which can simultaneously meet the following 

requirements: [  6  ,  7  ]  1) high SERS activity to ensure an accept-

able sensitivity; 2) uniformity to provide reproducible signals; 

3) high selectivity with a clear ‘molecular structure’–‘SERS 

features’ relationship; 4) preferable measurement proce-

dure with quick/friendly sample pretreatments and compat-

ibility under various conditions. The emergence of a large 

class of new SERS probes and new SERS substrates brings 

about both a more insightful understanding of the funda-

mental mechanism and an optimized model/procedure for 

applications of SERS. Ultrasensitive substrates competent 

for a single-molecule level response are routinely studied [  8  ]  

and matured preparation skills of large-scale metal nano-

structure arrays towards better signal uniformity have been 

developed. [  7  ]  Numerous pioneering attempts to study the 

structure–function relationship of plasmonic metals [  9  ]  and 

electronic state-related chemical mechanisms [  10  ]  have been 

implemented. As a new point of view, strategies towards 

metal molecule isolation (for more intrinsic SERS signals) [  11  ]  

have been demonstrated recently. Furthermore, fl exible sub-

strates have proven to be a fascinating choice for the explo-

ration of SERS in real-world applications. [  12  ]  All of which is 

impactful progress, yet there remains great limitations to the 

full exploration of SERS. 

 In most situations, a new characterization technique 

brings about a revolution in materials science; on the con-

trary, a new material can upgrade the performance of new 

technologies. This synergistic action is also prominent in 

the research between graphene and SERS. Graphene, as 

another kind of carbon allotrope discovered experimentally 

in 2004, [  13  ]  is a perfect 2D atomic crystal made of sp 2  carbon 

atoms. Besides the abundant theoretical and experimental 

interests in its electronic properties, [  14  ]  it is also a rising star 

in SERS. The roles of graphene in SERS are manifold. The 

following distinctive structural features and properties of 
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graphene provide it with some unique advantages for SERS: 

1) its unique electron and phonon structures; 2) atomic uni-

formity; 3) biological compatibility; 4) delocalized  π  bonds; 

5) its seamless structure; 6) atomic thickness; 7) chemical 

inertness. Actually, most of the above aspects have been par-

tially proven and the rest are being explored. As a new fi gure 

in SERS, graphene is opening up a unique platform for it. 

In this review, we will summarize the progress on graphene-

involved SERS studies in the following sequence as classifi ed 

by the role of graphene, as: 1) a Raman probe; 2) a substrate; 

3) an additive; 4) a building block for SERS on a fl at surface.   

 2. Graphene as a Raman Probe 

 Graphene, a single sheet of carbon atoms in a 2D honey-

comb crystal structure, has exhibited amazing Raman scat-

tering properties, which are related to its unique structure 

of electrons and phonons. In this part, we will review recent 

progress on this topic in two sections: the Raman scattering 

features of graphene, and the SERS studies with graphene as 

a probe molecule.  

 2.1. Raman Scattering Features of Graphene  

 2.1.1. Typical Raman Spectrum of Graphene   

 Figure 1   shows a typical Raman spectrum of defect-con-

taining graphene measured with a 514.5 nm laser. Two char-

acteristic peaks named the G band ( ∼ 1585 cm  − 1 ) and the G′ 
band ( ∼ 2685 cm  − 1 ) are intrinsic vibrations of defect-free gra-

phene. If the Raman spectrum is achieved in disordered gra-

phene or at the edges, we may fi nd that several other peaks 

appear at  ∼ 1345 cm  − 1  (D band) and  ∼ 1625 cm  − 1  (D′ band), 

respectively. The emergence of 1450 cm  − 1  (D 2  band) and 

1500 cm  − 1  (D 3  band) has also been reported. [  15  ]  Among these 

bands, the G band originates from a fi rst-order Raman scat-

tering process, corresponding to the degenerate iTO and iLO 

phonons at the  Γ  point (degenerate E 2g  mode). [  16  ,  17  ]  The G′ 
band is due to a double resonance intervalley Raman scat-

tering process with two iTO phonons at the K point. [  18  ]  As 

illustrated in the insets in Figure  1 , the D band, D′ band, and 

G′ band are all second-order processes. [  19–21  ]  It is notable 

that, despite the G′ band being sometimes referred to as the 

“2D band”, it is not the second-order mode of the D band. 
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The G′ band appears in a perfect graphene sample while 

the D band is absent, since the G′ band has nothing to do 

with defects of graphene. [  20  ]  Another fi rst-order band is the 

low frequency E 2g  mode (located at  ∼ 42 cm  − 1 ), involving the 

weak interlayer interaction, so usually it cannot be observed 

on a Raman spectrum of graphene. [  22  ]  Another small peak at 

 ∼ 3250 cm  − 1  is the second-order mode of the D′ band. [  23  ]     

 2.1.2. Probing the Number of Layers, Edges and Defects, and 
Doping Effects 

 Raman spectroscopy is a convenient tool to probe the struc-

ture of graphene, which has a signifi cant effect on its prop-

erties. As a Raman probe, the Raman features of graphene 

itself are interesting and informative. On the basis of these 

Raman fi ngerprints, we can distinguish the number of gra-

phene layers, probe the type of edges (and defects) and mon-

itor the degree of doping quickly and directly. 

 For graphene with a different number of layers ( n ), the 

G′ band shows a different shape, position and intensity, 

according to which Ferrari et al. [  24  ]  suggested that we can 

fi nd out the accurate number of layers in few layer graphene 

samples. As  Figure    2  a shows, for monolayer graphene, the 

G′ peak is a perfect single Lorentzian feature, while the G′ 
peak of bilayer graphene shows a broad band containing four 

components. [  24  ,  25  ]  To be appealing, the G’ band of three-layer 

graphene needs more Lorentzians to fi t. [  20  ]  When  n  comes to 

fi ve or more, the G′ band shows the same features as graphite; 

it is no longer easy to distinguish it from graphite. This phe-

nomenon can be explained by a double resonance mechanism 

under the condition that the electronic structure of graphene 

sheets would vary with  n . [  20  ,  23  ,  24  ]  At the same time, when  n  

grows, the G band frequency downshifts [  15  ]  and its intensity 

is almost linear as  n  ranges from 1–10. [  26  ]  Koh et al. [  27  ]  dem-

onstrated how to identify the value of  n  via the Raman inten-

sity ratio of graphene G band and Si substrate, i.e., I(G)/I(Si). 

Besides, the weak disorder-induced D 3  peak also shows unex-

pected sensitivity to  n , and the total intensity of the series of 

D bands decrease as  n  increases. [  15  ]  Gupta et al. [  22  ]  discovered 

that the shape of D band also varies for different graphene 

thicknesses. Recently, the shear mode at the low frequency 

region [  28  ]  and layer breathing mode at 1720 cm  − 1  [  29  ]  are also 

effective ways to identify the thickness of graphene layers.  
www.small-journal.com © 2013 Wiley-VCH V

     Figure  1 .     Typical Raman spectrum of defect-containing graphene meas
measurement was transferred on a SiO 2 (300 nm)/Si substrate, and then
process of G band and second-order Raman scattering processes of D, D
Copyright 2009, Elsevier.  
 The D band appears in the Raman spectrum of a gra-

phene edge, or a graphene piece that contains defects. Can-

çado et al. [  30  ]  found that different graphite edges show 

distinguishable D bands. As we all know, the D band is due 

to a second-order scattering process which involves a defect 

and a phonon. The wave vectors of the armchair and zigzag 

defect edges are different: the former connects K point and 

K′ point, while the latter does not and thus cannot meet 

the law of conservation of momentum. Thus the D band is 

dependent on the structure of the graphene edge, e.g., arm-

chair edges show a clear D band while zigzag edges do not. 

You et al. [  31  ]  discovered that it is possible to use Raman spec-

troscopy to determine the orientation of graphene (either 
erlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 8, 1206–1224

ured with a 514.5 nm laser. CVD-grown graphene sample for Raman 
 treated with O 2  plasma. Illustrations of the fi rst-order Raman scattering 
’, G’ band in graphene are shown together, adapted with permission. [  20  ]  
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     Figure  2 .     a) Layer-dependent G′ band of 1, 2, 3, 4-layer graphene and HOPG, under 514.5 nm excitation. Reproduced with permission. [  20  ]  Copyright 
2009, Elsevier Ltd. b) Raman mapping of graphene edges with an angle of 30 ° . The scale bar is 1  μ m. Reproduced with permission. [  31  ]  Copyright 
2008, American Institute of Physics. c) The position and FWHM (full width at half maximum) of G band of intrinsic graphene as a function of doing 
concentration induced by electrochemical top gate voltage. Reproduced with permission. [  42  ]  Copyright 2008, Nature Publishing Group.  
zigzag or armchair predominant edges; Figure  2 b). In addi-

tion, the intensity of the D band is related to the polarization 

of the incident and scattered light. [  32  ]  Krauss et al. [  33  ]  suc-

cessfully achieved zigzag predominant edges by anisotropic 

etching and proved that zigzag edges do not contribute to the 

D band, which further confi rms the correctness of the theory 

on the D band Raman process. It was also reported that the 

two edges which have been thought as an armchair and a 

zigzag edges do not show dramatic difference in D band. [  32  ]  

However, we think the problem does not lie in the D band 

theory, but whether the analyzed edge is predominantly one 

or the other type of graphene edge. Besides graphene edges, 

artifi cial defects in graphene will also result in the emergence 

of D and D′ bands. [  34  ]  

 The level of doping also has an important infl uence on 

the properties of graphene. Graphene made by different 

methods or under different environments possesses dif-

ferent amount of doping. [  35  ,  36  ]  Even different points of the 

same piece of graphene show dramatically different degrees 

of doping, induced by the substrate and adsorbates, [  37  ,  38  ]  let 

alone different pieces of graphene. [  39  ]  Monitoring the level 

of doping is very important, and Raman spectroscopy has 

been proved to be capable of this, which in turn helps us to 

investigate electron–phonon interactions in graphene. [  40–42  ]  

It should be noted that, despite that in most cases natural 

chemical doping effects (either from substrate or adsorbates) 

are important, here we just discuss examples on electric-

gate-induced doping samples (since electric gates can induce 

doping in a controllable way, while they have a similar phys-

ical origin). Yan et al. [  40  ]  discovered that the G and G′ band 

shifts of graphene show obvious dependence on the induced 

charge density modulated by the electric fi eld effect. The G 

band upshifts and its full width at half maximum decreases, 
© 2013 Wiley-VCH Verlag Gmsmall 2013, 9, No. 8, 1206–1224
no matter whether the graphene is p-type or n-type 

doped. As shown in Figure  2 c, Das et al. [  42  ]  also demonstrated 

the same phenomenon in an electrochemically top-gated gra-

phene transistor. At the same time, the G’ band can be used 

to assign p- or n-type doping, which upshifts for p-doping 

and downshifts for n-doping. The intesity ratio I G' /I G  can be 

use to obtain the doping concentration. [  42  ]  Ferrari et al. [  39  ,  43  ]  

thought that the phenomenon could be better understood by 

quantum mechanics beyond the adiabatic Born–Oppenhe-

imer approximation. 

 In short, Raman spectroscopy is a sensitive tool to probe 

the number of graphene layers, edges, disorder, and doping. 

The diversity of behaviors of electrons and phonons in gra-

phene offers an intriguing stage for learning the basic Raman 

scattering effects. Furthermore, mature techniques towards 

the controlled synthesis and functionalization of graphene 

are developing, which opens up a great opportunity to exploit 

the Raman characteristics of graphene in a well-designed 

way.    

 2.2. Graphene as a Probe in SERS 

 Besides pyridine, various SERS probes have been explored. 

The standards to guarantee a good SERS probe are usually 

case dependent. When the Raman behavior of the probe 

itself, or when the qualitative/quantitative information of the 

components of a sample are considered, the probe is a fi xed 

parameter. For cases when we are investigating the funda-

mental details of the SERS effect, mostly a carefully selected 

probe benefi ts a lot, according to the particular problem we 

are studying. Otherwise, if we are using a SERS probe as a 

target for a certain process, the pristine cross-section and 
1209www.small-journal.combH & Co. KGaA, Weinheim
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its compatibility with the target environment are essential 

considerations, for instance, dyes are normally preferred for 

such cases (e.g., bioimaging). In this part, we will review the 

recent progress in the SERS study with graphene as a probe, 

including both the investigation of the intriguing Raman fea-

tures of graphene itself and SERS-related issues probed by 

graphene.  

 2.2.1. Probing the Fine Structure of Graphene 

 The performance of graphene for most applications (espe-

cially nanoelectronics) is highly structure-sensitive and, as 

discussed in the earlier section, we have found that these fi ne 

structures of graphene can be well revealed in its Raman 

spectrum. The pursuit of a stronger Raman signal of gra-

phene itself is thus a subject with broad interest. 

 The fi rst consideration that affects the Raman intensity 

of graphene is an appropriate substrate. Looking back on 

many published works on graphene, most of them used a 

silicon substrate with a 300 nm oxide layer. The oxide layer 

is essential for both the optical visibility of single layer gra-

phene [  44–47  ]  and an enhancement of the Raman intensity 

through a thin-fi lm interference effect. [  26  ,  48  ]  Defi ning  n SiO2   as 

the refractive index of silicon dioxide and  d  as its thickness, 

a maximum of interference enhancement (reaching a factor 

of 30 [  26  ] ) occurs when  nSi O2 • d = (2n + 1)λ/4, n = 0, 1, 2, 3   , 

where   λ   is the wavelength of the excitation laser. For 

example, a 269 nm oxide layer is one of the most desirable 

thicknesses for 532 nm excitation. [  26  ]  Actually, in many exper-

imental studies on the Raman enhancement of graphene, the 

accompanied interference enhancement should be taken into 

consideration, yet this effect has been sometimes inappropri-

ately neglected. 

 Such an enhancement level is not satisfying. The sur-

face plasmon resonance enhancement was then introduced 

by Cheng's group in a so-called “SERS and interference 

co-enhanced Raman scattering, SICERS” experiment. [  49  ,  50  ]  

By the construction of a Si/Ag/Al 2 O 3 /graphene structure, 

a total enhancement factor on the order of 10 3  (compared 

with Si substrate) can be obtained. However, this kind of 

sample confi guration does not employ the localized surface 

plasmon resonance effect. Localized electromagnetic fi eld 

enhancement achieved by an SPM tip (tip-enhanced Raman 

spectroscopy, TERS) was demonstrated by Domke et al. [  51  ]  

(an enhancement factor of 6  ×  10 3  was reported for the tip 

region) and Saito et al. [  52  ]  Thermally evaporated gold fi lms 

were also deposited on single layer graphene and a maximum 

enhancement of 120 times was reported by Lee et al. [  53  ]  They 

also reported that the interference enhancement contribution 

is  ∼ 1.6 among a total averaged enhancement factor of 71. Yet 

this is not a rigorous comparison since different substrates 

were used (glass vs. silica) and the shelter effect for the inci-

dent laser from the gold nanoislands was ignored. Thereafter, 

abundant SERS studies for the detailed investigation of gra-

phene have been implemented. [  54–62  ]  

 With a much stronger Raman signal, SERS is expected 

to visualize the fi ne structure of graphene. In Ren et al.’s 

experiments, [  49  ]  the SICERS method was exploited to study 

the edge phonon state of graphene nanoribbons; according 

to their experimental observations and fi rst-principles 
0 www.small-journal.com © 2013 Wiley-VCH V
calculations the emerging bands at 1450 and 1530 cm  − 1  

were assigned to vibrations from edge atoms. Lee et al. [  53  ]  

observed the emergence of a D band after the deposition of 

a SERS-active gold fi lm on graphene, and it was claimed that 

this was due to a SERS enhancement effect, rather than pos-

sible mechanical damages induced by the thermal evapora-

tion of gold. Similarly, a selective enhancement of the D band 

was reported by Ouyang et al.: [  56  ]  the I D /I G  ratio increased 

from 0.76 to 2.18 for few layer graphene samples (prepared 

by deoxidizing graphite oxide) on silver. New emerging 

bands at lower frequencies (239 cm  − 1  and 992 cm  − 1 ) were 

also observed. Layer-dependent SERS intensity [  53  ,  63  ]  showed 

that monolayer graphene has a stronger enhancement factor 

than multilayer graphenes. On the other hand, TERS studies 

offer us insightful structural understandings of graphene with 

subdiffraction resolution. [  52  ,  57  ]  For example, in Satio et al.'s 

experiments, [  51  ]  a spatial resolution of around 30 nm can be 

achieved. The layer boundary-dependent G-band intensity, 

the charge effect-dependent G-band position and width, as 

well as the local stress distribution-dependent G’-band fl uctu-

ations were investigated in detail. Interestingly, Wang et al. [  60  ]  

studied the reversible creation and disappearance of a single 

defect based on the manipulation of contact/retract states of 

a TERS tip. In this case, the TERS tip is both a defect inducer 

and a signal magnifi er. 

 These achievements are important steps towards a better 

understanding of the fi ne structure of graphene. Nevertheless, 

there remains more to be explored, such as the discovery and 

assignment of veiled features of pristine graphene and new 

features induced by metal–graphene interactions.   

 2.2.2. Probing the Relationship between Substrate Structure 
and SERS Performance 

 The evaluation of a 'substrate structure'–'SERS performance' 

relationship is of great interest, not only for the development 

of a reliable quantitative SERS method, but also for chem-

ical and physical insights into the surface plasmon resonance 

effect. However, until now rare studies have been done on 

this point. One of the biggest obstacles is the arrangement 

of probe molecules and their stability under SERS measure-

ment conditions. The adsorption behavior of molecules on a 

curved/gapped SERS substrate is complicated, with fl uctu-

ating amounts and molecular orientations. Furthermore, for 

common probes (especially for dyes), laser-induced damage 

during SERS measurements is often inevitable and may 

cause trouble in quantitative analyses. 

 Graphene offers us a new choice: the 2D graphene layer 

is uniform and chemically inert. The capacity of graphene to 

probe the SERS activity is also being explored. In Schedin 

et al.’s [  54  ]  experiments ( Figure    3  ), gold nanoparticle arrays 

with different sizes (140 nm and 210 nm) were fabricated to 

demonstrate the structure-dependent SERS activity. They 

found that their experimental observations are in good 

agreement with theoretical simulation results. In our experi-

ments, the SERS signal of graphene was used as a reference 

to investigate the thickness-dependent SERS activity of 

thermal vacuum evaporated gold fi lms. By varying the gold 

fi lm thickness from 0 to 20 nm, we found a preferred thick-

ness of 8 nm. [  64  ]  In addition, when putting graphene on the 
erlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 8, 1206–1224
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     Figure  3 .     Size-dependent SERS enhancement of gold nanoparticles probed by graphene. a) SEM images (in false colors) of the SERS sample: 
purple, SiO 2 ; bluish, graphene; yellow, Au electrodes and dots. Arrays of 210 nm and 140 nm gold nanodisks are tested. b,c) The enhancement 
factors for (b) the G and (c) 2D(G’) peaks. d,e) Field intensity distribution at 633 nm for the (e) 140 nm and (f) 210 nm nanodisks. Reproduced with 
permission. [  54  ]  Copyright 2010, American Chemistry Society.  
top of such an evaporated island-like gold fi lm, it is inter-

esting to investigate the position-sensitive SERS activity 

of the gold fi lm substrate by an in-situ thermal annealing 

process, in which the fl exible graphene layer was gradually 

moved closer to the hot spot, resulting in an increasing SERS 

intensity. [  65  ]  To exclude the disturbance of chemical enhance-

ment, recently Niu et al. [  59  ]  added an Al 2 O 3  inserting layer 

between the gold nanoparticles and SiC epitaxial graphene. 

The calculated electromagnetic enhancement (based on the 

dipole approximation) agreed well with the experiments for 

excitation energy-dependent enhancement. By varying the 

thickness of the Al 2 O 3  layer from 0, 3, 6, 9 to 12 nm, they also 

found there is an exponential relationship between enhance-

ment factor and distance of graphene/gold nanoparticles.    

 2.2.3. Probing the Life Process 

 Another advantage of graphene is its biological compat-

ibility. Actually graphene has been widely used in many bio-

logical fi elds, including drug delivery, [  66  ]  biosensing [  67  ]  and 

bioimaging [  68  ]  applications. Nevertheless, little has been done 

towards understanding the detailed process of cell uptake 

of graphene. The enlargement of pristine weak Raman sig-

nals of graphene by SERS is helpful in sensing applications. 

Other materials like carbon nanotubes were also explored in 

the related studies. The competition between graphene and 

others is under way and it is too early to say who will be the 

winner, or maybe they will fi nd their own stage. In this part, 

we will bypass the details of why graphene was selected, and 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 8, 1206–1224
will just focus on an example of how the biological process 

can be monitored by SERS. 

 Huang et al. [  58  ]  investigated the cell uptake mechanism 

of graphene oxide (GO) by SERS ( Figure    4  ). They found 

that the loading of gold nanoparticles was essential for the 

visibility of the Raman signal of GO inside the Ca Ski cell. 

A time series of incubation for 1, 2, 4, 6, 8 and 12 h showed 

no detectable SERS signal of GO until after 4 h. The SERS 

signal reached at a maximum at 6 h; further incubation 

resulted in a weakened SERS signal, and it was barely on the 

noise level after 12 h incubation. Interestingly, by the addi-

tion of different kinds of inhibitors of distinguished endo-

cytotic mechanisms, they found that the cell uptake process 

of GO is based on the clathrin-mediated mechanism and 

is energy dependent. During these experiments, the avail-

ability of SERS signals and their intensity were probabilistic 

(mainly because of an inhomogeneous distribution of Au-GO 

composites in the cell), and statistical results were exploited 

for related analyses.  

 Above is one of the pioneering examples of graphene-

involved SERS for biosystem applications. Despite the 

world-wide interest on biorelated issues, current progress on 

this topic via graphene-involved SERS methods have hardly 

been reported. Such unbalanced development (as compared 

to other graphene-probed issues) may partially because of a 

much longer experimental period for bio-researches. How-

ever, we believe that the importance on this fi eld is indubi-

table and continued progress is expected to be on the way. 
1211www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  4 .     a,b) Bright and dark-fi eld microscopic images of Ca Ski cells incubated with Au-GO for 4 h, respectively. c) SERS spectra of the different 
points of GO in the Ca Ski cell in (b). Reproduced with permission. [  58  ]  Copyright 2012, Wiley-VCH.  
On the other hand, the special 2D structure of graphene 

pieces can be reduce to 0D, e.g., graphene quantum dots and 

graphene@Au(Ag) core–shell nanoparticles are both desir-

able subjects for further investigations.     

 3. Graphene as a Substrate: 
Graphene-Enhanced Raman Scattering (GERS) 

 When considering its 2D structure, graphene is a likely sub-

strate. There have been wide achievements on miscellaneous 

SERS substrates with different materials, morphologies, and 

preparation methods. For example, a series of materials can 

be used as a SERS substrate, from noble metals (Ag, Au, Cu) 

to transition metals (Pt, Pd, Ru, Rh, Fe, Co, Ni, etc), to semi-

conductors (Si, Ge, ZnO, TiO 2 , CuO, CdTe, etc). [  69–71  ]  Actu-

ally, considerable electromagnetic enhancement exists only 

for the original noble metal substrates. For the rest of the 

materials, a chemical-based mechanism is dominant in the 

total SERS enhancement, with a much lower enhancement 

factor. 

 In graphene, the remaining one 2p z  orbital of each sp 2  

hybridized carbon atom constitutes a large delocalized  π  

bond. Investigations on the interactions between graphene 

and adsorbed molecules have been carried out and, interest-

ingly, the phenomenon of Raman enhancement on graphene 

substrates has been observed. In this part we will focus on the 

second role of graphene played in SERS, i.e., as a substrate. 

The discovery of GERS effect, its chemical mechanism-

based enhancement features, and applications in probing the 

molecular behaviors are discussed.  

 3.1. The Discovery of the GERS Effect  

 3.1.1. The Fluorescence Quenching Effect of Molecules Adsorbed 
on Graphene 

 Actually, the spectral behavior of molecules would change 

when they were put on a graphene surface. Xie et al. [  72  ]  fi rst 
www.small-journal.com © 2013 Wiley-VCH 
observed a fl uorescence quenching effect of fl uorescent dyes 

(rhodamine 6G, R6G; and protoporphyrin IX, PPP) adsorbed 

on graphene, and obtained their Raman signals. Since much 

larger cross-sections of fl uorescence signals are observed 

as compared to Raman signals, the Raman characteristics 

are often interfered with or even submerged by the intense 

fl uorescence background. How to get the Raman signal of 

molecules from their fl uorescence background has been con-

sidered as a long-term question. Previously in such cases, 

non-resonance excitation is a solution, but will cause a certain 

loss of sensitivity. Besides, ultraviolet resonance Raman spec-

troscopy (UV-RRS), [  73  ]  time-resolved Raman detection, [  74  ]  

coherent anti-Stokes Raman spectroscopy (CARS) [  75  ]  and 

femtosecond-stimulated Raman spectroscopy (FSRS) [  76  ]  

have been developed to avoid the fl uorescence disturbances, 

while these approaches are usually apparatus-dependent or 

have other limitations. 

 For fl uorescent dyes (such as R6G) adsorbed on gra-

phene, the 2D sheet of sp 2  carbon atoms and the aromatic 

molecules constitute a system with considerable  π – π  interac-

tions. From Xie et al.’s results, [  72  ]  the fl uorescence quenching 

effect for minimum R6G adsorbed on graphene was found 

to be impressive, and a roughly estimated quenching factor 

on the order of 10 3  was reported: detailed processes are illus-

trated in  Figure    5  . This is basically due to a resonance energy 

transfer process, as in accordance with theoretical observa-

tions from Swathi et al., [  77  ]  in which a fast resonance energy 

transfer process from dyes to graphene was reported. Thus, 

a graphene substrate provides a direct and effective way to 

measure the Raman scattering spectra of fl uorescent dyes 

under resonant excitation, which are normally diffi cult to 

acquire.    

 3.1.2. The GERS Effect 

 Graphene–molecule interactions are also an origin for gra-

phene-enhanced Raman scattering (GERS;  Figure    6  ). The 

discovery of GERS effect by Ling et al. [  78  ]  began with an 

accidental experiment, in which it was found that, there were 

many ‘emerging bands’ of mechanically exfoliated graphene 
Verlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 8, 1206–1224



Graphene as a SERS Platform

     Figure  5 .     The fl uorescence quenching effect of molecules adsorbed on graphene. a) The schematic diagram of graphene as a substrate for 
quenching fl uorescence of R6G molecules. b) Comparison of Raman spectra of R6G in water (10  μ M) and on a 1L graphene at 514.5 nm excitation. 
“ ∗ ” marks the Raman signals of SiO 2 /Si substrate. c,d) The estimated photoluminescence cross-section of R6G in solution and on graphene, 
respectively. Reproduced with permission. [  72  ]  Copyright 2009, American Chemistry Society.  
when treated with organic solvents. [  79  ]  These bands were 

assigned to some unknown organic matters contained in the 

Scotch tape which was used for the exfoliation of graphene. 

However, no clear Raman signals were found for regions 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 8, 1206–1224

     Figure  6 .     The GERS effect. a,b) Schematic illustration of the molecule
c) Comparisons of Raman signals of phthalocyanine (Pc) deposited on gr
evaporation (thickness 2Å) at 632.8 nm excitation. “ ∗ ” marks the Ram
deposited on different surfaces using vacuum evaporation (thickness 2Å
in the right top corner. The signals on the SiO 2 /Si substrate are set to “1
Society.  
with the residue on a SiO 2 /Si substrate. It was thus speculated 

that graphene might have a Raman enhancement effect for 

the trace amount of residue matter. Systematic GERS exper-

iments using dyes as Raman probes were then implemented, 
1213www.small-journal.comH & Co. KGaA, Weinheim

s on graphene and a SiO 2 /Si substrate, and the Raman experiments. 
aphene (red line) and on the SiO 2 /Si substrate (blue line) using vacuum 
an signals of SiO 2 /Si substrate. d) The relative Raman intensity of Pc 
). The different spectral lines represent the different peaks of Pc labeled 
”. Reproduced with permission. [  78  ]  Copyright 2010, American Chemistry 
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including R6G, crystal violet (CV), phthalocyanine (Pc) and 

PPP, all of which are commonly used SERS probes.  

 Infl uence of the interference effect in GERS was also 

studied and this contribution was ruled out for the evalua-

tion of GERS enhancement. [  80  ]  By fabricating series of SiO 2 /

Si substrates with different thicknesses of oxide layers, Ling 

et al. [  80  ]  found that the intensity of GERS signals varies with 

the oxide layer thickness  d , and the variation tendency is the 

same as molecules adsorbed on the SiO 2 /Si substrate without 

graphene. This indicates that the presence of a thin layer of 

graphene (bilayer in our experiments) causes no observable 

variance in the interference phenomenon, and thus allows us 

to study the GERS enhancement directly with the interfer-

ence effect ruled out. 

 The vibrational mode dependence of GERS is also inves-

tigated. GERS enhancement for bands of Pc with different 

symmetry (A g , B 3g  and macrocycle breathing vibrations) is 

summarized in Figure  6 d, [  78  ]  the enhancement factor obeys 

the following order: A g  ( ∼ 15 times) >  B 3g  ( ∼ 5 times) >  mac-

rocycle breathing ( ∼ 2 times). Despite the fact that GERS 

enhancement factor are relatively low (less than 10 2 ), Ling 

et al. found the detection limit of GERS can be as low as 

8  ×  10  − 10  M for R6G solution and 2  ×  10  − 8  M for PPP. These 

results are comparable with SERS detections with a conven-

tional noble metal substrate, and it is assumed that a con-

siderable molecular enrichment effect should exist, possibly 

through  π - π  interactions. 

 Considering that the graphene substrate has several 

important advantages, such as uniformity, reproducibility, 

cleanliness and low detection limit for aromatic dyes, GERS 

is applicable in both fundamental studies of the SERS effect 

and many practical fi elds.   

 3.1.3. GERS Effect in Graphene Oxide, Graphene Edges, Graphene 
Quantum Dots and Meshed Graphene 

 Since the absence of electromagnetic contribution, graphene 

does not fi t the traditional defi nition of a SERS substrate 

made of plasmonic materials. Chemical enhancement is con-

sidered to be the origin of GERS (will be discussed later). 

This leads to an interesting phenomenon that the GERS 

enhancement should be highly relevant to the chemical struc-

ture of graphene. Actually, the GERS effect for graphene in 

other forms have also been explored, such as GO, [  81,82  ]  gra-

phene quantum dots (0D graphenes), [  83  ]  graphene edges, [  84  ]  

and meshed graphene. [  85  ]  All of these graphene structures 

contain defects, e.g., GO is also in a layered structure (usually 

exfoliated from graphite oxide), which may contain –C–OH, 

–C–O–C–, and even –COOH groups. Since electronic state is 

a critical factor in chemical mechanism (and it is sensitive to 

defects in graphene), investigations on these kinds of defect-

containing graphenes can help us understand the mechanism 

of the GERS effect. However, the current observations seem 

controversial. For instance, Yu et al. designed systematic 

experiments to investigate the enhancement factor of GO 

under different reduction time, [  82  ]  they found that increased 

reduction time causes a monotonous decrease in GERS 

activity, which indicates the important role of terminal groups 

in graphene–molecule interactions. Similarly, detailed fl uo-

rescence and Raman behavior of R6G on graphene antidot 
4 www.small-journal.com © 2013 Wiley-VCH V
superlattices were studied by Begliarbekov et al., [  86  ]  in this 

case, the edges of graphene were also reported to be benefi -

cial for improved Raman enhancement (and even stronger 

fl uorescence suppression). Liu et al. [  85  ]  fabricated graphene 

nanomesh (through a local catalytic hydrogenation process 

by Cu nanoparticles, which was spontaneously p-doped), 

and observed an increased Raman enhancement on Rho-

damine B (RhB). Local charge transfer and possible addi-

tional adsorption were reported to be responsible for these 

results. On the other hand, while in Wang et al.’s results, [  84  ]  

they found that edged graphene (fresh samples prepared by 

mechanical exfoliation) is SERS-inactive for R6G, and the 

activity can be ‘recovered’ after annealing in vacuum. Con-

sistent with their AFM observations, it is anticipated that the 

removal of residues on the graphene edges is responsible for 

this thermal-activation process. [  84  ]  

 Since the complexity of the chemical enhancement mech-

anism, there has not been a universal model to describe the 

structure-dependent GERS response of graphene. When 

such a relationship is concerned, all of the following factors 

should be taken into careful consideration: intrinsic proper-

ties of the probe molecule, the molecule–graphene distance, 

energy band variation, doping, adsorption properties, as well 

as the excitation conditions.    

 3.2. GERS with a Chemical Enhancement Mechanism 

 The controversial origin of the huge SERS enhancement is 

an intriguing topic. The well-known EM (electromagnetic 

mechanism)/CM (chemical mechanism) debate has lasted for 

decades. Presently, it is widely accepted that for the Raman 

signals of molecules adsorbed on a rough metal substrate, the 

total SERS enhancement consists of two parts, i.e., a domi-

nant EM contribution [  87  ]  and a minor CM contribution. [  88  ,  89  ]  

For the EM contribution, when the incident light is focused 

on a rough nanostructured metal substrate, the localized sur-

face plasmons on the surface is excited, along with remark-

ably enhanced localized electromagnetic fi eld in the vicinity 

of the metal nanostructure (so called hot spot), as a result, 

the Raman intensity of the molecules located close to nano-

structure is enhanced by up to eight orders of magnitude or 

more. [  90  ]  For the CM contribution (also sometimes called the 

charge transfer mechanism), it is generally considered to be 

the result of the electronic coupling between molecules and 

the substrate. [  10  ]  During the past 30 or more years’ develop-

ment of SERS, the chemical contribution is generally nebu-

lous, at least not as clear as the electromagnetic contribution. 

For the later, despite that both theoretical and experimental 

approaches towards quantum plasmonics are developing, [  91  ]  

most electromagnetic fi eld problems (particularly for par-

ticles larger than 10 nm) can be addressed by solving the 

Maxwell’s equations, which obey the classical electrodynamic 

descriptions. 

 In most SERS systems, the relatively weak CM contri-

bution coexists with the dominant EM contribution, and 

it is really a challenge to investigate the chemical contribu-

tion separately from the strong EM background. Further-

more, as CM enhancement is related with the molecular 
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level interactions, the surface roughness on the nanoscale 

for a normal SERS substrate is troublesome, both because 

of random molecular orientations and irregular molecular 

distribution. 

 Despite the fact that graphene plasmonics [  92  ]  is an area 

with growing interest, currently the GERS effect is consid-

ered to be absent of EM contribution. It is partly because of 

that the optical absorption of graphene is only about 2.3%, 

and the intrinsic graphene plasmon is in the THz frequency 

region that is far from visible (since the pretty low electronic 

density of pristine graphene). In GERS, molecules adsorbed 

on graphene surface offers a pure system for the investiga-

tion of CM enhancement. Considering that the graphene 

substrate has several aforementioned advantages, GERS is 

applicable for fundamental studies of the chemical effect of 

SERS. According to many theories which have been devel-

oped for describing the chemical mechanism for SERS study 

with metal substrates, herein, we examined the fi rst layer 

effect, Fermi level modulation and wavelength-scanned 

experiments in GERS. Our results indicate that, all these 

characteristics thought to be typical features of CM effect in 

metal substrates do exist in a GERS process.  

 3.2.1. First Layer Effect in GERS 

 The fi rst well-known feature of chemical enhancement in 

SERS is the short-range effect (also called the “fi rst layer 

effect”). A close distance (i.e., direct contact) is necessary 

for a considerable CM enhancement. Since the beginning of 

the CM&EM debate in the earlier time soon after the SERS 

effect was discovered, [  1  ,  2  ]  fi rst layer effect was widely used as 

a proof of chemical enhancement mechanism. [  93  ]  

 Now, the Raman enhancement on a graphene surface 

appeared to be especially suitable for the investigation of fi rst 

layer effect ( Figure    7  a). In Ling et al.’s experiments, [  94  ]  self-

assembled monolayers of PPP prepared by the LB technique 

were selected as the probe molecules. On one hand, 0, 1, 2, 

3, 4-monolayers of PPP on the bare SiO 2 /Si substrate, with 

graphene on the top and with graphene on the bottom were 

constructed. Raman investigations showed that the GERS 

intensity of PPP is clearly distance-dependent. The fi rst layer 

next to graphene contributed the dominant part of Raman 

intensity and there was almost no observable additional 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 8, 1206–1224

     Figure  7 .     Chemical mechanism based features of GERS. a) First layer effe
b) Fermi-level modulation of GERS. Reproduced with permission. [  97  ]  Copyri
profi le of GERS. Reproduced with permission. [  100  ]  Copyright 2012, Americ
enhancement since the third layer. On the other hand, inter-

estingly the GERS enhancement was found to be sensitive 

with the molecular orientation of PPP. PPP is an asymmetric 

molecule with two ends, i.e., the –COOH side (the carboxyl 

group) and the –CH = CH 2  side (the vinyl group). Two con-

fi gurations of graphene/PPP combined structure can be fab-

ricated, with either the –COOH side or the –CH = CH 2  side 

contacted with graphene. Distinguished GERS enhancement 

property for the two confi gurations was observed. Detailed 

vibrational assignments indicated that a stronger GERS 

enhancement occurs when the related functional group is 

closer to the graphene surface. Furthermore, as a symmetric 

molecule, CuPc (copper phthalocyanine) was used for the 

reference experiments. The Raman enhancement behavior of 

graphene/CuPc showed no observable differences for the two 

confi gurations.    

 3.2.2. Fermi Level Modulated GERS Enhancement 
and Wavelength Scanned Excitation Profi le of GERS 

 According to the charge-transfer model of chemical contri-

bution in SERS, the enhancement can also be considered 

as a modifi ed resonance effect (because of the formation of 

charge-transfer states) and the enhancement is related with 

the Fermi level of the metal. Similarly, for a considerable 

GERS enhancement, it requires an energy match between 

the energy levels of probe molecules (highest occupied 

molecular orbital, HOMO; and lowest unoccupied molecular 

orbital, LUMO) and the Fermi level of graphene. Actually 

many experimental results in electrochemical systems have 

confi rmed this statement for metal substrates. [  95  ,  96  ]  For the 

case of graphene, as a semimetal with a zero band gap, its 

Fermi level can be modulated by adding a positive or nega-

tive gate voltage (Figure  7 b). Systematic experiments were 

designed towards a deeper understanding on the charge 

transfer effect. A series of metal phthalocyanine (M-Pc) 

mole cules (M  =  Mn, Fe, Co, Ni, Cu, Zn) with different molec-

ular energy levels were used as probe molecules, and their 

GERS enhancement performance under different gate volt-

ages was investigated. [  97  ]  It was found that, for all the M-Pc 

molecules investigated, a positive gate voltage (an up-shifted 

Fermi level) resulted in a decreased GERS enhancement, 

and oppositely, an increased GERS signal was observed when 
1215www.small-journal.comH & Co. KGaA, Weinheim
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a negative gate voltage was applied (a down-shifted Fermi 

level). For excitation with a fi xed wavelength, the Fermi level 

modulated response of GERS enhancement means changed 

resonance energy for M-Pc molecules on graphene. In this 

method, the Fermi level of graphene can be modulated from 

–4.98 eV to –4.22 eV, and a larger gate voltage may cause 

electric tunneling effects for a 300 nm thick SiO 2  insulating 

barrier. It is anticipated that the electrochemical system may 

give a larger Fermi level modulation range, yet a carefully 

designed sample structure is required. As also was discussed 

in the Raman spectrum of graphene (in Section 2.1), besides 

electric gate doping, chemical doping effect is also prominent 

in GERS. During the above measurements, the device was 

exposed to the atmosphere and there was always a hyster-

esis effect cause by the adsorbed dopants. A fast sweep rate is 

essential for the observation of GERS enhancement modula-

tion. Further investigation under vacuum and an n/p-doping 

atmosphere (NH 3  and O 2 ) confi rmed this assumption. [  98  ,  99  ]  

 Besides the Fermi level modulation of the substrate, the 

charge transfer mechanism based GERS enhancement can 

also be modulated by the energy of incident laser. Wave-

length-scanned Raman excitation spectroscopy is useful to 

scratch the wavelength-dependent excitation profi le, and 

then the detailed charge transfer model can be studied. To 

investigate the details of the GERS effect, wavelength-

scanned Raman excitation experiments were carried out 

(Figure  7 c). Raman excitation profi les of the CuPc molecule 

were obtained in the range of 545 ∼ 660 nm, the results sug-

gested that the GERS enhancement herein obeys a ground-

state charge transfer model. [  100  ]  

 From the above, we can fi nd that GERS enhancement is 

sensitive to the molecule-graphene distance, molecular ori-

entation, electronic energy levels of both graphene and the 

molecules, and incident conditions. All these are common 

characteristics consistent with the chemical enhancement in 

noble metals. Thus, results will be case-dependent when dis-

cussing whether a GERS enhancement effect exists or the 

evaluation of its enhancement factor. Things may be more 

complicated at the presence of fl uorescence, for example, 

Brus et al. [  101  ]  reported a decreased Raman cross-section of 

R6G on graphene under 514.5 nm excitation (based on a 

series of approximations). Direct Raman investigations on a 

larger class of GERS cases will allow us to better understand 

the GERS effect.    

 3.3. GERS for Applications in Probing the Molecular 
Orientation 

 The manifold superiorities of GERS impact itself the capacity 

for some fi ne applications, for example, probing molecular 

orientation. Studying the relationship of molecular orienta-

tion and SERS enhancement performance is an important 

but always troublesome project. Main diffi culty is that we can 

hardly control the molecular orientation and their amounts 

on a rough SERS substrate. Graphene has an atomically fl at 

surface, which enables Raman enhancement measurements 

of molecules with more controllable states. For example, Ling 

et al. [  102  ]  studied the GERS behavior of a CuPc monolayer on 
www.small-journal.com © 2013 Wiley-VCH
graphene during a thermal annealing process. The variation of 

Raman intensity of the CuPc monolayer with increased tem-

perature (from room temperature to 600  ° C) is interesting. 

As for the SiO 2 /Si substrate without graphene, a monotone 

decreasing signal was observed. While for the graphene/SiO 2 /

Si substrate, the signal largely increased at fi rst, reached at a 

maximum at around 300  ° C and then it decreased. To under-

stand this phenomenon, we proposed the following transfor-

mation process: pristine CuPc monolayer prepared by the LB 

technique is in an upstanding orientation; during the heating 

process, CuPc molecules become partially sublimated, and 

the rest molecules on the substrate tend to transform to a 

lying down orientation. Continued heating sublimates more 

molecules. These speculations were further confi rmed by 

AFM characterization results. Thus these observations are 

vigorous proofs of an orientation-dependent GERS enhance-

ment, a lying down orientation is essential for a consider-

able GERS enhancement (since this confi guration for planar 

CuPc matches graphene substrate better). Furthermore, an 

estimated CM enhancement factor of 43 was acquired, which 

was larger than our earlier reported results (2 ∼ 17 [  78  ] ). Simi-

larly but more interestingly, the thermal annealing behavior 

of a PbPc (unlike CuPc, it is non-planar) monolayer was also 

monitored, the upstanding to lying down transformation, 

the non-planar to planar deformation, and the reduction of 

Pb(II)Pc to Pb(0)Pc processes were observed. [  103  ]     

 4. Graphene-Containing Composites towards 
SERS Substrates with Improved Performance 

 Obviously, the dominant contribution of SERS is electromag-

netic enhancement, which is the primary reason that imparts 

SERS its capacity for ultra-sensitive detection down to the 

single molecule level. In a GERS substrate, the absence of 

electromagnetic enhancement simplifi es the investigation 

of the chemical mechanism in SERS, but simultaneously, it 

causes a considerable loss of sensitivity. 

 Besides GERS, many researchers are developing gra-

phene-involved metal substrates for SERS. [  49  ,  64  ,  104–126  ]  

As a new kind of additive, graphene is a multi-functional 

improving agent in many graphene-based composite sub-

strates for SERS. Typical functions including: surface passiva-

tion, surface enrichment, additional chemical enhancement, 

fl uorescence quencher, internal label, and so on.  

 4.1. Graphene as a Spacer for Surface Passivation 

 Among various characterization technologies, as the sen-

sitivity increases, the requirement on a lowest inner distur-

bance from the analytical tool becomes more important. 

During the past decades, most SERS experiments are lim-

ited to cases with molecules exposed to a bare metal surface. 

While the gold and silver are natural catalysts for many kinds 

of oxidation/reduction reactions, making SERS substrate also 

a seedbed for various chemical interactions (even reactions). 

Main unfavorable disturbances including chemical adsorp-

tion-induced vibrations, charge transfer between the metal 
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and molecules, photo-induced damage and metal-catalyzed 

side reactions, etc. As a result, the information from a SERS 

spectrum is always mixed with substrate-induced distur-

bances (due to metal–molecule interactions) and would no 

longer clearly dependent on the primary structure of analytes.  

 4.1.1. Metal–Molecule Isolation 

 The concept of surface passivation was then proposed. In a 

passivated SERS substrate, a thin and pinhole free coating 

layer is used to prevent metal–molecule contact. Such a 

coating layer serves as an inert shell, which can be made of 

Al 2 O 3 , 
[  11  ,  127  ]  SiO 2 , 

[  11  ,  128  ]  diamond-like carbon [  129  ]  and gra-

phene. [  64  ,  65  ]  These approaches are called as shell-isolated 

SERS. Fabrication of a passivated SERS substrate at a lowest 

loss of electromagnetic enhancement activity is the key of 

shell-isolated SERS. The inert shell should have a very small 

thickness (to prevent substrates from apparent loss of the 

electromagnetic enhancement activity), yet it should be pin-

hole free (to thoroughly isolate the metal–molecule contact 

and thus prevent possible undesirable interactions). 

 Towards such a thin and seamless inert shell, so far 

atomic layer deposition (ALD) (preparation of Al 2 O 3 ), [  11  ,  127  ]  

wet chemistry methods (preparation of SiO 2 ), [  11  ]  and phys-

ical vapor deposition method (preparation of a diamond-like 

carbon fi lm) [  129  ]  have been explored, with improved SERS 

performance. For example, Zhang et al. showed that an Al 2 O 3  

layer can make the silver substrate much more stable (with a 

shelf-time longer than 9 months). [  127  ]  Systematic experiments 

on shell-isolated SERS with the concept of metal–molecule 

isolation were reported by Tian's group, [  11  ]  who fi rst demon-

strated a series of measurements which would be challenging 

with a normal metal substrate. For example, SERS signals of 

Pt-H vibration with intrinsic frequency were acquired with 

either SiO 2 -shelled or Al 2 O 3  shelled gold nanoparticles, while 

the bare gold nanoparticles caused self-induced down-shifts 

from spontaneous charge transfer (due to the different work 

functions between Au and Pt, 5.10 eV for Au and 5.65 eV for 

Pt, respectively). [  11  ]  In this section, we will focus on the dis-

cussions of how graphene becomes a suitable candidate for 

the extended developments of shell-isolated SERS.   

 4.1.2. Graphene Passivates the Metal Substrate 

 According to the above-mentioned key points, the unique 

structure (the atomic thickness, seamless structure and 

chemical inertness) of graphene makes it a natural candidate 

material for shell-isolated SERS. Despite that the practica-

bility sounds to be obvious, yet the performance of graphene-

shell-isolated SERS substrate is doubtful. Actually, Liu 

et al. think the pristine conductive graphene may screen the 

enhanced electric fi eld from the underlying silver substrate, 

and they designed a hydrogenation process (induced by H 2  

plasma treatment, which will largely reduce the conductivity 

of graphene) to improve the sensitivity of graphene-coated 

silver substrate. [  109  ]  SERS-activity of a pristine and hydrogen-

terminated graphene covered silver nanoparticle substrate 

was investigated in comparison, and according to their obser-

vations, Liu et al. proposed that the hydrogenation process 

is benefi cial for a stronger SERS activity due to a smaller 

screening effect of the localized electric fi eld. However, both 
© 2013 Wiley-VCH Verlag Gmsmall 2013, 9, No. 8, 1206–1224
experimental and theoretical results have shown that the gra-

phene layer does not cause the electric fi eld to decay obvi-

ously. [  64  ,  130  ]  To verify that whether the presence of a graphene 

shell works for a passivated SERS with acceptable sensi-

tivity, rationally-designed experiments were implemented. In 

our experiments, graphene-covered regions and bare metal 

regions were fabricated at the same time and their Raman 

features were compared in detail. We found that, the gra-

phene shelled substrate provides a cleaner baseline unlikely 

to suffer from photo-induced damages such as photo-car-

bonization and photo-bleaching. More interestingly, fl uctua-

tion among substrates with different material/morphology 

is always a famous characteristic of SERS, while things are 

different for a graphene-shell-isolated SERS substrate. As 

shown in  Figure    8  , graphene-shell-isolated substrates with 

both gold and silver as an electromagnetic enhancer showed 

highly consistent results for R6G, while inconsistent results 

(with shifted or some new emerging features, yet they are 

irreproducible) were observed when bare gold or silver 

substrate was used. [  64  ]  In addition, varied SERS features of 

CuPc using an 8-nm gold fi lm before and after annealing was 

also observed, while this difference could be brought down 

with a graphene shell. [  65  ]  It is found that the graphene shell 

tends to play an important role in the fi nal spectral feature, 

in a sense, graphene-shell-isolated SERS is the electromag-

netically enhanced GERS, in which the huge EM enhance-

ment is introduced, meanwhile an chemically inert surface is 

reserved.     

 4.2. Molecular Enricher for Aromatic Analytes 

 The second important role of graphene in a composite SERS 

substrate is molecule enrichment. The prominent position-

sensitive property of SERS requires a short substrate-mole-

cule distance for a huge SERS enhancement. A good affi nity 

between the SERS substrate and the analytes is essential to 

bring the analytes in close proximity to the substrate. Thus, 

for most cases, the existence of possible driving forces that 

enable spontaneous surface adsorption of analytes onto a 

certain SERS substrate is also an important consideration.  

 4.2.1. Driving Forces for Surface Adsorption 

 There are many forces which are effective for spontaneous 

adsorption of molecules on a metallic SERS substrate. First 

is surface bonding, such as the formation of metal-sulfur 

bonds for thiols and the surface coordination bonding for 

nitrogen-containing compounds. Second important kind of 

force is electrostatic attraction. For instance, colloidal metal 

nanoparticles prepared through the reduction by citrates 

are usually negatively charged and thus tend to have more 

intense interactions with positively charged molecules, such 

as CV. Actually, in many cases these driving forces are absent, 

and then spontaneous adsorption does not occur. This will 

cause trouble especially for SERS analyses in colloidal sys-

tems or samples prepared by the solution-soaking method. In 

such cases, we may be required to prepare samples through a 

drop-drying process. A better molecule generality is desired 

to push forward the wider applications of SERS.   
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     Figure  8 .     Surface passivation of metal substrate for SERS with graphene. a) Normal SERS with various possible metal–molecule interactions. Au 
and Ag show different SERS features of R6G, as marked by red arrows. b) Graphene-shell-isolated SERS. The presence of graphene layer brings down 
the difference of metal enhancer, which shows same Raman features of R6G for Au and Ag. Vacuum thermal evaporated metal nanoislands were 
used as the electromagnetic enhancer, and all spectra were taken with the same conditions. Spectral data adapted with permission. [  64  ]  Copyright 
2012, National Academy of Sciences.  
 4.2.2. Graphene as a Molecule Catcher via  π – π  Interactions 

 As a single sheet of sp 2  carbon atoms, the delocalized  π -

bond of graphene acts as a natural “magnet” for collecting 

aromatic molecules. Since a large class of probe molecules in 

SERS are aromatic,  π - π  interactions of graphene-molecule 

can serve as a new driving force for surface adsorption, which 

is inaccessible for a conventional metallic SERS substrate. 

 For example, Liu et al. [  111  ]  demonstrated that GO func-

tionalized with silver nanoparticles for ultrasensitive detec-

tion of aromatic molecules with various charges, such as 

crystal violet (CV) with positive charge, amaranth with 

negative charge, and neutral phosphorus triphenyl (PPh3). 

Similarly, in Lu et al.'s experiments, Ag/rGO and Au/rGO 

composites were prepared and detection limit of several aro-

matic molecules on the nM level was achieved. [  112  ]  

 Nevertheless, in some cases  π - π  interaction is not the 

only driving force of graphene in graphene-involved SERS 

substrates. For instance, Ren et al. [  113  ]  fabricated positively 

charged GO (hybridized with silver nanoparticles) func-

tionalized with poly(diallyldimethyl ammonium chloride) 

(PDDA), for detection of folic acid (which is negatively 

charged) both in water and serum. Detection limit down 

to 9 nM was realized, with a linear response range from 9 

to 180 nM. It should be noted that, graphene itself is also 

an ideal model for various kinds of functionalization. [  131  ]  

Well-designed functionalization can be exploited for SERS 

detection with certain kind of adsorption force (besides  π - π  

interaction), both physically and chemically. For example, 

the infl uence of defects in Raman enhancement of graphene 

for pyridine was investigated theoretically in Kong et al.’s 

results by density functional theory. [  120  ]  In such cases both 

the enrichment effect of molecules and their chemical inter-

actions with the modifi ed graphene should be taken into 

consideration.    
18 www.small-journal.com © 2013 Wiley-VCH 
 4.3. An Additional Chemical Enhancer 

 Again, the chemical enhancement of graphene is discussed in 

graphene-metal composite SERS substrates. There have been 

quite a few works in which graphene was explored for SERS 

detection with improved sensitivity, and rather than a molec-

ular enrichment, in some papers this effect was assigned to 

be an additional chemical enhancement. [  115  ,  130  ]  For example, 

in Hao et al.'s experiments, [  130  ]  patterned gold nanohole and 

nanoparticle arrays (prepared by electron beam lithography, 

EBL) were transferred with CVD-grown graphene, resulting 

in a combined structure. By comparisons on different sample 

regions, they reported that the graphene-coated region has 

a 3-fold (for nanohole array) and 9-fold (for nanoparticle 

array) additional SERS enhancement. In their discussions, 

this additional enhancement was attributed to an additional 

CM enhancement from graphene. 

 However, we should realize a fact that, the discussion on 

detailed contribution of molecular enrichment or additional CM 

enhancement would be valid only when the amount of mole-

cules can be precisely identifi ed. Yet this is a pretty hard issue, 

partially due to the self-complexity of the SERS system. So far 

the contribution of molecule enrichment effect and additional 

CM enhancement is still unclear. To address this problem, more 

detailed parallel studies and a cleaner analytical system may be 

preferred. Despite of this uncertainty, the existence of graphene 

does contribute to a stronger SERS signal, it is still a desirable 

way to be exploited for ultrasensitive SERS detections.   

 4.4. Other Effects 

 Besides the aforementioned aspects, graphene, as a multi-

functional improving agent, it does work in many other 
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     Figure  9 .     Schematic illustration of (a) molecules on a normal SERS 
substrate and (b) molecules on fl at SERS substrate mediated by a fl at 
graphene surface. Reproduced with permission. [  64  ]  Copyright 2012, 
National Academy of Sciences.  
aspects, such as fl uorescence quencher, internal label and 

related. 

 First is as a fl uorescence quencher. Similar to the case of 

a pure graphene substrate without metal, the fl uorescence 

quenching effect is also prominent for probe molecules in a 

graphene-involved composite SERS substrate. Interestingly, 

graphene is found to be an effective fl uorescence quencher, 

both for the probe molecules and the metal substrate. The 

quenching effect for fl uorescent dyes is similar to the case 

which we have discussed in GERS. Furthermore, a fl uores-

cent background usually occurs in a metallic SERS sub-

strate itself. Wang et al. [  108  ]  reported that gold on graphene 

shows a lower fl uorescence background than gold on the 

SiO 2 /Si substrate. In our work, double layer graphene cov-

ered gold fi lm was fabricated and in-situ monitoring during 

a thermal annealing process was carried out, a consistent 

lower fl uorescence background was observed for the whole 

temperature range (from room temperature to 400  ° C). 

Dynamic evolution process indicated that the contact state 

of gold/graphene is essential for a considerable quenching 

effect. [  65  ]  

 Second is as an internal label. Quantitative analysis is 

one of the most desirable potential applications of SERS. 

Selection of a good internal label is half way to the suc-

cess towards a reliable quantitative result. Interestingly, 

graphene integrates all-sided aspects that an ideal internal 

label should have. Particularly, the atomic uniformity, 

chemical inertness and the clean and characteristic Raman 

signal of graphene make itself a unique and natural internal 

label. This role will be more appealing when the SERS sub-

strate is fl at (as will be discussed in the following section). 

Towards this goal, more efforts are remaining to be paid, 

and it is expected to see some substantial breakthroughs in 

the near future. 

 For other functions, we believe there is plenty of space 

waiting for further exploitation. Better use of graphene will 

enable us to better understand the SERS effect, better handle 

the SERS technique, and better extend SERS for practical 

applications.    

 5. SERS on a Flat Surface: Design, Fabrication, 
and Applications 

 SERS is a powerful tool and it can be more powerful when 

exploited with a carefully designed substrate. For example, 

thought SERS substrate as a knife, the primordial rough 

SERS substrate is strong enough to cut anything into irreg-

ular oddments, and researchers are trying their best to design 

knives with sharper and smoother edges for fi ner craft. 

 According to the origin of the localized surface plasmon 

resonance effect, considerable electromagnetic enhance-

ment is only limited to metal substrate with highly curved 

or gapped nanostructures. A satisfying solution towards the 

dream of doing SERS on a fl at surface has become a long-

term issue. With the utilization of graphene as a building 

block, SERS measurement with localized electromagnetic 

hot spots on an atomically fl at surface for SERS is no longer 

untouchable.  
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 8, 1206–1224
 5.1. Design and General Considerations 

 Roughness is widely accepted to be a critical premise where a 

strong SERS effect happens. However, for many analytical sit-

uations, a fl at SERS substrate is highly preferred. Actually, the 

pursuit of doing SERS on a fl at surface has been already put 

on the agenda. Earlier attempts like research works of SERS 

experiments on a single crystal surface [  132  ,  133  ]  (including the 

GERS effect found recently [  78  ] ) do realized SERS enhance-

ment (but only chemical enhancement) on an atomically fl at 

surface. Yet the absence of EM enhancement has ruled out 

this method in most practical applications. TERS [  134  ,  135  ]  is 

another choice. The SPM tip serves as a 'mobile' hot spot, and 

it is capable for SERS investigation of adsorbates on a smooth 

surface. The drawbacks lie in both the complicated equip-

ment and relatively low enhancement effi ciency (even fl uc-

tuant TERS response) from hot spot of a single tip. Spreading 

a layer of SERS active metal nanoparticles onto the target 

fl at surface is alternative way of magnifi ed TERS (increased 

amount of hot spots), but in this case self-contamination from 

the metal nanoparticles and solvents becomes inevitable. 

While now, the rise of graphene offers us another choice. 

 The unique structure and properties, i.e., a perfect two-

dimensional crystal which is atomically smooth, atomically 

thin and chemically inert, make graphene an ideal building 

block of a fl at SERS substrate. As shown in  Figure    9  b, a new 

combined substrate consisting of SERS active metal and 
1219www.small-journal.comH & Co. KGaA, Weinheim
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graphene was designed to do SERS on a fl at surface. In a 

combined substrate, the electromagnetic enhancement from 

roughened/nanostructured SERS metals was 'mediated' by a 

fl at graphene layer (referred to as graphene-mediated SERS, 

G-SERS). The possible behaviors of molecules adsorbed on a 

normal SERS substrate (Figure  9 a) and on a fl at SERS sub-

strate (Figure  9 b) mediated by graphene are illustrated. On 

one hand, the graphene layer serves as an atomically fl at sup-

porter for more controllable molecular arrangement; mean-

while, it separates the metal–molecule contact and thus rules 

out possible disturbances induced by metal–molecule inter-

actions. This is an effective approach to cut down the mor-

phology/material-induced complexity of a SERS system.  

 Besides the considerations on graphene (the SERS medi-

ator), the morphology of SERS-active metal (the electromag-

netic enhancer) is also not arbitrary. In order to make the 

electromagnetic hot spots to be collected on a fl at graphene 

surface, there is a general rule that, the arrayed nanostruc-

tures must form arrayed hot spots next to the planar gra-

phene surface. For example, an array of hemi-spheres (with 

the fl at side contact with graphene) is much more desirable 

than that of spheres. In our experiments, gold and silver 

nanoislands prepared by vacuum thermal evaporation were 

exploited to fabricate such fl at substrates. [  64  ]  The practica-

bility of substrates in this confi guration was verifi ed by both 

theoretical and experimental results. 

 First, 3D fi nite difference time domain (3D-FDTD) was 

carried out. Two 60-nm gold hemispheres were used to rep-

resent the island-like gold nanoparticles. By comparison on 

two systems for gold hemispheres with and without graphene, 

it was exciting to fi nd, that the presence of graphene layer 

does not cause the electromagnetic fi eld to decay, but oppo-

sitely provides an additional almost one-fold increase on the 

maximum  | E loc /E 0  |  2 . The following aspects were considered 

to be responsible for this phenomenon: 1) The atomic thick-

ness of graphene guarantees negligible distance-dependent 

attenuation effect. This is important since the electric fi eld of 

localized hot spots attenuates with the distance away from 

the central strongest point in an exponential way; 2) The high 

optical transparency of graphene. The absorption of mon-

olayer graphene is  ∼ 2.3% and it is not supposed to cause 

obvious loss of incident intensity; 3) Graphene layer causes 

multi-scattering processes, results in a refocused light at the 

interface. Actually, similar effect of SiO 2 -coated Au/Ag nano-

particles has also been reported by Xu et al.; [  128  ]  4) A small 

screening effect and/or possible plasmon coupling effect of 

graphene on gold. Usually a metallic cover layer will screen 

the electric fi eld of underlying substrate, while for the case 

of graphene, it is more like a dielectric media since its rela-

tively low electronic density. Meanwhile, for graphene with 

designed doping/functionalization, the intrinsic plasmon fre-

quency can be tuned, and considerable coupling is then in 

prospect. 

 Second, parallel experiments were designed to check the 

sensitivity of SERS on a fl at graphene surface. A selected 

sequence (evaporation of molecules, then transfer of gra-

phene, and fi nally evaporation of SERS-active metal nanois-

lands) was designed to ensure an equal amount of probe 

molecules (CuPc, here in our case) between the SERS 
www.small-journal.com © 2013 Wiley-VCH V
and G-SERS regions. The pristine, GERS, G-SERS(Au), 

SERS(Au), G-SERS(Ag), SERS(Ag) spectra of CuPc were 

acquired under the same conditions. Through comparison 

on the integrated area of the 1530 cm  − 1  peak, the pristine 

intensity is enhanced by a factor of 14 for GERS, 61 for 

SERS(Au), 85 for G-SERS(Au), 580 for SERS(Ag), and 

755 for G-SERS(Ag). [  64  ]  This result showed that SERS on 

a fl at surface is capable for ultra-sensitive detection with 

comparable (and even larger, for certain vibrational modes) 

enhancement factor as normal SERS.   

 5.2. Transparent, Flexible, and Freestanding Substrate 
with a Flat Surface: Fabrication and Applications 

 Besides the concern about sensitivity, reproducibility and 

selectivity, a desirable SERS substrate should be easy to be 

prepared, stored and operated. High sensitivity and selec-

tivity are internal beauties of SERS by nature. Current 

efforts towards more reproducible SERS analyses are mainly 

focused on the tailoring or assembly of substrates with reg-

ular nanostructures, [  136–139  ]  which provide SERS signals with 

better uniformity. Besides, regular nanostructures would also 

benefi t theoretical understandings of the SERS effect, since 

they can be described with a simpler model. The concept of 

shell-isolated SERS [  11  ]  is another revolutionary step, towards 

more intrinsic and reproducible signals free of fl uctuations 

induced by metal–molecule interactions. These achievements 

are meaningful progresses but it is not a terminal point. 

 SERS on a fl at graphene surface inherits the merits 

of both ‘hot spot engineering’ and metal–molecule isola-

tion. [  64  ]  A ‘universal’ G-SERS substrate in a new form was 

developed for extended applications. In our recent work, [  64  ]  

transparent, free-standing and fl exible ‘G-SERS tapes’ were 

fabricated, towards quick, precise, non-invasive and ultra-

sensitive sensing, imaging and real-time monitoring applica-

tions for any target surface with any arbitrary morphology. 

As summarized in a recent perspective article by Liz-Marzán 

et al., [  12  ]  fl exible substrate has become a fashionable trend 

in SERS. As illustrated in  Figure    10  a, the transparent, fl ex-

ible and freestanding G-SERS substrate consists of three 

parts: from bottom to top are the polymer supporter, the 

sandwiched metal enhancer and the top fl at graphene medi-

ator, respectively. This method is suitable for scalable pro-

duction (Figure  10 b), and atomic force microscopy (AFM) 

image shows the roughness of the as-prepared fl at substrate 

is within  ± 2 nm (Figure  10 c). Typical analyses are shown in 

Figure  10 d. Apart from providing sensitive detection compa-

rable as that provided by the normal SERS process, the new 

form of G-SERS substrate exhibits its own advantages.  

 As a new branch of green chemistry, green analytical 

chemistry [  140  ]  has become a priority area of analytical chem-

istry in recent years because of the rising environmental con-

cerns and economical considerations. For almost all sorts of 

analytical methods, the dream to improve their sensitivity as 

well as their reproducibility and to optimize the analytical 

process (e.g., to simplify the sample preparation/measure-

ment procedures for quick analysis and to enable in-situ and 

real-time monitoring) is a long-term pursuit. The standards to 
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     Figure  10 .     SERS on a fl at surface in a transparent, fl exible and freestanding form towards 
applications. a) Components of a G-SERS tape. b) Scalable production. Pictured is a 
photograph of an 8  ×  8 cm 2  G-SERS substrate before the removal of copper. Insets on the right 
are two freestanding G-SERS(Au) tapes, one is fl oating on water (top) and the other is held 
with tweezers (supported by a windowed scotch tape) (bottom), respectively. c) Atomic force 
microscopy (AFM) image shows the roughness of the as-prepared fl at substrate is within  ±  
2 nm. d) Typical analyses with a G-SERS(Au) tape. Top: a real time and reversible G-SERS 
characterization of R6G directly in a 1  ×  10  − 5  M aqueous solution. (I, II, III are the Raman 
spectra with the same G-SERS tape on H 2 O, R 6 G/H 2 O and replaced on H 2 O); Middle: pristine 
(red line) and G-SERS (black line) measurements of a self-assembled monolayer (SAM) of 
p-aminothiophenol on a fl at gold surface; Bottom: pristine (red line) and G-SERS (black line) 
measurements of a caulifl ower surface with adsorbed CuPc (by soaking in a 1  ×  10  − 5  M CuPc 
solution in ethanol for 10 min). “ ∗ ” marks the enhanced G-band and G’-band features of 1LG. 
Reproduced with permission. [  64  ]  Copyright 2012, National Academy of Sciences.  
guarantee an analytical process to be ‘green’ have been listed 

in reference. [  140–143  ]  For the case of SERS with a G-SERS 

substrate, possibly there are following characteristics that can 

be considered as a ‘greener’ analytical process: 1) G-SERS 

tape allows direct measurement of analytes on any arbitrary 

surface, which is almost free of sample preparation, with 

good compatibility for analytes in various states; 2) Metal 

nanostructures encapsulated in a G-SERS tape are isolated 

with the atmosphere, thus a G-SERS substrate is anticipated 

to have long-shelf time without evident decrease on enhance-

ment activity, which will be helpful in practical applications 

that one may not need to prepare a SERS substrate before 
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheimsmall 2013, 9, No. 8, 1206–1224
doing a SERS measurement; 3) Since 

the metal–molecule isolation, a G-SERS 

substrate is confi rmed to provide cleaner 

and more reproducible signals, which will 

benefi t a quicker data analysis procedure; 

4) A G-SERS substrate provides an atomi-

cally fl at surface for Raman enhancement, 

thus makes it less challenging to arrange 

molecules in controlled amounts and defi -

nite orientations, by virtue of taking the 

Raman signal of monolayer graphene as a 

natural internal standard, it is anticipated 

that precise and more effi cient quantita-

tive SERS measurements can be easier 

to be realized on a G-SERS substrate. 

5) The encapsulated structure of metal 

nanostructures in a G-SERS tape also 

allows obtaining signals without contami-

nating samples, making G-SERS analysis a 

non-invasive process; 6) As demonstrated 

in Figure  10 d, use and reuse tests of a 

G-SERS tape show that G-SERS tape is 

reusable with no residues, which suggests 

G-SERS to be an economized way of 

saving resources (mainly noble metals). 

 From the above we see a transparent, 

freestanding and fl exible G-SERS sub-

strate for SERS analysis is capable for 

simpler pre-treatments, quicker data 

acquisition for reliable results, less con-

taminations and more economical. All 

of them are important aspects of a green 

analytical process and we thus anticipated 

that this kind of G-SERS substrate pro-

vides a ‘greener’ way to do SERS.    

 6. Conclusion and Outlook 

 Graphene, a candidate for next-generation 

integrated circuits, [  144  ]  does work well in 

SERS. Yet the application of graphene in 

SERS is not a random invention. It should 

be noted that, the roles of graphene in 

many cases work together, which makes it 

a multi-functional agent for the improve-
ment of SERS. SERS experiments are being implemented in 

a more well-designed way. By the virtue of graphene's unique 

structure and physical/chemical properties, it has become an 

important material for SERS. In-depth studies on graphene-

involved SERS are expected to offer deeper understandings 

of both the SERS effect (and other plasmon-related theo-

ries), as well as a better balance on sensitivity, reproducibility, 

and selectivity in the performance of SERS. Yet the capacity 

of graphene remains to be exploited and current progress 

is far from enough. The main challenges lie in the following 

aspects: controllable functionalization of graphene samples 

with intended functions; the design and integration of Raman 

probes, plasmonic metal structures, and other functional 
1221www.small-journal.com
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materials; more reliable qualitative/quantitative evaluation 

of SERS experiments; more convenient/compatible SERS 

techniques. Beyond graphene, intentionally or not, other 

emerging materials may also bring SERS to a new stage. We 

are optimistic that in the near future SERS may enter (and 

change) our daily lives.  
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