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 Graphene-Veiled Gold Substrate for Surface-Enhanced 
Raman Spectroscopy  
 Surface-enhanced Raman spectroscopy (SERS) [  1–3  ]  can boost the 
pristine Raman signal by 10 8  times or more, which has exhib-
ited amazing potential for ultrasensitive analytical applications. 
However, the inherent complexity of a SERS system makes this 
a “double-edged sword”. The high sensitivity of SERS (even 
capable for detection of a single molecule [  4  ,  5  ] ) is dimmed by its 
poor reproducibility (which makes it diffi cult for peak-to-peak 
assignment of each vibrational mode). By the virtue of wide 
achievements on miscellaneous substrate preparation methods, 
both the understanding of the enhancement mechanism of 
SERS and the pursuit of more desirable SERS signals have 
taken impressive steps forward. Nevertheless, there remains 
more to be further investigated. [  6  ,  7  ]  To improve signal cleanli-
ness against substrate-induced fl uctuations and to investigate 
the detailed SERS activity–morphology relationship are two 
important aspects, both of which are critical for “out of the labo-
ratory” applications of SERS. In the present study, we exploited 
graphene to fabricate a veiled, rough, gold substrate for SERS. 
The graphene-veiled gold substrate inherits the concept of 
metal–molecule isolation, [  8  ,  9  ]  providing a passivated surface 
for SERS which exhibits good signal reproducibility. By tuning 
the morphology of the gold–graphene combined structure, the 
detailed electromagnetic enhancement activity–morphology 
relationship is investigated. 

 Actually, among the various concerns about the perform-
ance of a SERS substrate, the issue of metal–molecule contact 
induced signal variations has become a subject with rising 
importance. [  8  ,  9  ]  The main unfavourable disturbances include 
chemical adsorption-induced vibrations, charge transfer 
between the metal and molecules, photo-induced damage and 
metal-catalyzed side reactions, etc. [  6  ]  Using a thin and pinhole-
free layer of SiO 2  or Al 2 O 3  as an inert shell, [  8  ]  Tian’s group 
demonstrated a series of measurements which are challenging 
with a normal metal substrate. Fabrication of SERS substrates 
with a passivated surface at a lowest loss of electromagnetic 
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enhancement activity is the key to shell-isolated SERS. Till 
now, both atomic layer deposition (ALD) [  10  ]  and wet chemistry 
approach [  8  ]  appeared to be possible methods. The main chal-
lenge is to get a pinhole-free coating layer with a very small 
thickness (to prevent substrates from apparent loss of the elec-
tromagnetic enhancement activity). The unique structure (the 
atomic thickness and seamless structure) of graphene makes 
it a natural candidate material for shell-isolated SERS. Actually, 
recently we succeeded in collecting cleaner and more reproduc-
ible SERS signals on a fl at graphene surface. [  9  ]  

 In addition, exploring the structure–(SERS performance) 
relationship is a long-term pursuit, and great efforts towards 
this goal have been reviewed recently. [  11  ]  Theoretically, the 
electromagnetic enhancement problems can be addressed by 
solving the Maxwell’s equations, but usually both the uncon-
trollable molecular distribution and various inevitable chemical 
interactions complicate the evaluation of the electromagnetic 
contribution. Thus, the study of the distance-dependent electro-
magnetic enhancement is usually hindered. Till now, only a few 
studies have been carried out, [  12  ,  13  ]  and apparently our current 
knowledge is too limited. 

 Graphene, a 2D atomic crystal with densely packed carbon 
atoms in a honeycomb crystal lattice, [  14  ]  is well-known for its 
unique electrical performance and the amazing applications in 
nanoscale electronics. [  15  ]  As well as the wide interest in its elec-
tric properties, graphene is also a rising star in Raman spec-
troscopy. [  16  ]  Representative studies include both the intriguing 
Raman modes of graphene itself [  17  ,  18  ]  and Raman behaviours 
of graphene derivatives/graphene-based composites. [  19–21  ]  
Recently, graphene-involved SERS studies have also received 
much attention. First, graphene itself was found to be active 
for Raman enhancement of adsorbed molecules, referred to as 
the graphene-enhanced Raman scattering (GERS) effect. [  22  ,  23  ]  
In our earlier work, detailed studies on GERS including the 
fi rst-layer effect, [  24  ]  molecular orientation effect, [  25  ]  and the 
electric fi eld effect (Fermi level modulation) [  26  ,  27  ]  indicate that 
the GERS enhancement is based on a chemical enhancement 
mechanism. On the other hand, graphene–metal nanoparticle 
composites are also explored in SERS, in which graphene is 
suggested to serve as: a fl uorescence quencher, [  28  ]  an additional 
chemical enhancer, [  23  ]  a molecule enricher, [  29–31  ]  and a building 
block of an atomically fl at SERS substrate. [  9  ]  

 In this work, we provide a “two-step” approach to prepare an 
active, graphene-veiled gold substrate. As a building block of 
shell-isolated SERS substrate in a new form, graphene serves 
as an atomically thin, seamless, and chemically inert net with 
dual functions: 1) graphene prevents metal–molecule chemical 
interactions and thus is anticipated to simplify the electromag-
netic enhancement problem; 2) graphene keeps molecules at a 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 928–933
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N     Scheme  1 .     Schematic illustration of graphene-veiled SERS substrates with graphene spread 
over the curved side of gold nanoislands in two cases, which exhibit distinguished electromag-
netic enhancement activity. Here an 8-nm fi lm of gold nanoislands was used as the electromag-
netic enhancer. Case 1 (SERS inactive) and case 2 (SERS active) are the cases before and after 
an activation process of thermal annealing, respectively.  
certain position and thus enables the investigation of position-
sensitive electromagnetic enhancement activity. 

 Gold fi lm prepared by vacuum thermal evaporation and 
graphene prepared from mechanically exfoliated Kish graphite [  14  ]  
were used in our experiments. According to the well-known 
surface plasmon resonance (SPR) effect, gold nanoislands 
focus the incident laser, creating electromagnetic hot spots at 
their nanogaps. The resulting huge enhancement of the Raman 
scattering signals of molecules in close vicinity is called the 
electromagnetic enhancement, which is considered to be the 
dominant contribution of the SERS enhancement. Since local-
ized hot spot attenuates, in an exponential way (with distance 
away from the central strongest point), [  32  ]  the SERS activity of 
a substrate is highly position sensitive. According to our ear-
lier observations, an 8-nm gold fi lm can provide nanoislands 
with very small gaps of the size of 2–3 nm, [  9  ]  which guarantees 
considerable SERS activity. As illustrated in  Scheme    1  , by trans-
ferring mechanically exfoliated graphene onto an island-like 
     Figure  1 .     Optical and SEM images of exfoliated graphene on Au/SiO 2 /Si substrate before and 
after annealing. a,b) Optical images of graphene on an 8-nm gold fi lm a) before, and b) after 
annealing. Single layer (1L-), bilayer (2L-), and few-layer (nL-) graphene pieces are marked with 
arrows. c,d) SEM images of a 2LG on an 8-nm gold fi lm c) before, and d) after annealing.  
8-nm gold fi lm (case 1), graphene-veiled gold 
substrate can be fabricated directly, with the 
curved side of gold nanoislands adhered to 
graphene. Since for a graphene-veiled gold 
substrate the SERS enhancement of gold is 
mediated by the graphene layer, thus we will 
call the enhanced signals from a graphene-
veiled gold substrate as “G-SERS” (graphene-
mediated SERS) signals in the following.  

 A graphene veil can totally change the 
electromagnetic enhancement behaviour of 
an island-like gold fi lm. As will be described 
below, in this work the SERS activity of case 
1 was examined, which exhibited an electro-
magnetic enhancement inactive behaviour. 
Then we implemented a thermal annealing 
procedure to “activate” the inactive substrate. 
Detailed experimental route is schematically 
shown in Figure S1 (of the Supporting Infor-
mation (SI)). The as-prepared inactive sub-
strate was annealed at 400  ° C for 2 h (in a 
protective atmosphere of Ar and H 2 ) to make 
better contact between graphene and the gold 
fi lm. As illustrated in Scheme  1  (case 2), after 
annealing, gold nanoislands aggregated into 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2013, 25, 928–933
larger nanoparticles, and at the same time 
the fl at graphene layer wrinkled, therefore, 
improving the contact state with the under-
lying gold nanoislands. Wrinkled graphene is 
supposed to get closer to the electromagnetic 
“hot” spot and thus allows a large increase on 
the fi nal SERS activity. 

 During the practical process of sample prep-
aration, two aspects should be noted. First, 
the visibility of the exfoliated graphene on 
the gold fi lm should be considered. A silicon 
substrate with an oxide layer about 300 nm 
thick is suitable for the visibility of single 
layer graphene, [  33  ,  34  ]  but on a gold-fi lm-
coated SiO 2 /Si substrate, the colour con-
trast of graphene is modifi ed. As shown in 
 Figure    1  a, for the case of an 8-nm gold layer before annealing, 
single layer graphene (1LG) is invisible and bilayer graphene 
(2LG) is only hardly distinguished because of the low colour 
contrast. After an annealing process, both the optical colour 
of the substrate and of the graphene are altered, and even 
single layer graphene become clearly visible (Figure  1 b), which 
will benefi t the implementation of locating graphene-veiled 
regions on the substrate of thin-layer graphene-coated gold 
nanoislands. Second, the morphology of the gold fi lm has been 
changed. Figure  1 c and d show the corresponding SEM images 
of a piece of bilayer graphene on the substrate before and after 
annealing. Consistent with earlier investigations on the adsorp-
tion properties for the gold-on-graphene system, [  35  ,  36  ]  it is here 
seen that, after thermal annealing, gold nanoislands melted 
and aggregated into bigger nanoparticles. Their sizes are from 
tens to hundreds of nanometres. Although the optical image 
shows high colour contrast between the graphene-veiled and 
bare gold regions, the SEM morphology of gold nanoislands 
929wileyonlinelibrary.comeim
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     Figure  2 .     Morphology-dependent SERS performance of normal SERS and G-SERS regions. a,d) AFM images of a 2LG-covered 8-nm gold fi lm a) before, 
and d) after annealing, showing both the bare gold regions and the graphene-covered regions. b,e) Schematic illustration of the contact state between 
the graphene and the gold nanostructures that correspond to the enlarged regions. c,f) SERS performance of normal SERS (top) and G-SERS regions 
(bottom) c) before, and f) after annealing, respectively. “ ∗ ” marks the G and G ′  band of the bilayer graphene (2LG).  
in the regions with and without a bilayer graphene cover layer 
is similar (Figure  1 d). This is possibly due to the fl uorescence 
quenching effect of graphene, as will be discussed later in the 
following.  

 Atomic force microscopy (AFM) was also used to characterize 
the morphology of the graphene-veiled gold samples.  Figure    2  a 
and d are AFM images of a bilayer graphene piece on an 8-nm 
gold fi lm before and after annealing. For comparison, two dis-
tinguished regions (i.e., the bare gold region and graphene-
veiled region) are shown together. As also was observed from 
the SEM images, the morphology variation (shape and size) 
of gold nanoislands during the annealing process is observed. 
Simultaneously, AFM images also show a clear morphology 
change of graphene. As shown in Figure  2 a, the surface of pris-
tine graphene was fl at, after annealing it changed to a wrinkled 
morphology with much larger surface roughness. It is antici-
pated that, thermal annealing process allows graphene to get in 
better contact with the underlying gold nanostructures. Then, 
the electromagnetic “hot” spots get closer to the graphene 
surface and make the fi nal combined structure electromag-
netic enhancement active, to enhance the Raman signals of 
adsorbates.  

 Furthermore, we checked the SERS performance of the as-
prepared substrate. Regions with and without a bilayer graphene 
veil are tested, corresponding to the normal SERS region (refer-
ence measurements) and the G-SERS region. Copper phthalo-
cyanine (CuPc) was deposited by vacuum thermal evaporation 
(1 Å, which is less than a monolayer. This method can bring 
down the adsorption-induced variations on the amounts of 
molecules) and its pristine Raman spectra were measured 
(shown in Figure S2b of the SI). The SERS and G-SERS spectra 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
of CuPc are shown in Figure  2 c and f. For samples before 
annealing, the SERS and G-SERS regions exhibit distinguished 
SERS activity, and agreed well with our predictions. As shown 
in Figure  2 c, for SERS regions, signals with acceptable intensity 
can be obtained. While the CuPc signal at G-SERS regions is 
much weaker than that of the SERS regions without graphene, 
with a pretty bad signal-to-noise ratio (a magnifi ed view of  × 6 is 
also shown for comparison). This result suggests that, in a pris-
tine graphene-veiled substrate before activation, the gold fi lm is 
not an effective electromagnetic enhancer of the Raman signal 
of CuPc on graphene. As Mie theory and three-dimensional 
fi nite difference time domain (3D-FDTD) simulation results 
show that the thin graphene layer will not cause the enhanced 
electromagnetic fi eld between gold nanostructures to obviously 
decay, [  9  ]  here we anticipate that the current poor activity is due 
to the SERS-active hot spots being “buried” under a graphene 
veil at a distance away. This is also consistent with our AFM 
observations. It should be noted that, although it was claimed 
that a conductive graphene layer suppresses the surface electric 
fi eld, [  37  ]  it is not considered to be the reason of the weak SERS 
activity for an inactive G-SERS substrate, because it can be fur-
ther thermally activated (without changing the conductivity of 
graphene, as will be described below). 

 On the other hand, as shown in Figure  2 f, after the acti-
vation process by thermal annealing, the SERS performance 
of both regions is modifi ed. The fi rst intriguing effect is that 
the Raman scattering signal of the G-SERS region is hugely 
enhanced, which indicates an effective activation of the pris-
tine, inactive G-SERS substrate. Meanwhile, for SERS regions 
the band features of CuPc are also modifi ed. As compared with 
SERS spectra of pristine gold fi lm, thermal annealing results 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 928–933
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N     Figure  3 .     Stability of the enhanced Raman signal of CuPc by a) G-SERS, and b) normal SERS, 
after thermal annealing activation. Laser power is 0.2 mW, each panel has 44 spectra in total, 
and each spectrum has an acquisition time of 5 s. The peak at 1586 cm  − 1  in (a) is the G band 
of graphene.  

     Figure  4 .     In-situ monitoring of the activation process of a 2LG-veiled gold 
substrate heated form 25 to 200  ° C in a protective atmosphere. Spectra 
of the continued temperature range (225 to 400  ° C) and spectra of bare 
gold region (normal SERS) are shown in Figure S4 of the SI. Peaks of 
the Si substrate (sub), the G and G ′  band of graphene are marked with 
arrows, respectively.  
in an enhancement in the lower frequency region, while in 
the higher frequency region of 1800–3000 cm  − 1 , most of the 
spectral features of the overtones of CuPc are almost unrec-
ognizable. This result is apparently different from that of the 
SERS spectra using a gold fi lm without annealing, in which 
the spectral information at 1800–3000 cm  − 1  is clear. The pris-
tine- (on a SiO 2 /Si substrate) and GERS-spectrum (on a 2LG/
SiO 2 /Si substrate) of CuPc are also shown in Figure S2b of the 
SI. We fi nd an interesting phenomenon that, G-SERS tends 
to provide a greatly enhanced GERS signal, while keeping 
the pristine band features of GERS. Actually in our previous 
results, the graphene layer was also proven to reduce the SERS 
signal variations of Rhodamine 6G between gold and silver 
substrates. [  9  ]  This indicates that, G-SERS substrate tends to 
provide a surface with more well-defi ned molecule–substrate 
interactions, resulting in enhanced Raman signals with highly 
consistent band features, regardless of the material and mor-
phology of the metal nano structures which would change the 
SERS results. 

 Furthermore, as a seamless and chemically inert passiva-
tion layer, an additional effect of graphene is stabilization. As 
shown in  Figure    3  , time-dependent experiments were also 
carried out to compare the stability of the SERS and G-SERS 
spectra. During a 600 s measurement, the signal of CuPc in the 
normal SERS region decreased quickly in intensity while in the 
G-SERS region it was much more stable. Besides a considerable 
surface passivation effect, [  9  ,  38  ]  this stabilization effect should 
also be related to the graphene–CuPc interactions. As for CuPc 
molecules adsorbed on a fl at graphene surface, the signal sta-
bilization effect is observed [  9  ]  and the formation of a graphene/
CuPc complex (possibly through  π – π  interactions) is shown by 
the UV-visible absorption spectra in our recent results. [  25  ]  Here 
we see that, despite the high surface roughness of wrinkled 
graphene in an activated G-SERS substrate, this stabilization 
effect remains prominent. It should be noted that, the stabili-
zation effect for different molecules is case-dependent, but it 
could be general for aromatic molecules, especially for those 
which have a strong interaction with graphene.  

 In-situ Raman measurements were carried out using a 
Linkam CCR1000 heating stage to investigate the kinetic 
activation process of graphene-veiled substrates. A piece of 
bilayer graphene on an 8-nm gold fi lm (Figure S3 of the SI) 
was heated from 25 to 400  ° C in an Ar + H 2  atmosphere, in 
25  ° C steps and held for 5 min after each step for recording 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheAdv. Mater. 2013, 25, 928–933
Raman measurements. It should be noted 
that, graphene itself is a perfect Raman 
probe for the SERS activity of the substrate. 
As shown in  Figure    4  , at fi rst the intensity 
of the G and G ′  bands of graphene increases 
with the rising temperature, it reaches a 
maximum at 175  ° C (yet this does not indi-
cate the optimum SERS enhancement since 
the temperature-induced decrease of Stokes 
Raman signals should be taken into con-
sideration) and remains at a stable intensity 
level (with only a small decrease) during the 
continued heating process (Figure S4 of the 
SI). Further increased heating temperature 
(above 550  ° C, for our observation) will cause 
damage to graphene. During the thermal annealing process, 
the fl at graphene piece wrinkles and so its contact with the 
underlying gold fi lm is gradually improved. The closer elec-
tromagnetic “hot” spots to the graphene surface will cause a 
larger SERS enhancement of the graphene signals. A certain 
quantity of close-packed gold nanoislands are responsible for 
the dominant enhancement, yet there is certain amount of the 
Raman enhancement that should be attributed to the isolated 
gold nanoislands. Additionally, by looking at the fl uorescence 
background of the obtained Raman spectra, we fi nd the photo-
luminescence property of the graphene-on-gold system (as well 
as bare gold) is highly morphology dependent (Figure S4 of the 
SI). For the bare 8-nm gold fi lm region, there is a broad photo-
luminescence background centered at 1260 cm  − 1  (687.6 nm). 
During the thermal annealing process from room temperature 
931wileyonlinelibrary.comim
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 to 200  ° C, the relatively weak photoluminescence background 

becomes stronger, accompanied by a gradual blue shift to 
584 cm  − 1  (657.1 nm) at 200  ° C. Further increase of the tem-
perature causes decreasing photoluminescence intensity (while 
there are no clear shifts). Compared with the bare gold region, 
the graphene-veiled region keeps a low photo luminescence 
background, which is also a rigorous proof for the graphene–
gold interactions. Thus, thermal annealing increases the differ-
ence between the photoluminescence properties of bare gold 
and graphene-veiled gold region, it may also be the reason for an 
increased colour contrast for the two regions as observed from 
the optical images. It could thus be confi rmed that annealing 
will improve the graphene–gold contact, thus resulting in the 
enhancement of the Raman signal of graphene.  

 In summary, we demonstrated a two-step procedure for the 
fabrication of an active, graphene-veiled substrate. Unlike most 
other SERS substrates, where molecules are directly adsorbed 
on the active metal surface, this new kind of substrate provides 
a passivated surface for SERS. The graphene veil enables SERS 
analysis with more well-defi ned molecular interactions and 
thus results in enhanced Raman signals with improved repro-
ducibility. This work provides a unique strategy towards the 
design of surface-passivated SERS substrates with the lowest 
loss of SERS activity. We anticipate our results will benefi t the 
design and fabrication of a more desirable SERS substrate. In 
addition, by virtue of the unique structure and characteristic 
Raman signal of graphene, this work demonstrates an amazing 
platform for the investigation of the morphology–(SERS per-
formance) relationship, and is expected to shed light on the 
fi ner details of SERS enhancement.  

 Experimental Section 
  Construction of graphene-on-gold structure : gold wire (purity > 99.9%, 

0.25 mm) was used as the source for vacuum thermal evaporation 
(UNIVEX-300, oerlikon leybold vacuum). 8-nm gold fi lms were deposited 
on SiO 2 (300 nm)/Si substrates at a rate of about 1 Å/s, and at a pressure 
of about 10  − 3  Pa. Before the transfer of graphene, the as-prepared gold 
fi lm was then treated by O 2 -plasma for both surface cleaning and a 
better affi nity with graphene. Mechanically exfoliated graphene was then 
transferred from Kish graphite (Covalent Materials Corp.) using a scotch 
tape. [  14  ]  

  Thermal annealing activation and characterization : For activation of the 
pristine graphene-veiled gold substrate, sample was heated to 400  ° C for 
2 h in an Ar + H 2  atmosphere. Optical microscopy (OM, Olympus BX51), 
scanning electron microscopy (SEM, Hitachi S4800), atomic force 
microscopy (AFM, Nanoscope III(a)) and Raman spectroscopy (Horiba 
HR800, with a 632.8 nm line from a He-Ne laser and a full laser power of 
about 2.5 mW under the microscopy, the size of the laser spot is about 
1  μ m) was used to characterize the morphology and SERS performance 
of the normal SERS and G-SERS regions. Copper phthalocyanine (CuPc) 
from Alfa-Aesar was used as Raman probe directly as received, chemical 
structure is shown in Figure S2a of the SI. All spectra in comparison 
were obtained under the same conditions. 

  In-situ Raman measurements : Linkam CCR1000 heating stage 
(accompanied with a water-cooling system and gas-in/gas-out equipment 
for keeping a protective atmosphere) is put directly on the XY-motorized 
stage of the Horiba HR800 system. For in-situ measurements, laser 
can be focused on the sample at desired regions through a quartz 
window. Controlled heating/holding/cooling can be realized at a 
temperature range from room temperature to 1000  ° C during the in-situ 
experiments.   
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
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