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 A new strategy to achieve large-scale, three-dimensional (3D) micro- and 
nanostructured surface patterns through selective electrochemical growth 
on monolayer colloidal crystal (MCC) templates is reported. This method can 
effectively create large-area ( > 1 cm 2 ), 3D surface patterns with well-defi ned 
structures in a cost-effective and time-saving manner ( < 30 min). A variety of 
3D surface patterns, including semishells, Janus particles, microcups, and 
mushroom-like clusters, is generated. Most importantly, our method can 
be used to prepare surface patterns with prescribed compositions, such as 
metals, metal oxides, organic materials, or composites (e.g., metal/metal 
oxide, metal/polymer). The 3D surface patterns produced by our method can 
be valuable in a wide range of applications, such as biosensing, data storage, 
and plasmonics. In a proof-of-concept study, we investigated, both experi-
mentally and theoretically, the surface-enhanced Raman scattering (SERS) 
performance of the fabricated silver 3D semishell arrays. 
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  1. Introduction 

 Rational structural and compositional 
control of surface patterns is important 
for many applications in biomedicine, [  1–3  ]  
electronics, [  4  ,  5  ]  micro/nano fl uidics, [  6  ]  
and photonics. [  7–18  ]  For example, the size 
and shape of noble metals in a surface 
pattern will signifi cantly infl uence the 
optical properties of photonic structures 
and metamaterials; [  9–17  ]  the density of 
nanostructures in a surface pattern will 
affect the performance of fi eld-emitting 
devices. [  19  ]  In the past decade, tremendous 
efforts have been devoted to developing 
techniques that can be used to fabricate 
and precisely control the structure of sur-
face patterns. [  20–31  ]  In particular, there is 
signifi cant interest in developing three-
dimensional (3D) surface patterns, which 
often exhibit properties that are diffi cult to obtain with their 
two-dimensional (2D) or one-dimensional (1D) counterparts. 
For instance, Au or Ag 3D surface patterns (such as semishells) 
display both electric and magnetic plasmonic modes with large 
electromagnetic fi eld enhancements over a broad spectral range 
caused by breaking symmetry. [  32  ,  33  ]  Semishells can also redirect 
incident light at their resonant wavelength along their axis of 
symmetry and generate strong second-harmonic light. [  34–36  ]  
Despite the unique properties of 3D nanostructures, limited 
studies have been undertaken to develop surface patterns com-
posed of 3D units (e.g., semishells), mainly due to challenges 
in creating 3D structures through traditional micro/nano fabri-
cation methods. 

 In this work, we demonstrate that large-area surface patterns 
composed of 3D building blocks (including semishells, Janus 
particles, and mushroom-like clusters) can be readily realized 
by selective electrochemical growth on a monolayer colloidal 
crystal (MCC) template formed by polystyrene spheres (PSs). 
Our method is convenient, inexpensive, rapid, and reliable. It 
can create large-area ( > 1 cm 2 ), uniformly structured 3D surface 
patterns with multiple structure-controlling capabilities. The 
size, composition, morphology, and surface roughness of the 
3D building blocks in the surface patterns can be conveniently 
adjusted by varying the size of the PSs in the MCC templates, 
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     Figure  1 .     Schematic demonstration of the 3D surface pattern synthesis using template-defi ned site-specifi c electrochemical deposition. a) the MCC 
template; b) evaporation of gold fi lm onto the MCC template; c) template-defi ned site-specifi c electrochemical growth; d) creation of semishell array 
by dissolving PSs; e) microcup array generated after inversion, transfer, and removing PSs; f) bow-tie antenna structure formed on the substrate.  
the electrolytes used for the electrochemical deposition, and/or 
the electrochemical growth parameters (such as voltage, deposi-
tion time). We demonstrate that our method can be utilized to 
fabricate different kinds of 3D surface patterns including metals 
(e.g., Ag, Pt, Cu), metal oxides (e.g., MnO 2 , ZnO, SnO 2 ), metal 
sulfi des (e.g., CdS), and organic materials (e.g., polyaniline). 
In a proof-of-concept study, we demonstrate that Ag semishell 
arrays prepared with our method exhibit strong Raman signal 
enhancement and high detection sensitivity, which makes them 
excellent substrates for surface-enhanced Raman scattering 
(SERS) based sensing.   

 2. Results and Discussion  

 2.1. Fabrication Mechanism 

 Our fabrication technique involves selective electrochemical 
growth on the MCC template. It can create various 3D surface 
     Figure  2 .     SEM image of the MCC template (a) before and (b) after gold thermal evaporation. 
Inset in (b) shows that the gold membrane is only deposited on the top surfaces of the PSs.  
patterns, such as semishells, microcups, 
Janus particles, and mushroom-like clusters, 
which are diffi cult to prepare using other 
methods.  Figure    1   illustrates the working 
mechanism of our approach. First, a large-
area ( > 1cm 2 ), uniformly structured MCC 
template ( Figure    2  a) was prepared via a 
spin-coating method (see the Experimental 
Section). [  37–49  ]  Second, a 10-nm-thick gold 
fi lm was evaporated onto the MCC template 
(Figure  1 b). Due to the shadow effect, gold 
was only deposited on the top surfaces of the 
PSs (Figure  2 b), except for a small amount 
of gold that passed through the interstices 
between three adjacent PSs to be deposited 
on the Si substrate with a “bow-tie” structure 
(Figure  1 ). Third, electrochemical deposi-
tion was conducted. Due to the difference in 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 720–730
chemical properties (e.g., conductance, surface energy) between 
gold and polystyrene, the nucleation sites during the electro-
chemical deposition (which is highly dependent on the elec-
trode/electrolyte interface properties) were spatially controlled 
and confi ned on the gold layer. Thus, only the top surfaces of 
the PSs in the MCC template that were covered by a layer of 
gold were plated during the electrochemical deposition process. 
This leads to selective growth of materials on the upper half-
surface of PSs, forming the Janus particle array (Figure  1 c). 
After dissolving the PSs with toluene, a 3D semishell surface 
pattern was generated (Figure  1 d).   

 In addition, the Janus particle array can be peeled off and 
become freestanding on a water surface and subsequently trans-
ferred onto another substrate. This transfer also allows one to 
choose the orientation of the Janus particles. For instance, the 
Janus particles can be inverted during the transfer so that the 
silver surface of the particles is in contact with the substrate. 
This inversion process produces a microcup array after dissolu-
tion of the PSs (Figure  1 e). As previously mentioned, during 
the thermal deposition of gold, some gold passed through the 
721wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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interstices between particles, creating a bow-tie structure on 
the substrate. Electrochemical growth of materials can be con-
fi ned on the bow-tie–structured gold fi lm and generate either 
the bow-tie antenna (Figure  1 f) or nest-like Ag surface patterns, 
depending on the deposition time. 

 As previously mentioned, the electrochemical deposition can 
only emerge on the gold fi lm, thus if the shape and/or position 
of the gold layer on the PS varies, Janus particles and mush-
room-like clusters can be obtained. This is quite different from 
the situation when a bare MCC template (without the gold 
layer) is used during the electrochemical deposition process, 
where nucleation will emerge solely on the conductive sub-
strate and materials will be deposited in the interstices between 
three adjacent PSs. After removing the PSs, 
macroporous fi lm is obtained instead of 3D 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  3 .     a–d) SEM
Observations at the
insulating substrates (e.g., a glass slide or plastic plate) that 
cannot be used for the electrochemical deposition process. This 
leads to many exciting opportunities such as the creation to 3D 
metamaterials through layer-by-layer deposition of PS-Ag Janus 
particles.   

 2.3. Fabrication of Ag 3D Semishells and Ag Bow-Tie Structures 

 Large-area, uniformly structured surface patterns composed 
of Ag 3D semishells were acquired after dissolving the PSs 
in toluene ( Figure    4  a). These Ag semishells possessed a com-
pact hexagonal arrangement (Figure  4 b,c), similar to the PSs 
 images of the PS-Ag Janus particle arrays with different magnifi cations. e,f) 
 cracked areas, revealing the structure of PS-Ag Janus particles.  
surface patterns.   

 2.2. Fabrication of PS-Ag Janus Particle Arrays 

 After electrochemical deposition using an 
MCC template of 1  μ m PSs with the top sur-
face covered by a layer of gold fi lm (Figure 
 1 , Process II), we achieved electrochemical 
growth of Ag on the MCC template. A low-
magnifi cation scanning electron microscope 
(SEM) image exhibited that a large-area 
ordered array was produced ( Figure    3  a). Our 
results were verifi ed by the XRD spectrum, 
showing face-centered, cubic-structured Ag 
(Figure S1 in the Supporting Information). The 
Ag deposition process did not infl uence the 
regularity of the MCC template (Figure  3 b,c), 
but only caused the surface of the PS to 
become rough (Figure  3 d). We observed that 
Ag species were only deposited on the top 
surface of the PS, resulting in the forma-
tion of PS-Ag Janus particle arrays, which 
was confi rmed by Figure  3 e,f. The roughness 
difference between the top and the bottom 
surfaces of the PSs could be clearly seen in 
Figure  3 f.  

 We analyzed the PS-Ag Janus particle 
array by observing the contact angle of the 
water-air-surface interface (Figure S2, Sup-
porting Information). The PS-Ag Janus 
particle array exhibited superhydrophobic 
properties (contact angle:  ≈ 150 ° ) without 
any further chemical modifi cations. When 
we slowly immersed the PS-Ag Janus par-
ticle array into pure deionized water with a 
slanted angle ( ≈ 15 ° ), the PS-Ag Janus particle 
array detached from the substrate and fl oated 
on the water surface. The freestanding PS-Ag 
Janus particle array was able to be transferred 
onto other arbitrary substrates (Figure S3, 
Supporting Information); in this respect, it 
is of particular interest to transfer the free-
standing PS-Ag Janus particle array onto 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 720–730
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     Figure  4 .     a–c) SEM images of Ag semishell 3D surface patterns with different magnifi cations. 
d) Morphology at the edge area.  
in the preliminary MCC template. The fi ne structure of the Ag 
semishells could be clearly seen at the edge area (Figure  4 d). 
Figure S2 (Supporting Information) shows that the Ag semi-
shell 3D surface patterns can be transferred from a silicon sub-
strate to a glass slide and that during the transferring process, 
the compact hexagonal structure of the Ag semishell 3D surface 
patterns was well-maintained.  

 After peeling off the Ag semishells from the Si substrate 
(using an adhesive tape), Ag bow-tie structures appeared over 
a large area ( Figure    5  ), indicating that electrochemical growth 
of Ag on the honeycomb array of the evaporated gold nano-
     Figure  5 .     a,b) SEM images of Ag bow-tie antenna structures. Top inset in (a) is a zoom-in 
image. Bottom inset in (a) is the Au triangular nanoparticle array formed during the thermal 
evaporation process with a MCC template as a mask.  
triangles (bottom inset in Figure  5 a) also 
took place. The enlarged image in Figure  5 b 
indicates that the spacing between neigh-
boring Ag triangles is  < 10 nm, which is quite 
similar to the well-known bow-tie antenna 
structures.    

 2.4. Fabrication of Inverted PS-Ag Janus 
Particles, Ag Microcups, and PS-Ag 
Mushroom-Like Clusters 

 Similar to the transfer process discussed for 
Ag semishells, the PS-Ag Janus particle array 
could be fi rst inverted and then transferred 
onto another substrate. Highly ordered PS-Ag 
Janus particle arrays with the bare PS sur-
face facing upward are shown in Figure S4a 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 720–730
(Supporting Information). The structural uni-
formity was almost undisturbed during the 
inversion and transfer process (Figure S4b,c, 
Supporting Information). In the enlarged 
image, the bottom Ag semishells were clearly 
observable (Figure S4d, Supporting Infor-
mation). A large-area surface pattern of Ag 
microcups was generated after dissolving 
the PS spheres in toluene ( Figure    6  a,b). The 
edge of the Ag microcup was not smooth 
(Figure  6 c).  

 Interesting structures were created when 
the individual spheres in the Janus particle 
arrays were allowed to rotate freely. We inten-
tionally heated the MCC template at a relative 
lower temperature (i.e., 100  ° C) instead of the 
commonly used 110  ° C (see the Experimental 
Section), leading to a weak adhesion force 
between the MCC template and the Si sub-
strate. Hence, when the MCC template (with 
evaporated gold fi lm) was immersed into the 
electrolyte solution, a signifi cant amount of 
the gold-coated PSs rotated by some angle. 
In the subsequent electrochemical deposition 
process, Ag preferentially deposited on the 
area covered by the gold fi lm, giving rise to 
mushroom-like PS-Ag heterogeneous struc-
tures with different orientations ( Figure    7  a,b), 
three and four PS-Ag mushroom-like clusters 
(Figure  7 c,d), and multiple PS-Ag conglom-
erations with different orientations (10 units in Figure  7 e and 
13 units in Figure  7 f).    

 2.5. Versatility of the 3D Surface Pattern Fabrication Method 

 As shown in previous sections, Ag will only electrochemically 
grow on the PS surface area that is covered by the gold layer (as 
opposed to a bare PS surface), supplying a powerful and reli-
able method to manipulate the nucleation sites during the elec-
trochemical deposition process through control of the shape, 
723wileyonlinelibrary.comeim
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     Figure  6 .     a) SEM image of Ag microcup array. b,c) Tilt-view images.  
size, and location of the gold fi lm on the MCC template. This 
characteristic strengthens the structure-controlling capability of 
our fabrication method and increases fl exibility during the on-
demand design of 3D surface patterns. 

 We can fabricate Janus particle arrays, Ag semishells, Ag 
microcups, and other structures with different sizes by using 
different-sized PSs to form the MCC templates. For example, 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
the size of the Ag semishells can be adjusted from less than 
200 nm to more than 10  μ m, depending on the size of the PSs 
used (200-nm to 10- μ m-sized PSs are commercially available). 
Such versatility and fl exibility renders our method valuable for 
many applications where the size of the structure is critical.   

 2.6. Fabrication of Pt and Cu 3D Surface Patterns 

 The versatility of our 3D surface pattern fabrication strategy lies 
in its ability to fabricate structures with different sizes, shapes, 
and compositions. In this regard, we fabricated platinum (Pt) 
semishell arrays.  Figure    8   shows the result of a 2 min electro-
chemically deposited Pt semishell surface pattern. The spec-
trum from energy dispersive X-ray (EDX) spectroscopy revealed 
that these semishells were pure Pt (Figure  8 b), without the 
signal from the gold layer. This was due to the fact that gold 
fi lm was etched away by Pt 3 +   ions. Magnifi ed images showed 
that the surface of the Pt semishell was very rough (Figure  8 c) 
and was formed by many Pt nanoplates (Figure  8 d). Each Pt 
shell covered about 50% of the surface of each PS (Figure  8 d).  

 The fi ne structure of the Pt semishells could be tailored by 
the deposition time. When the deposition time was prolonged 
to 6 min, the Pt semishells were more robust and transformed 
into “sea urchin”-like structures ( Figure    9  ). Many needle-like 
structures give the Pt semishells a high surface-area–to–volume 
ratio (Figure  9 d). These Pt semishell arrays could be used as 
catalysts because of their large surface-area–to–volume ratios 
and the existence of a signifi cant amount of high-index crystal 
planes. [  50  ]  Also, this kind of Pt semishell catalyst can be repeat-
edly used since these Pt semishells were anchored on a sub-
strate. Moreover, copper (Cu) semishells were also acquired 
with this selective electrochemical growth method (Figure S5, 
Supporting Information).    

 2.7. Fabrication of Metal Oxide 3D Surface Patterns 

 In addition to metal nanostructures, metal oxide nanostruc-
tures are also widely used in many areas. [  51  ,  52  ]  The structure 
and morphology of metal oxide nanostructures will undoubt-
edly affect their properties and performances when they are 
used in various devices. Thus, the versatile control inherent 
in our template-defi ned electrochemical growth technique is 
ideal for the fabrication of metal oxide 3D surface patterns. 
Among various metal oxides, MnO 2  is an important and widely 
studied electrode material in supercapacitors and lithium-ion 
batteries. [  51  ,  52  ]  Therefore, we take MnO 2  as a model material 
to study the feasibility of the selective electrochemical growth 
technique in creating metal oxide 3D surface patterns. MnO 2  
semishell arrays were successfully generated on the anode 
electrode ( Figure    10  a,b). The hollow structure of the semishell 
shown in the inset of Figure  10 a gives the structure a high sur-
face-area–to–volume ratio. The surface-area-to-volume ratio is 
further intensifi ed by a rough surface formed from a tremen-
dous amount of small nanoplates (Figure  10 c).  

 The EDX spectrum of these semishell surface patterns 
(Figure  10 e) indicates that the element ratio between Mn and 
O was about 1:2, implying that these semishells were MnO 2 . 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 720–730
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     Figure  7 .     a,b) SEM images of PS-Ag Janus particles with different orientations. c,d) Three and 
four PS-Ag mushroom-like clusters. e,f) Multiple PS-Ag heterostructure aggregates.  
It is important to note that the gold layer was still lying below 
the MnO 2  semishells, as verifi ed by the EDX spectrum. The 
     Figure  8 .     a) SEM image of 2 min deposited Pt semishell formed surface pattern. b) EDX spec-
trum. c) Magnifi ed image. d) A PS-Pt Janus particle.  
existence of the gold layer resolves the det-
rimentally poor conductivity bottleneck of 
MnO 2  when it is used as an electrode in 
supercapacitors. [  51  ,  52  ]  Single-layered MnO 2  
semishell arrays might be used in com-
pact supercapacitors. Good performance is 
anticipated if these MnO 2  semishell arrays 
are applied as electrodes in supercapacitors. 
After removing the MnO 2  semishells by a 
piece of adhesive tape, honeycomb-like MnO 2  
porous membranes emerged on the Si sub-
strate (Figure  10 d). Thus, after the selective 
electrochemical growth of the gold-coated PS 
array on the Si substrate, two layers of MnO 2  
formed simultaneously, with the top layer 
being the semishell array, and the bottom 
layer being the honeycomb-like structure on 
the Si substrate (see Figure  1 ). These two 
layers of MnO 2 , prepared in one step, could 
be used as anode and cathode electrodes for 
lithium-ion batteries, resulting in micrometer-
thick, extremely compact energy storage 
devices.   

 2.8. Fabrication of Conductive Polymer 3D 
Surface Patterns 

 Our fabrication strategy can be conveniently 
extended into the preparation of 3D surface 
patterns of conductive polymers. Polyaniline 
(PANI) nanostructures have been widely 
studied in various applications, such as 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 720–730
sensing, photovoltaic cells, supercapacitors, 
nano-actuators, and artifi cial muscles. [  53–57  ]  
We demonstrate that semishell arrays of 
PANI were successfully prepared through 
selective electro-polymerization of aniline 
on the MCC template covered by a gold layer 
(Figure S6, Supporting Information). 3D 
surface patterns of other conductive poly-
mers (e.g., poly(pyrrole)s, poly(thiophene-3-
acetic acid)) can also be fabricated using our 
approach.   

 2.9. SERS Sensing of the Prepared Ag 3D 
Surface Patterns 

 The 3D surface patterns described in pre-
vious sections have a wide range of potential 
applications. As an example, we investigated 
the surface-enhanced Raman scattering 
(SERS) [  58–62  ]  sensing performance of the 
fabricated Ag 3D semishell arrays. Using 
rhodamine 6G (R6G) as a probing molecule, 
we found that the Ag semishells showed 
even stronger SERS enhancement (curve a in  Figure    11  ) than 
the well-known bow-tie–structured Ag (curve b in Figure  11 ) 
725wileyonlinelibrary.comheim
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     Figure  9 .     Pt semishell array fabricated with 6 min deposition. a–d) SEM images with different 
magnifi cations. Note the inverted Pt semishells in the center area of (a).  
under the excitation wavelength of 532 nm. The stronger SERS 
enhancement is caused by the 3D structure of the semishells. 
A large amount of “hot spots” are integrated in both the rough 
semishells themselves and within the nanometer-scale crevices 
between neighboring semishells in the 3D surface patterns. 
Furthermore, the laser light is more effi ciently used to generate 
the SERS signal during the Raman spectrum detection induced 
by the 3D structure of the semishells (i.e., 3D structure-induced 
SERS enhancement). The enhancement factor of these Ag 
semishells is estimated to be on the order of 10 7  (under the 
excitation wavelength of 532 nm) based on previously reported 
calculation methods. [  9  ]  Ag microcups (see Figure  5 ) with the 
openings oriented upward should also show strong SERS sen-
sitivity, owing to the sharp edges of these microcups together 
with their rough surfaces. However, as shown in Figure  11  
(curve c), the SERS signal from the Ag microcup arrays was 
very weak. This is partly due to the fact that the inner surface 
of the Ag microcups is essentially the evaporated thin gold 
fi lm, which usually shows weaker SERS sensitivity compared 
with Ag nanostructures. This hypothesis was confi rmed in our 
control experiment: at the same detection parameters and the 
same R6G concentrations (10  − 8  M), gold fi lm (about 10 nm 
thick) evaporated on a glass slide showed no signals (curve d 
in Figure  11 ).  

 In order to thoroughly understand the SERS performance 
of the synthesized 3D Ag surface patterns, fi nite-difference 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
time-domain (FDTD) simulations were car-
ried out to simulate the local electromagnetic 
fi eld distributions within the Ag 3D surface 
patterns. As shown in  Figure    12  a, there 
were only two areas within the microcups 
that have strong local electric fi eld enhance-
ment, and these areas are not close to the 
surface. Since the probing molecules were 
closely located (several nanometers apart) 
at the inner surface of the microcups, the 
effective local electric fi eld amplitude con-
tributing to the SERS enhancement is quite 
weak, leading to poor SERS enhancement 
performance from Ag microcup arrays. In 
contrast, the local electric fi eld amplitude 
near ( < 5 nm) the whole Ag semishell surface 
was extremely high, as shown in Figure  12 b. 
Therefore, the 3D-structured semishells are 
very benefi cial for enhancing the Raman 
signal from the molecules tightly attached on 
their surfaces. In the FDTD simulations, we 
used Ag semishells with smooth surfaces as a 
model for simplicity, and if the rough surface 
of the Ag semishell is taken into account, the 
local electric fi eld should be even stronger. It 
should be noted that the SERS enhancement 
factor is highly dependent to the excitation 
wavelength (532 nm laser was used here) and 
the infl uence of the excitation wavelength on 
the SERS enhancement factor from different 
Ag surface patterns will be studied in the 
future.     
 3. Conclusion 

 We have demonstrated the large-scale fabrication of 3D surface 
patterns using a selective electrochemical growing process on 
MCC templates. Our method can produce 3D surface patterns 
with different structures (including semishells, Janus particles, 
microcups, and mushroom-like clusters). More importantly, it 
can be used to synthesize well-defi ned 3D surface patterns with 
prescribed compositions (metals, metal oxides, metal sulfi des, 
or conductive polymers). In a proof-of-concept study, we dem-
onstrate that 3D Ag semishell arrays fabricated by our approach 
exhibit excellent SERS properties under 532 nm laser excitation. 
The 3D surface pattern fabrication technique presented here 
is versatile, convenient, rapid, inexpensive, and reliable. With 
these advantages, it opens up a new avenue toward designing 
and synthesizing 3D surface patterns for various applications.   

 4. Experimental Section  

 4.1. MCC Template Synthesis and Gold Thermal Evaporation 

 Monolayer colloidal crystal (MCC) templates formed by 
PSs were prepared by a spin-coating method as previously 
heim Adv. Funct. Mater. 2013, 23, 720–730
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     Figure  10 .     a) SEM image of MnO 2  semishell surface patterns. Inset in is the tilt-view image. c) Enlarged image. d) Fishnet-like MnO 2  porous structures 
after removing the top MnO 2  semishell layer. e) EDX spectrum.  
reported. [  9  ,  20  ,  46  ,  47  ]  The as-prepared MCC templates were 
heated at 110  ° C for 10 min in order to reinforce the adhe-
sion between the PS spheres and the Si substrates beneath 
(if the heating temperature is lower, PSs could rotate or be 
detached during the immersion into the electrolyte solution). 
Consequently, a layer of gold fi lm was thermally evaporated 
on the MCC template surface using a thermal evaporator. 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 720–730
Thermal evaporation was carried out at 10  − 6  mbar and the 
evaporation speed was maintained at 0.02 nm per second. 
The thickness of the gold fi lm was about 10 nm. Due to the 
shadow effects, gold will only be deposited on the top sur-
faces of the PSs. MCC templates with the evaporated gold 
membranes were used directly as electrodes to conduct sub-
sequent electrochemical deposition of various materials.   
727wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  11 .     Raman spectra of R6G molecules absorbed on Ag semishell 
3D surface patterns (curve a), bow-tie-antenna-structured Ag (curve b), 
microcup arrays (curve c, 20 ×  enlargement), and gold thin-fi lm on a glass 
slide (curve d) under 532 nm laser excitation.  
 4.2. Electrochemical Deposition 

 Electrochemical deposition was carried out under a potentio-
static mode within a two-electrode cell. The counter electrode 
was a cleaned Si wafer with resistivity of about 0.02  Ω  · cm. The 
electrolyte solution for electrochemical deposition of Ag was 
prepared by dissolving 0.1 g sodium dodecyl sulphate and 0.5 g 
AgNO 3  into 40 mL deionized water. The deposition voltage was 
10 V. For Pt deposition, the electrolyte was made by dissolving 
0.1 g H 2 PtCl 6  into 40 mL deionized water. 4 V was used as 
the deposition voltage. For Cu deposition, 0.5 g CuSO 4  · 5H 2 O 
was added to 40 mL deionized water (a small amount of CuOx 
(0  <  x  < 2) was involved) under a voltage of 5 V. For the depo-
sition of Ag, Pt, and Cu, the MCC template was used as the 
cathode electrode. For the electrochemical deposition of MnO 2  
and PANI, the MCC template was used as the anode electrode. 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm

     Figure  12 .     Electromagnetic fi eld amplitude patterns from FDTD calculation
semishell.  
For the deposition of MnO 2 , 40 mL (0.01 M) Mn(Ac) 2  was used 
as the electrolyte, and the deposition voltage was 5 V. For the 
deposition of PANI, 450  μ L aniline was dissolved into 100 mL 
deionized water together with 0.4 mL HCl (1M) to form the elec-
trolyte, and the deposition voltage was 5 V. The electrochemical 
deposition time for Ag, Cu, and PANI was 30 min. The deposi-
tion time for Pt was varied from 2 to 6 min in order to study the 
infl uence of deposition time on the structure of the prepared 
Pt 3D surface patterns. The MnO 2  deposition time was 6 min. 
After the electrochemical deposition growth of Ag, PSs in the 
MCC template with the top surfaces enclosed by a layer of Ag 
were acquired. Microcup arrays of Ag, Pt, Cu, PANI, and MnO 2  
were acquired by dissolving PSs with toluene or CH 2 Cl 2 .   

 4.3. SERS Measurement 

 Ag 3D surface patterns were incubated in 10  − 8  M rhodamine 6G 
(R6G) aqueous solutions (with a small amount of ethanol) for 
1 h and then rinsed with deionized water before Raman spectral 
detections. The Raman scattering spectra were recorded with a 
confocal microprobe Raman system with the excitation wave-
length of 532 nm. The accumulation time was maintained at 
10 s. The Raman detections were repeated at fi ve randomly 
chosen sites, showing small intensity deviations (less than 15%).    
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