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A simple but efficient method for highly sensitive Raman detection,

covering a thin polydimethylsiloxane elastomer, pre-coated with a

layer of Au or Ag nanoparticles, onto the detected substrate, is

proposed. Moreover, this nanoparticle-coated PDMS elastomer

can be used for chemical imaging with high sensitivity.

Since it was discovered on the electrochemically roughened Ag

surface in 1970s,1 as a sensitive surface characterization technique,

the surface enhanced Raman scattering (SERS) has attracted

much attention and has been widely employed in physics,

chemistry, biology, etc.1–4 In the past decades, various methods,

such as e-beam lithography, focus ion beam lithography, colloidal

lithography, nanoimprint lithography and self-assembly of nano-

particles (NPs),3,4–6 have been applied to fabricate SERS-active

substrates. Although lots of metallic nanostructures have been

proved to be SERS active,5,7 the applications of SERS is still

limited due to the following reasons. First, the metallic nature of

the currently used SERS substrates makes them difficult to

strongly adsorb many molecules, such as aromatic molecules,

DNA, protein, etc.3,8 Second, the detected molecules are normally

coated on the SERS-active substrates,9 so it is difficult to get

chemical images by using the conventional SERS method.

Recently, the tip-enhanced Raman spectroscopy (TERS) has

been developed to overcome the aforementioned drawbacks.9–13

Thanks to the local electromagnetic near-field enhancement

provided by an illuminated STM or AFM tip, TERS, as a

widely applicable spectroscopy and microscopy tool, has been

used to detect various molecules on various substrates.9,11,12

Besides these, TERS can also be used for surface chemical

imaging at the nanometre scale.10,11,13 However, a special setup

for TERS is required, and fabrication of the tip is quite complex.

Furthermore, the total Raman scattering signal from the tip area

(about 20–50 nm in diameter) is rather weak.9,13 Therefore, the

application of TERS is limited.

In this communication, after Au or Ag NPs are adsorbed

onto the 3-aminopropyltriethoxysilane (APTES)-modified poly-

dimethylsiloxane (PDMS) elastomer, it is used as a novel tool for

the enhancement of Raman scattering. This method can be used

for the sensitive Raman detection of molecules adsorbed on solid

substrates by simply covering the NP-coated PDMS elastomer

onto the detected surface. Importantly, this method is also used

for chemical imaging to distinguish the micropatterns of

p-aminothiophenol (PATP) and methylene blue (MB) with high

Raman sensitivity. Compared with TERS, the total Raman

scattering volume in our method is much larger, leading to a

much stronger Raman signal collected.

In this work, the Au or Ag NP-coated PDMS elastomer was

fabricated and used for highly sensitive Raman detection and

chemical imaging of molecules. The detailed experiments are

shown in ESI.z Briefly, the thin PDMS elastomer was prepared

by curing the mixture of Sylgards 184 elastomer and curing

agent (w/w = 10 : 1) at 70 1C for 12 h,14 followed by O2 plasma

treatment and then APTES modification.15 Afterwards, the Au

or Ag NPs were adsorbed onto the APTES-modified PDMS

elastomer (Scheme 1A), thanks to the electrostatic interaction

between the negatively charged NPs and the positively charged

APTES self-assembled monolayers (SAMs).15,16 The as-prepared

NP-coated PDMS elastomer serves as a flexible, convenient and

efficient tool for highly sensitive Raman detection and chemical

imaging of molecules adsorbed on a solid substrate by simply

covering this elastomer onto the detected surface (Scheme 1B).

Scheme 1 (A) Au or Ag NPs were adsorbed on an APTES-modified

PDMS elastomer. (B) Raman detection by covering the as-fabricated

NP-coated PDMS elastomer (A) onto the detected substrate.
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It has been reported that Au NPs can enhance the Raman

signal of molecules, which adsorbed on or were close to the Au

NPs.17,18 On the surface of as-fabricated Au NP-coated PDMS

elastomer, lots of Au NPs are coated, which serve as the hot

spots in Raman detection. When the Au NP-coated PDMS

elastomer covers the detected substrate, the Au NPs contact with

or are close to the molecules on the solid substrate, resulting in

Raman signal enhancement of the molecules. As shown in

Fig. 1A, the highly sensitive Raman intensity of the MB

monolayer on the Ag surface was measured with the aid

of the 38 � 3 nm Au NP-coated PDMS elastomer. The

enhancement factor (EF) can be calculated using the equation

EF = (Isurf/Ibulk)(Nbulk/Nsurf).
19 Before covering with the

38 � 3 nm Au NP-coated PDMS elastomer, the EF of MB

on the Ag surface is 3.2 � 104 (based on the band at 1625 cm�1),

while it increases to 3.8 � 106 after covering with the 38 � 3 nm

AuNP-coated PDMS elastomer, resulting in a 120 times increase

(Fig. 1A). We believe that the Raman enhancement arises from

the formed Ag–MB–Au NPs sandwich structures between the

Ag surface and Au NPs on the PDMS elastomer.

In a typical TERS, the EF around the tip is about 104.10

However, due to the limited tip area (ca. 20–50 nm in diameter)9,13

and the only one tip serving as the Raman hot spot, the total

Raman scattering signal is quite weak. In our experiment, there

are about 200 Au NPs (size of 38� 3 nm) in 1 mm2 area (Fig. 2C)

serving as Raman hot spots, resulting in the dramatic enhance-

ment of the Raman signal in our experiment since the size of a

typical laser beam in a confocal Raman spectrometer is ca. 1 mm2.

As shown in Fig. 1B, the detected Raman intensity

of MB on the Ag surface after covering with the 38 � 3 nm

Au NP-coated PDMS elastomer is quite uniform, indicating

the uniform Raman enhancement of our method. Although

the adsorption of 38 Au NPs on the PDMS elastomer is not

uniform in the nanometre scale (Fig. 2C), it is relatively

uniform in the micrometre scale. Since the diameter of the

laser beam is in the micrometre range, the Raman mapping of

MB shows quite uniform Raman intensity after covering with

the Au NP-coated PDMS elastomer. All the aforementioned

experimental results demonstrate that the Au NP-coated

PDMS elastomer can serve as a simple, efficient and convenient

tool to uniformly enhance the Raman signal of molecules on

solid substrates at the micrometre scale. In addition, the Au

NP-coated PDMS elastomer can be reused, since the MB

molecules are not adsorbed on the elastomer, which only exist

on the underneath Ag substrate.

In our experiments, the PDMS elastomer was chosen to

adsorb Au NPs and then used for enhancement of the Raman

signal of molecules adsorbed on solid substrates, because the

PDMS elastomer is transparent, soft and easy to be attached

onto the solid substrates, leading to the uniform contact with

the underneath detected surface. As a comparison, glass, much

more rigid than PDMS, is not suitably used in this method,

since the Au NP-coated glass cannot contact very well with the

underneath detected surface, leading to much larger distance

between Au NPs and the molecules on the solid substrate.

Therefore, the Raman intensity does not show the obvious

enhancement (data not shown here).

As shown in Fig. 2, the size of adsorbed Au NPs plays

an important role in enhancement of the Raman signal. The

13 � 1 nm Au NP-coated PDMS elastomer (Fig. 2A) gives poor

Raman enhancement, which is only a 13 times increase for MB

(band at 1625 cm�1) after covering it on the MB-coated Ag

surface (curve a in Fig. 2D). However, the Raman enhancement is

much larger for larger Au NPs. Fig. 2D shows the results for the

16� 8 and 38� 3 nm Au NP-coated PDMS thin elastomers, and

the Raman intensity of MB increased 32 and 120 times (band at

1625 cm�1), respectively. The better performance of larger Au

NPs is due to the stronger coupling between the larger Au NPs.17

For PATP, the Raman signal can hardly be observed before

covering with the Au NP-coated PDMS thin elastomer. However,

after covered with the Au NP-coated PDMS thin elastomer, the

Raman intensity of PATP increased dramatically and was easily

observed (Fig. 2E). Similarly, the 38 � 3 nm Au NP-coated

PDMS elastomer gives largest enhancement of PATP coated on

the Ag substrate, resulting in EF values of 4.6 � 106 and

7.9 � 107 for bands at 1072 and 1141 cm�1, respectively. In

addition, an Ag NP-coated PDMS thin elastomer can also serve

as an efficient, convenient and flexible tool for highly sensitive

Raman detection of molecules (Fig. S1, ESIz).
Our experimental results mentioned above indicate that the

Au or Ag NP-coated PDMS elastomer can be used for highly

sensitive Raman detection of molecules on Ag substrates. More

importantly, by using this method, the highly sensitive chemical

imaging can be easily achieved. Fig. 3 demonstrates the detection

Fig. 1 (A) Raman signals of MB on Ag surface before (a, �50) and
after (b) it was covered with the 38 � 3 nm Au NP-coated PDMS

elastomer. (B) Raman mapping of MB on the Ag surface which was

covered with the 38� 3 nm Au NP-coated PDMS elastomer. Inset: the

cross section analysis of the white line in (B).
Fig. 2 SEM images of Au NPs with size of (A) 13 � 1, (B) 16 � 8 and

(C) 38 � 3 nm adsorbed on PDMS elastomers which were coated with

a 10 nm Pt film. Raman detection of MB (D) and PATP (E) on Ag

substrates which were covered by the Au NP-coated PDMS elastomer.

Curves (a–c) were obtained with different sized Au NP (A–C) coated

PDMS elastomers.
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of PATP and MB micropatterns on Ag surface. The patterns

were fabricated via microcontact printing (mCP) of PATP dots,

followed by passivation with MB (Fig. 3A). In normal conditions,

the as-fabricated PATP-MBmicropatterns cannot be imaged with

confocal Raman microscopy even with a long integration time of

0.5 s (Fig. 3B). However, after covered with the 38 � 3 nm Au

NP-coated PDMS elastomer, the patterns can be easily imaged

even with a short integration time of 0.01 s. Fig. 3C and D show

the Raman imaging of MB (bands: 1600–1645 cm�1) and PATP

(bands: 1550–1580 cm�1), respectively. The Raman signals of

PATP and MB micropatterns are easily detected (Fig. 3E). It is

noted that, in PATP dot patterns, the Raman signal of MB is also

detected, and its intensity (band at 1625 cm�1) isB1.6% of that in

the pure MB region. This indicates the defects existed in the

formed PATP SAMs generated by mCP, which were then partially

covered by MB, resulting in the weak Raman signal of MB

observed in PATP patterns.

As discussed above, the AuNP-coated PDMS elastomer can be

used for chemical imaging of molecules with high sensitivity,

which is the major advantage of our method. Using the conven-

tional SERS method, the detected molecules must be adsorbed

onto the SERS-active substrates, so it is difficult to be used for

chemical imaging (see Fig. 3B). Unlike the conventional SERS,

TERS can be used for chemical imaging, but the total Raman

scattering signal from the tip area (about 20–50 nm in diameter) is

rather weak,9,13 resulting in the quite low sensitivity. Compared

with the conventional SERS and TERS methods, our method can

be used for highly sensitive chemical imaging by simply covering

the Au NP-coated PDMS elastomer onto the detected substrate.

Thanks to the high-density Au NPs coated on PDMS serving as

Raman hot spots, the collected Raman signal can be dramatically

enhanced, which is much higher than that obtained in the typical

TERS. Even though the lateral resolution is sacrificed compared

with TERS, our method is simple and convenient in contrast to

the special setup and complex operation of TERS. Therefore, our

method can be used as an efficient and convenient tool for

chemical imaging of molecules with high sensitivity.

In conclusion, a simple and convenient method has been

developed to successfully enhance the Raman signals of

molecules adsorbed on a solid substrate by covering the Au

or Ag NP-coated PDMS elastomer onto the detected surface.

By using this method, the chemical imaging is also achieved,

which is difficultly obtained with the conventional SERS and

low sensitive TERS methods. As a proof of concept, the

micropatterns of PATP and MB are imaged. These promising

results demonstrate that the NP-coated PDMS elastomer can

be employed as a simple, efficient and flexible tool for highly

sensitive Raman detection and chemical imaging of molecules

on solid substrates.
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