
Registered Charity Number 207890

Accepted Manuscript

This is an Accepted Manuscript, which has been through the RSC Publishing peer 
review process and has been accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, which is prior 
to technical editing, formatting and proof reading. This free service from RSC 
Publishing allows authors to make their results available to the community, in 
citable form, before publication of the edited article. This Accepted Manuscript will 
be replaced by the edited and formatted Advance Article as soon as this is available.

To cite this manuscript please use its permanent Digital Object Identifier (DOI®), 
which is identical for all formats of publication.

More information about Accepted Manuscripts can be found in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the text and/or 
graphics contained in the manuscript submitted by the author(s) which may alter 
content, and that the standard Terms & Conditions and the ethical guidelines 
that apply to the journal are still applicable. In no event shall the RSC be held 
responsible for any errors or omissions in these Accepted Manuscript manuscripts or 
any consequences arising from the use of any information contained in them.

www.rsc.org/nanoscale

ISSN 2040-3364

2040-3364(2010)2:1;1-T

COVER ARTICLE
Graham et al.
Mixed metal nanoparticle assembly 
and the effect on surface-enhanced 
Raman scattering

REVIEW
Lin et al.
Progress of nanocrystalline growth 
kinetics based on oriented attachment

Volum
e 2 | N

um
ber 1 | 2010 

N
anoscale     

 
Pages 1–156

www.rsc.org/nanoscale Volume 2 | Number 1 | January 2010 | Pages 1–156

Nanoscale

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Nanoscale RSC Publishing 

PAPER 

This journal is © The Royal Society of Chemistry 2013 Nanoscale, 2013, 00, 1-3 | 1  

a State Key Laboratory for Mechanical Behavior of Materials, School of 

Science, Xi’an Jiaotong University, Xi’an, Shann xi,710049, P. R. 

China. E-mail: jxfang@mail.xjtu.edu.cn; Tel.: +86 29 82665995 
b Key Laboratory for Advanced Materials & Department of Chemistry, 

East China University of Science and Technology, Shanghai, 200237, 

P. R. China 

†Electronic Supplementary Information (ESI) available: Fig. S1-S6. See 

DOI: 10.1039/b000000x/ 

Cite this: DOI: 10.1039/x0xx00000x 

 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Large-Area Fabrication of Highly Reproducible 

Surface Enhanced Raman Substrate via a Facile 

Double Sided Tape-Assisted Transfer Approach using 

Hollow Au-Ag Alloy Nanourchins†  

Zhen Liu,
a
 Lin Cheng,

a
 Lei Zhang,

a
 Chao Jing,

b
 Xin Shi,

b
 Zhongbo Yang,

a
 Yitao 

Long,
b
 and Jixiang Fang*

a
 

 

 

Ideally, a SERS substrate should possess a super signal amplification, high uniformity and 

reproducibility. Up to now, an emphasis on reproducibility and uniformity is of quite crucial to 

ensure consistent chemical detection sensitivity across the surface of a SERS substrate. Here 

we demonstrate a simple and facile double sided tape-assisted transfer method to fabricate 

surface enhanced Raman scattering (SERS) substrates with prominent performance using 

hollow Au-Ag alloy nanourchins (HAAA-NUs). Such large area closely-packed flat film of the 

HAAA-NUs with high density of “hot spots” exhibits a high SERS activity and reproducibility, 

simultaneously. The AFM-correlated nano-Raman and the point by point scanning of SERS 

signals verify the excellent spatial uniformity and reproducibility with a low relative standard 

deviation (RSD) less than 15% using crystal violet as probe molecule at the concentrations of  

1×10-8 M and 1×10-10 M. The SERS signals of sudan dye at a 1×10−8 M concentration also 

shows high reproducibility with a low RSD of 13.8%. This facile protocol presented here could 

lead to a high quality SERS substrate and open tremendous potential for various applications. 

 

 

Introduction 

Since the discovery of the SERS effect on roughed silver 

electrode surface,1 many studies have been conducted to explore 

diverse promising SERS substrates. Currently, most investigations 

have been focused on exploring various nanostructures with different 

shapes, sizes and nanogaps between nanoparticles so as to achieve 

high SERS detection sensitivity.2-5 The studies on the reproducibility 

and uniformity of SERS signal are centralized on advanced top-

down nanopatterning techniques such as electron beam lithography, 

optical lithography, nanoimprint lithography, nanosphere 

lithography, and so on.6-9 However, these techniques have 

limitations regarding throughput, cost and fabrication well-

controlled small gaps of a few nanometers or complex 

nanostructures to create efficient “hot spots”. Thus only a moderate 

SERS enhancement factor, e.g.∼105-106 is usually obtained.10 

Therefore, the key point to ensure the reliability and sensitivity in 

biologically and chemically detection is emphasized on the 

fabrication of uniformly high sensitivity and spatial reproducibility 

of SERS substrates. 11, 12 

Up to now, although various nanoparticles with well-controlled 

shapes and sizes have been synthesized, the self-assembly via the 

droplet evaporation with suspended nanoparticle on a solid surface, 

as the simplest and cost-saving method, has not yet been 

successfully exploited to prepare the high efficient SERS substrates. 

On the one hand, the self-assembly of colloidal nanoparticles on a 

substrate with free defects at large area is still hard to achieve 

partially because of induced capillary flow.13, 14  Thus the assembled 

area was not large enough for a highly reproducible and uniform 

SERS substrate. On the other hand, in order to prepare orderly close-

packed array via the self-assembly during the solvent evaporation, 

polymer or organic ligands were always employed,15,16 which 

unavoidable affect the subsequent absorption of detected molecules 

onto the surface of plasmonic nanoparticles, thus result in the loss of 

SERS sensitivity. Therefore, how to fabricate a high quality of SERS 

substrate using the obtained various nanostructures remains a 

technical challenge.  

Page 1 of 7 Nanoscale

N
an

o
sc

al
e 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t



ARTICLE Nanoscale 

2 | Nanoscale, 2013, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

When a drop of colloidal suspension dries on a surface, it leaves 

behind coffee rings or clumps due to the dewetting of the solvent 

during the self-assembly process (Scheme 1a-1b). Recently, some 

modified droplet evaporation methods, such as two-stage control,17 

suspended drying droplet,18 drying in a Teflon ferrule,19 etc, have 

been reported. However, the cracks, clumps or empty bands, were 

still not eliminated. When the thickness of the film can be increased 

by increasing the concentration of nanoparticle suspension or by 

multiple feeding of the droplet (Scheme 1c), the cracks, clumps or 

empty bands may be significantly reduced within the continuous 

thick film. In this situation, the top surface of the film may still 

demonstrate the coffee-stain-like rings or highly rough topography 

owing to the uneven radial velocity distribution of fluid (Scheme 1d). 

20 However, the bottom surface of the thick film may be flat 

consisting of high closed-packed nanoparticles. Therefore, if employ 

a film transfer approach to reverse the top-bottom surface of the film, 

then a smooth surface may be used as the high quality SERS 

substrate (Scheme 1e-1f).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Herein, in this paper, we demonstrate a simple and facile double 

sided tape-assisted transfer method to fabricate surface enhanced 

Raman scattering (SERS) substrates with prominent performance. 

The hollow Au-Ag alloy nanourchins (HAAA-NUs) were 

synthesized via a seed-mediated route 21-24 (see experimental section 

and supporting information) and used in this study. The sea-unchin 

like nanoparticles with multiple tips have demonstrated an ultrahigh 

SERS sensitivity which has been certified by Raman detection and 

the finite-difference time-domain method (FDTD) simulations.25 We 

take advantages of the high SERS detection sensitivity and the 

excellent uniformity of transferred film by simply dropping the 

HAAA-NUs onto a glass substrate, to make excellent SERS 

substrates with high Raman sensitivity and reproducibility 

simultaneously. This method may be applied to fabricate SERS 

substrates using nanostructures with different shapes, sizes, 

materials. Thus, this double sided tape-assisted transfer strategy 

describes a facile and novel scheme to fabricate large-area, high 

sensitive and reproducible SERS substrates. 

 

Experimental Section 

Fabrication of SERS substrate using HAAA-NUs 

The procedure of fabricating the flat film via the HAAA-NUs 

by means of the double sided tape-assisted method (Scheme 2) 

includes three steps. Step-i, the thick layer deposition of the 

HAAA-NUs. Firstly, a glass sheet was cleaned sequentially 

with aqua regia once, DI water twice, and ethanol twice under 

ultrasonic irradiation and dried in air. The as-prepared HAAA-

NUs were washed with HCOOH (500 mM) once, ammonia 

solution once and DI three times in turn, and then redispersed in 

100-500ul water. Here the HAAA-NUs suspension was  used  

to form a thick layer of HAAA-NUs by dropping a certain  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

amount of the clean HAAA-NU suspension onto the glass 

substrate, drying it in air and repeating the dropping and drying 

procedure two or three times. The formation of thick layer with 

almost no interstices was for improving the quality of the final 

product. It is noted that we also attempted to disperse the 

HAAA-NUs in ethanol to shorten the evaporation time of the 

dispersing agent. But it was hard to form a complete thick layer. 

The HAAA-NUs aggregated automatically along with the 

evaporation solvent. While the different wettability of water 

and ethanol, and the capillary phenomenon between the 

dispersing agents and the HAAA-NUs, lead to the different 

result. Step-ii, the transformation of the thick layer. First a 

piece of double sided tap was sticked on the top of the thick 

layer. Then the cleaned Si wafer was put on the tape right 

above the deposits to serve as a support after lifting the release 

Evap 

LASER 

Press 
(a) 

(b) 

(c) 

(d) 

Evap 

(e) 

(f) 
Evap 

Capillary 
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Scheme 1. The schematic plots of solvent evaporation and double sided tape–assisted film transformation. The formation of a film with (a)-(b) a thin layer, 

(c)-(d) a thick layer, (e) the double sided tape–assisted film transformation process, (f) SERS detection of the obtained inversed surface.  
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paper from the tape. Press the Si support gently several times 

with hands. Then peel off the tape from glass substrate slowly 

to protect the film from breakage. Thus the HAAA-NU layer 

was transferred onto the Si substrate and the HAAA-NUs 

aggregated SERS substrate was obtained. In this step, we use 

the double sided conductive tape usually employed in the 

routine scanning electron microscope (SEM) testing because 

this tape is thick and strong enough for peeling the deposits off 

the glass sheet. We can also choose the different tapes to adjust 

the area of SERS substrate to meet the diverse requirements of 

analysis. The smoothness of the tape has a great influence of 

the flatness of the obtained substrate. So we could improve the 

quality of the substrate by using more flat tape. Additionally, 

we gently press the Si wafer above the deposits to ensure the 

complete transformation of the thick layer to the Si wafer. What 

we should pay attention to is that too much pressure can lead to 

the HAAA-NUs getting squashed (see Fig. S2). Furthermore, 

the glass sheet can be replaced by Si wafer or something else 

with relative flat surface to deposit the HAAA-NUs. Step-iii, 

cleaning the obtained substrate. Rinse the substrate with DI 

water for one minute, and then dry it at room temperature.   

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Flow-process diagram of the procedures for fabricating SERS 

substrate using HAAA-NUs by double sided tape–assisted film 

transformation method. 

Results and Discussion 

Characterization of HAAA-NUs and HAAA-NUs assembly 

The HAAA-NUs appear to an ultrahigh density of sharp tips, i.e. 

about 100 tips within a single ~100 nm nanourchins (Fig.1a). The 

tips and the nanogaps between the roots of tips may display an 

ultrahigh density of hot spots (the inset of Figure S1). Additionally, 

the formation of Au-Ag alloy may improve the SERS sensitivity and 

stability in contrast to pure Au and Ag nanostructures.26, 27 The dark-

filed image and the corresponding scattering spectra of the HAAA-

NUs measured in air were shown in Fig.1b and 1c, displaying an 

obvious surface plasmonic absorption band around 650 nm (Fig. 1c). 

Furthermore, the peaks of scattering spectra for diverse individual 

HAAA-NUs demonstrate no obvious difference. The ultraviolet-

visible (UV) spectrum measured in DI water (Fig. S1) indicated the 

wide tunable capability of localized surface plasmon resonances 

(LSPRs) for the suspension of HAAA-NUs. 

 

 

 

 

 

Fig. 1 (a) SEM image of HAAA-NUs; (b) Dark-field scattering image; and 

(c) scattering spectra of HAAA-NUs measured in air; 

The different magnified SEM images of the substrate (Fig. 2) 

fabricated via above described processes (see Scheme 2) display its 

large-area flatness. The area of the flat film on the tape (Fig. 2a) is 

around 5mm×5mm. For the demand of larger substrate in the 

practical application, we need larger tape in the fabrication process. 

Meanwhile, we also presents the photographs of substrates 

fabricated in different times (Fig. S3) by means of the double sided 

tape-assisted method. It is seen that there are some defects such as 

cracks and pinholes on the flat substrates (Fig. 2a and Fig. S3). The 

width of the cracks is > 2µm that could be easily observed during the 

Raman detection. The small pinholes are about several tens to ~200 

nm in size (Fig. 2b-2d). As shown in Fig. 2b-2d, the morphology of 

the HAAA-NUs remains the same as that before deposition. In 

addition, a great number of tips within the individual HAAA-NU 

and the overlapping of the adjacent HAAA-NUs within the closely-

packed film could create strong plasmonic coupling between tips. 

Thus, Fig. 2 displays a uniform large-scale deposited surface as well 

as closely-packed microstructure consisting of individual HAAA-

NUs and gaps between HAAA-NUs.  

 

 

 

 

 

 

 

 

 

Fig. 2 (a) Low magnified SEM image of the SERS substrate with ~0.4 mm in 

width and ~0.5 mm in length; (b) - (d) Different magnified SEM images of 

the SERS substrate. 
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SERS of HAAA-NUs assembly 

In order to investigate the uniformity of SERS signals, two 

techniques were adopted including AFM-correlated nano-Raman and 

the point by point scanning mode. The study of SERS performance 

was carried out with crystal violet (CV) as the probe molecule. The 

as-fabricated substrates were treated by UV Ozone for 4h without 

heating, submerged in CV aqueous solution of various 

concentrations for 8h, and then gently rinsed in DI water for 1min, 

finally kept dry in air finally.  Using a 532 nm diode laser, the AFM-

correlated nano-Raman was performed by mapping the characteristic 

Raman peak of CV at 1172 cm-1 with a step size of 156 nm and a 

scan area of 10 µm×10 µm. The obtained AFM image (Fig. 3a) 

reflects the large-area dense arrangement of the HAAA-NUs. There 

are some pinholes in quite few areas. The depth of the pinholes is 

<500 nm according to the height profile (Fig. 3c) scanned along the 

line as shown in the AFM image (Fig. 3a). Unexpectedly, the SERS 

image presents relative uniform distribution of SERS signals even 

for the pinhole regions marked by the circles in the AFM image (Fig. 

3a). This phenomenon indicates that the AFM tip may not enter into 

the small nanogaps which contribute huge enhancement. Meanwhile, 

the pinholes have weak influence on the uniformity of SERS signal 

owing to the size of pinholes is still within the ‘z’ resolution of 

Raman spectroscopy.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 (a) Atomic force micrograph of flat film fabricated via HAAA-

NUs; (b) Corresponding nano-Raman image obtained from 532 nm 

excitation laser; (c) The height profile of the HAAA-NU film along the 

line shown in the AFM image. 

 

The point by point scanning spectra of CV molecule at the 

concentration of 10-8M were recorded with steps of 2 µm (Fig. 4a), a 

633 nm excitation laser and a laser spot diameter of 0.85µm. The 

resulting 3D waterfall plot of SERS spectra (Fig. 4b) obtained by 

mapping the 20 µm×20 µm area（see Fig. 4a）reveals the high 

uniformity of Raman signals. For all of the 100 spots, each spot 

exhibits a high capability to enhance the Raman signal of the CV 

molecules. To quantitatively assess the reproducibility of the SERS 

signals, the intensities of the 100 spots concerning the characteristic 

vibration of CV at 1172cm-1 were collected (Fig. 4c). According to 

the statistic (Fig. 4c), the calculated relative standard deviation 

(RSD) of the Raman vibration at 1172cm-1 is 12.5%, revealing the 

exceptionally uniformity of the as-prepared substrate. Additionally, 

it is seen that 93% intensity of the SERS signals are within the limits 

of the ±20% deviation of  average intensity of signals. The low value 

of RSD, the narrowly distributed and high intensities of SERS 

signals indicate the as-prepared substrate may be a promising 

substrate for high sensitive and uniform SERS detection.28 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 (a) optical images of flat film obtained from via double sided 

tape–assisted film transformation method; (b) SERS spectra obtained 

from the point by point scanning of the area show in (a) measured by a 

633 nm excitation laser; (c) The intensity of the main Raman vibrations 

of CV at the concentration of 10-8 M. 

To further evaluate the uniformity and sensitivity of the 

substrate under a lower concentration (e.g. 1×10-10 M) of probe 

molecule, we study the SERS performance of other identical 

substrates. The detection was performed in three different regions 

with 10 µm×10 µm in size marked by A, B and C in Fig. 5a. The 

point by point SERS detection was performed with a larger laser 

spot of 1.5 µm and a same step size of 2 µm. The 3D waterfall plot 

of SERS spectra of the three corresponding areas (Fig. 5a) were 

shown in Fig. 5b-d, respectively. We also made the statistics of the 

Raman intensity distribution at 1172cm-1 for the three regions (Fig. 

5e). From Fig. 5b-e, it can be seen that the Raman signals of the 

three regions are relatively uniform with the RSD values of 11.9%, 

14.9% and 9.8% respectively. Most Raman densities of the spots in 

the three regions are within the bounds of ±20% of the average 

signal, which further certify the high performance of the SERS 

(b) (a) 

1 μm 1 μm 
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substrates. 28 However, the top surface of the thick layer shows a 

relatively large RSD value of 20.8% (Figure S4), which further 

verify the advantage of the current method. Figure S5 is the 

comparison of the top and bottom surfaces obtained by the current 

route. The SEM images clearly display an obvious morphologic 

difference between both sides, which is consistent with the RSD 

values obtained from the top side and bottom side. In this study, we 

have also expanded the current method to other practical 

applications such as in food safety. Figure S6 are Raman spectra of 

Sudan I (SDI) dye detected with a 0.85 µm spot size, which shows 

also a good uniformity with a RSD value of 13.8%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 (a) Optical image of the flat film obtained via the double sided 

tape–assisted film transformation method; (b) - (d) SERS spectra 

obtained from the point by point scanning of the three regions shown in 

(a) measured by a 633 nm excitation laser; (e) The intensity of the main 

Raman vibrations of CV molecule at the concentration of 10-10 M. 

Among various factors, the laser spot size used in Raman 

measurement and the density of nanogaps as well as the 

concentration of dye molecule are of important to achieve a good 

uniformity of SERS detection. Basically, the larger laser spot size we 

use the better uniformity we obtain. For example, Schmidt, et al. 

reported a <10% deviation from the average signals for the leaned 

silicon pillar array when a laser spot diameter of 3.1 µm was used.29 

Meanwhile, increasing the density of nanogaps, particularly at the 

ultralow concentration of probe molecule, is great beneficial to 

obtain a uniform SERE signal.29, 30 In this study, the SERS 

performance fabricated via the double sided tape–assisted method by 

using HAAA-NUs are remarkable. On the one hand, owing to the 

small size of HAAA-NUs, a 0.85 µm laser spot could cover almost 

seventy of ~100nm HAAA-NUs (π × (850/2)2/ (π × (100/2)2)). 

Over two hundreds of ~100nm HAAA-NUs were included when the 

laser spot became 1.5 µm in size. At the concentration of 1×10-8 M 

of CV, we obtained the RSD of less than 15% (i.e. 12.5%) with a 

0.85 µm spot size (×100 objective lens). Furthermore, at a lower 

concentration of CV, e.g.  1×10-10  M, a small RSD of less than 15% 

was also obtained using a 1.5 µm (×50WL) objective lens. Therefore, 

in the practical SERS applications, to detection the unknown 

molecules at an ultra-low concentration, substrates with high density 

of hotspots combining with a large laser spot will help to achieve 

more consistent SERS signals. On the other hand, compared with the 

smooth spherical nanoparticles, the individual HAAA-NU possesses 

abundant of hotspots.25,31 Meanwhile, the interparticle interactions of 

the adjacent HAAA-NUs, may also contribute to additional hot spots, 

thus lead to an enhanced uniformity of the SERS signals. Therefore, 

the obtained SERS substrate in this work displays an improved 

uniformity and reproducibility with a RSD of less than 15%. This 

value is remarkable, compared with the substrates fabricated by 

another approaches such as electron beam lithography,32,33 

capillarity-assisted route,19,9,34 polymer-mediated methods,35,36 

organic monolayer assisted way,37 and in-situ formed SERS 

substrates. 38, 39 

 

Conclusions 

In summary, the double sided tape–assisted film transformation 

method was successfully used to fabricate excellent SERS substrate 

by simply dropping the HAAA-NUs onto a glass substrate. The 

AFM-correlated nano-Raman images demonstrate a flat surface and 

homogeneous SERS signal of the corresponding region. Meanwhile 

the point to point scanning spectra of CV molecule at 10-8 M and 10-

10 M demonstrated high reproducibility and uniformity with less than 

15% RSD. The low RSD variation demonstrates the as-fabricated 

flat film is appropriate for highly sensitive SERS detection. In 

addition, this novel procedure to fabricating SERS substrate is free 

of organic and inorganic impurities. Therefore, the substrates 

exhibited outstanding sensitivity, uniformity in SERS measurement 

and may be well-suited for chemicals detection, food safety and 

environmental monitoring.40-42 
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TOC 

 

A simple and facile double sided tape-assisted transfer method was exploited to fabricate surface 

enhanced Raman scattering (SERS) substrates with prominent uniformity and reproducibility. 
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