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limit of detection (LOD) in SERS analysis. 
Narrow gaps between metal nanostruc-
tures amplify the EM intensity by strongly 
coupling the EM waves due to charge 
localization at the gaps, making them 
appealing for SERS applications. [ 3 ]  Such 
nanogaps have been precisely designed by 
e-beam lithography, [ 4 ]  atomic layer deposi-
tion of metal oxides, [ 5 ]  and a combination 
of electron-beam-induced deposition and 
focused ion beam milling; [ 6 ]  however, such 
complex and time-consuming fabrication 
procedures, along with high production 
costs, severely restrict their practical use 
in SERS applications. Although colloidal 
lithography enables the creation of 2D 
metal nanogaps over a wide area, [ 7 ]  it is 
still diffi cult to achieve high nanogap den-
sity and uniform spatial distribution of the 
SERS intensity. Such limitations have been 
partially overcome by employing tem-
plates of the natural rib-structures in but-
terfl y wings [ 8 ]  and rose petals [ 9 ]  for metal 
deposition; these natural templates consist 
of periodic nanogaps in a vertical direc-
tion, which provide high nanogap density. 

Natural templates, however, are not mass-producible and may 
not be easily integrated into existing fabrication techniques. [ 10 ]  
Although nanogaps can be formed in artifi cial ridged nano-
structures, the depth and maximum number of the ridges are 
limited, and the array spans only an area of 1 mm 2 , restricting 
their SERS effi ciency and practical uses. [ 11 ]  As a result, there 
is still intense demand for an economical and reproducible 
method to create SERS substrates with a high density of metal 
nanogaps for highly sensitive and practical SERS analysis. 

 Here, we report a one-step lithographic method to create 
an array of vertically structured nanopillars for use as a SERS-
active substrate. The vertical structure of a single nanopillar 
consists of a series of nanogaps; we refer to the structure as 
a “pagoda-like nanopillar.” The array of nanopillars is pre-
pared by phase-shift interference lithography to have a perio-
dicity of 0.5 µm. Simultaneously, to vertically integrate the 
nanogaps, a standing wave is generated by a strongly refl ecting 
incident laser beam at the boundary between a photoresist 
fi lm and underlying substrate. This leads to the formation of 
disk-stacking structures with a periodicity of approximately 
100 nm along the main axis of the nanopillar. To use the array 
of nanopillars as a SERS-active substrate, silver is deposited on 
the surface, producing 20-nm-thick nanogaps on the side wall 
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  1.     Introduction 

 Surface-enhanced Raman scattering (SERS) can signifi cantly 
intensify the Raman signal of molecules absorbed on a metal 
surface; it has been used to detect and identify chemicals and 
biomolecules of an infi nitesimal quantity. [ 1 ]  In SERS, surface 
plasmons strongly localize electromagnetic (EM) waves on the 
surface of metallic nanostructures, thereby magnifying the 
EM fi eld on the surface and dramatically enhancing Raman 
scattering from adsorbed molecules. [ 2 ]  Amplifi cation of EM 
intensity is one of the most important factors in improving the 
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of the nanopillars. In each nanogap, the EM fi eld is strongly 
localized, which enables high enhancement of the Raman sig-
nals. In addition, the enhancement can be further improved by 
increasing the number of stories and tapering the nanopillars 
to have a cone shape. Moreover, this process results in uniform 
nanopillars with a low spatial variation of the SERS intensity, 
thereby providing a reliable SERS substrate. The interference 
lithography can be further combined with photo-lithography to 
makes micropatterns of the nanopillar arrays, which enables 
the SERS analysis of multiple samples on a single substrate.  

  2.     Results and Discussion 

  2.1.     Formation of Pagoda-Like Nanopillars 

 When a laser beam vertically impinges on a 2D grating with a 
periodicity comparable or larger than the wavelength of light, 
the images of the grating are repeatedly produced along the 
propagation direction of incident light with a periodicity larger 
than that of the grating; this is known as the Talbot effect. [ 12 ]  
As a result, interference lithography only produces regular 
structures on the length scale of the grating, which is typically 
several hundred nanometers in both lateral and propagation 
directions; the resulting structures are consequently inappro-
priate to be used as templates for metal deposition to form 
nanogaps for SERS . To integrate a high density of nanogaps, 
we further tailored the surface of the periodic structure to pos-
sess periodic gaps at a length scale of 100 nm by forming a 
partial standing wave within the photoresist fi lm. Periodic gaps 
of 100 nm provide 20-nm-thick metallic nanogaps after metal 
deposition; these are able to effi ciently amplify the EM fi eld for 
SERS applications. A standing wave can arise when two waves 
with the same frequency travelling in opposite directions inter-
fere. To form a standing wave within the photoresist fi lm, we 
use the refl ection of the incident light at the boundary between 
the photoresist and underlying substrate. The standing wave 
has a periodicity of  λ /2 n , where  λ  is the wavelength of light 
and  n  is the refractive index of the medium. By using a He-Cd 
laser with  λ  = 325 nm and a positive photoresist (AZ 5214E) 
with  n  = 1.69, we can form a standing wave with a periodicity of 
96 nm. The square array of cylindrical posts with a periodicity 
of 500 nm, made of NOA 68, is used as a diffraction grating; 
each post has diameter of 200 nm and height of 200 nm. To 
maintain a consistent distance between the grating and photo-
resist over a wide area, 20-µm-thick poly(dimethylsulfoxide) 
(PDMS) fi lm is used as a spacer that also ensures conformal 
contact. The experimental set-up is schematically illustrated in 
 Figure    1  a, and the scanning electron microscopy (SEM) image 
of the diffraction grating is shown in Figure  1 b.  

 Two waves with the same frequency and amplitude travel-
ling in opposite directions form a standing wave through inter-
ference. When the amplitudes are not the same, the standing 
wave becomes incomplete. As the discrepancy of the ampli-
tude increases, so does deviation from the standing wave. To 
investigate the infl uence of refl ectance on the formation of the 
standing wave and periodic vertical gaps, we employed two dif-
ferent substrates for photoresist coating: soda-lime glass ( n  = 
1.46) and silicon wafers ( n  = 3.7). For a normal incident light, 

the refl ection coeffi cient,  r , is determined by the refractive 
indices of the propagating media,  n  1  and  n  2 , as  r  = ( n  1  –  n  2 )/
( n  1  + n  2 ) according to the Fresnel equation. For the photoresist 
AZ 5214E ( n  = 1.69) on a silicon wafer,  r  is –0.373 while for 
the same photoresist on soda-lime glass,  r  is 0.073. The refl ec-
tion coeffi cient indicates the deviation from the standing wave; 
it is called the standing wave ratio (SWR). SWR = 1 for a pure 
standing wave, and SWR = 0 for a pure travelling wave. As a 
result, the partial standing wave formed by the silicon wafer is 
approximately 5 times closer to a pure standing wave than that 
formed by soda-lime glass; this makes an apparent contrast in 
the formation of the disk-stacking structures in each nanopillar. 

 When soda-lime glass is used as the substrate for a 500-nm-
thick photoresist, the surface of each resulting pillar with an 
average diameter of 330 nm is undulated to have 5 stories with a 
periodicity of 96 nm and a depth of 35 nm (Figure  1 c). We defi ne 
the depth as the difference between the largest and smallest radii 
in a single pillar. In contrast, using a silicon wafer, the substrate 
yields pillars with an increased depth of 60 nm, while retaining 
the same periodicity (Figure  1 d). As a result, the high refractive 
index of the substrate is a prerequisite for creating the standing 
wave, thereby undulating the surface with large amplitude and 
yielding periodic nanogaps in a disk-stacking structure. The 
infl uence of the substrates on the formation of the standing 
wave can be further confi rmed by fi nite-difference time-domain 
(FDTD) calculations (Figure  1 e); we also compared the inten-
sity profi le formed without any substrate and with glass and 
wafer substrates (Figure S1 in the Supporting Information, SI). 
With both substrates, partial standing wave is formed along the 
propagation direction; undulation of light intensity is observed 
in a periodicity of 96 nm, which is in good agreement with the 
observation. The intensity variation along the propagation direc-
tion is much sharper with a silicon substrate than soda-lime 
glass substrate. The magnifi ed intensity patterns, sectioned from 
overall profi les, manifest the difference in the intensity variation 
(Figures  1 e); the low-intensity region remains after development 
because we used a positive photoresist.  

  2.2.     SERS Activity of Pagoda-Like Nanopillars 

 To create metal nanogaps for SERS, we sputtered silver onto the 
surface of the pagoda-like structures with 5 stories and prepared 
with a silicon-wafer substrate, in order to have a gap width of 
20 nm, ( Figure    2  a). The sputtering is not highly directional but 
isotropic relative to electron-beam evaporation, enabling the for-
mation of a continuous silver fi lm on the side walls. [ 13 ]  We con-
fi rmed this by etching the silver fi lm on the top surface of the 
nanopillars using argon ion-milling and subsequently removing 
the AZ 5214E polymer by ethanol treatment. This left hollow 
silver tubes with side walls that were continuously undulated 
(Figure S2, SI). This isotropic silver deposition reduces the gap 
width from 40 to 20 nm. For a comparison, we deposited silver 
on the surface of the nanopillars with 5 stories and prepared with 
the soda-lime-glass substrate, in order to study the infl uence of 
nanogap depth on SERS activity (Figure  2 b); the surface undu-
lation becomes indistinct after silver deposition. In addition, we 
deposited silver on the surface of pillars without undulation to 
study the importance of the nanogaps (Figure  2 c); the diffraction 
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grating is used as a template for this purpose. To evaluate and 
compare the SERS-activity of these three different structures, we 
prepared a monolayer of benzenethiol (BT) on the metal surfaces 
and obtained the Raman spectra using a 633-nm laser with an 
intensity of 1 mW, spot diameter of 1 µm, and integration time 
of 5 s; for this, all three structures were immersed in 2-m M  BT 
dispersed in ethanol for 1 h and then rinsed with ethanol. As 
indicated in Figure  2 d, the pagoda-like nanopillars prepared with 
the silicon wafer exhibited distinct peaks at 994, 1017, 1071, and 
1571 cm −1  (black spectrum). [ 14 ]  While the nanopillars prepared 
with soda-lime glass showed a signal that was approximately four 
times weaker (red), no Raman signal was observed from the pillar 
with smooth surface (blue). These data indicate that the metal 
nanogaps formed on the distinct pagoda-like nanopillars strongly 
localize the EM fi eld and enhance Raman signal intensity. This is 
further confi rmed with the FDTD calculations (Figure  2 e). The 
electric fi eld is strongly localized at the metallic nanogaps on the 
side walls at which the maximum electric fi eld intensity (| E  Max | 2 ) 
is enhanced approximately 400 times relative to the incident fi eld.  

 Because the pagoda-like nanopillars are uniform and form 
an array, they provide consistent Raman intensity. Independent 
measurements of the spot position indicated that the spot diam-
eter is larger than 500 nm. As shown in Figure  2 f, we mapped the 
intensity of the Raman signal at 994 cm −1  from an area of 1 µm 2  
with a 633-nm laser with an intensity of 0.3 mW and integration 
time of 1 s. Each measurement involved four nanopillars. The 
coeffi cient of variation (CV) of Raman intensities from 121 pixels 
is as small as 14.8%, indicating high uniformity among the nano-
pillars and providing high reliability for SERS measurement; this 
is superior to liquid-crystal-based SERS substrates (CV: 21%) and 
the commercial Klarite SERS substrate (CV: 45%). [ 15 ]   

  2.3.     Structural Optimization of Pagoda-Like Nanopillars 

 To improve the SERS activity of the pagoda-like nanopillars, 
we increased the number of levels up to 8 by employing a 
photoresist with a thickness of 800 nm ( Figure    3  a). A distinct 
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 Figure 1.    a) Schematic diagram of experimental set-up for phase-shift interference and standing wave formation.  d  represents the grating period. 
b) SEM image of diffraction grating with 500-nm periodicity. c,d) SEM images of nanopillar arrays with undulating side walls; soda-lime glass (c) and 
silicon (d) are used as substrates. A side view of a single nanopillar is shown in each of the insets. e) Intensity profi les at the  y  =  d /2 plane calculated 
by the FDTD method for the underlying soda-lime glass (left) and silicon wafer (right). The two images in the middle show representative intensity 
profi les corresponding to nanopillars in c and d. PR represents the photoresist.



FU
LL

 P
A
P
ER

4684 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cylindrical disk was formed for each level (Figure  3 b), and 
this is confi rmed by FDTD calculations (Figure  3 b, inset), 
which shows a constant width for the low-intensity region. 
The nanopillar can be further modifi ed by increasing the laser 
dose. When the dose is increased from 4.3 to 6.9 J cm −2 , the 
pagoda-like structures become tapered while retaining their 
number of distinct disk-shaped stories (Figure  3 c,d). The larger 
laser dose more successfully degrades the positive photoresist, 
which reduces the dimension of the pillar structure. Because 
the intensity of the interference beam gradually decreases in 
the photoresist fi lm along the propagation direction, a larger 
dose leads to a large reduction in the stack radius at the top 
and small reduction at the bottom, forming tapered nanopil-
lars with distinct levels. This can be verifi ed by FDTD calcu-
lations (Figure  3 d, inset); with a large laser dose, the width of 
the low-intensity region gradually decreases from bottom to 
top. The pagoda-like nanopillars can be arranged periodically 
over a wide area of 1 cm 2  (Figure  3 e), where the regular array 
of nanopillars causes diffraction colors. The patterned area is 
limited only by spot size of the laser beam. The array of tapered 
nanopillars with 8 stories is shown in Figure  3 e (and Figure S3, 
SI). We benchmarked the SERS activity of the straight and 
tapered nanopillars with 8 stories and a commercially avail-
able SERS substrate, and we compared them with that of nano-
pillars with 5 stories. For this, we formed a monolayer of BT 
molecules on the surface and obtained the Raman spectra, in 
the same manner as the nanopillars in Figure  2 d. The straight 

nanopillars with 8 stories exhibited a Raman signal 1.63 times 
greater than that of the nanopillars with 5 stories ( Figure    4  a,b). 
The Raman signal was calculated from the average intensity 
of four characteristic peaks of BT. The tapered nanopaillars 
with 8 stories had a signal that was approximately 2.4 times 
greater than that of the nanopillars with 5 stories. In addition, 
we compared the SERS activity of the pagoda-like nanopillars 
with the commercial SERS substrate (Klarite SERS substrate) 
(Figure  4 a). The Raman intensity from the tapered nanopillars 
is approximately 35 times higher than that from the Klarite 
substrate, thereby enabling the tapered nanopillars to provide 
much higher sensitivity.   

 The enhancement of Raman intensity in the non-tapered 
8-story nanopillars compared to that in the 5-story nanopillars 
is attributed to an increased number of hotspots; the number 
of nanogaps increases from 4 to 7, thereby providing roughly 
1.75 times more hotspots in the nanogaps. The tapered nano-
pillars show higher signal than the non-tapered ones with the 
same number of nanogaps, in spite of their smaller surface 
area. We investigated this with FDTD calculations (Figure  4 c). 
When considering all the nanogaps of the tapered and non-
tapered nanopillars, the EM fi eld is most strongly coupled at 
the top nanogap of the tapered structures. This is attributed 
to the additional coupling effect along the lateral direction. At 
the top nanogap, a polymer disk with a diameter of 70 nm is 
surrounded by a silver ring, which can facilitate localization 
of the EM fi eld under the incident beam whose direction of 
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 Figure 2.    a–c) SEM images of silver-deposited nanopillar arrays, where pillars in a and b are prepared by employing phase-shift interference and a par-
tial standing wave with substrates of silicon wafer (a) and soda-lime glass (b); pillars in c are prepared by replicating the diffraction grating. d) Raman 
spectra of benzenethiol (BT) molecules adsorbed on the surfaces of three distinct nanopillars in a–c. e) Spatial distribution of the electric fi eld intensity 
normalized by the electric fi eld of the 633-nm incident light, | E | 2 /| E  0 | 2 , in silver-deposited disk-stacking structure. This is calculated by the FDTD method 
with the geometric dimensions of the nanopillars in (a). EX represents the polarization direction of electric fi eld. f) Map of Raman intensity at 994 cm −1  
measured from the BT adsorbed on the surface of nanopillars in a, where each measurement covers an area of 1 µm 2  and the map comprises 121 
pixels. Coeffi cient of variation of the intensity is 14.8%.
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electric fi eld is parallel to the disk. This combination of lateral 
and vertical coupling effects enables an electric fi eld inten-
sity at the nanogap (| E  Max | 2 ) that is approximately 1150 times 
larger than that of incident light (| E  0 | 2 ; Figure  4 c); the average 
enhancement of the intensity at the other nanogaps is roughly 
130. In a similar manner, the EM fi eld is more strongly cou-
pled at the second and third nanogaps than at the others. This 
enhanced localization of the EM fi eld enables higher Raman 
intensity in the tapered nanopillars. To quantitatively analyze 
the enhancement of Raman intensity, we integrated the value 
of | E | 4 /| E  0 | 4  along the surfaces of the three different structures 
(Figure S4, SI) and compared them (Figure  4 d, left axis); the 
Raman signal is linearly proportional to the square of the elec-
tric fi eld intensity, | E | 4 /| E  0 | 4 . This trend of the integrated values 
of | E | 4 /| E  0 | 4  is in good accord with the experimental measure-
ments (Figure  4 b); the non-tapered nanopillars with 8 stories 
exhibited integrated values of | E | 4 /| E  0 | 4  that are 1.90 times those 
of the nanopillars with 5 stories, and the tapered nanopaillars 
had values 2.65 times those of the 5-story nanopillars. This con-
fi rms that high Raman intensity in the tapered structure arises 
as a result of the strong localization of the electric fi eld at the 
narrow nanogaps. 

 To calculate the enhancement factor (EF) of the Raman 
intensity of the BT molecules by the pagoda-like nanopillars, 
we obtained the Raman intensities of a the monolayer of BT 
on the surface of the nanopillars,  I  SERS , and of a 99% bulk BT 
solution,  I  Bulk ; the estimated number of BT molecules for both 
measurements were designated as  N  SERS  and  N  Bulk , respec-
tively. Because Raman intensity from one molecule on the sur-
face of a nanopillar is  I  SERS / N  SERS  and that from one molecule 
in bulk is  I  Bulk / N  Bulk , the EF can be estimated as ( I  SERS / N  SERS )/
( I  Bulk / N  Bulk ), where  N  SERS  is calculated from the packing density 
of BT molecules on a silver surface and  N  Bulk  is obtained from 
the bulk density of the solution (see Section S5, SI for details of 
the calculation). The EF values based on the Raman intensity 
of BT at 1071 cm −1  are 5.4 × 10 6  and 5.7 × 10 6  for non-tapered 
nanopillars with 8 and 5 stories, respectively (Figure  4 d, right 
axis). These values are almost the same because intensities of 
the localized electric fi eld at the nanogaps are comparable. In 
contrast, tapered nanopillars with 8 stories possess an EF twice 
as large, 1.05 × 10 7 . The EF is as high as 3.15 × 10 8  when the 
top nanogap is only used to estimate the EF; this is suffi ciently 
large for single-molecule analysis. [ 16 ]  The value of | E | 4 /| E  0 | 4  for 
the top nanogap is 30 times the average value from the whole 
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 Figure 3.    a,b) A set of SEM images of silver-deposited cylindrical nanopillars with 8 stories. The inset of b depicts a section of the FDTD calculation 
corresponding to the structure. c,d) An analogous set of data for cone-shaped nanopillars with 8 stories, where the laser dose was increased to taper 
the nanopillars, which is refl ected in FDTD calculation (d, inset). e) Low-magnifi cation SEM image of the cone-shaped nanopillars with 8 stories. Dif-
fraction colors from nanopillar array are shown in the inset.
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surface (Figure S4, SI). As a result, the tapered nanopillars pro-
vide both the highest Raman intensity and EF among all three 
structures, making it the optimal nanopillar structure for SERS 
applications.  

  2.4.     Analysis of Multiple Samples Using Micropatterned 
Nanopillar Arrays 

 We design structured nanopillar systems with two character-
istic features; each nanopillar comprises multiple levels with 
100-nm periodicity formed by a standing wave, and they are 
arranged in an array with 500-nm periodicity as a result of 
phase-shift interference. We can introduce an additional feature 
at the micrometer scale by employing photo-lithography, which 
is highly compatible with our current approach. [ 17 ]  After laser 
illumination through a grating, the photoresist is further sub-
jected to UV irradiation through a photomask. The photoresist 
under the transparent region of the photomask is selectively 
irradiated, thereby dissolving during development. For example, 
a photomask composed of opaque circles with transparent sur-
roundings can be used to selectively create a pattern of circles, 
each with an array of pagoda-like nanopillars ( Figure    5  a,b). The 
circles with a diameter of 1 mm exhibit bright diffraction colors 
due to the formation of the regular array of nanopillars; the size 
of the patterns can be signifi cantly reduced by using the appro-
priate photomask (Figure S6, SI). 

  Such micropatterned nanopillar arrays are useful for the 
SERS analysis of multiple samples on a single substrate. By 
exploiting the different wetting properties of patterned and 

unpatterned substrates, multiple SERS analysis is possible on 
a single substrate. The silver-deposited photoresist without any 
nanostructures shows an equilibrium contact angle of 34° for a 
mixture of water and ethanol at volume ratio of 3:7 (Figure S7a, 
SI). The same liquid spreads on the surface of the nanopillar 
arrays due to accommodation of the liquid in the interstices 
between nanopillars; this is referred to as Wenzel state. [ 18 ]  The 
contact angle is estimated as 2° with low accuracy. As a result, 
the mixture prefers to wet the nanostructures rather than wet 
the fl at surface when it is deposited on the patterns. This ena-
bles us to confi ne the deposited liquid on the circles of “nano-
pillar forests” up to a contact angle of 34°, which would other-
wise spread. The surface area on which the liquid is deposited 
can be reduced by up to a factor of 6.88 in the circular pattern; 
this is with respect to the area of the unpatterned nanopillar 
arrays (see Figure S8, SI). Therefore, the surface concentra-
tion of molecules can be increased by the same factor, poten-
tially providing higher intensity in the Raman signal. Super-
hydrophobic surfaces have been used for the concentration 
of an analyte to a factor of larger than 10 3 ; [ 19 ]  however, such 
surfaces are not able to confi ne multiple independent liquid 
samples at a high density. To demonstrate the multiple sample 
analysis, we prepared four different solutions: rhodamine 6g 
(R6G), BT, 4-aminothiophenol (4-ATP), and 2-naphthalenethiol 
(2-NT). Each solution had a concentration of 2 m M  and was 
manually deposited on four discrete circles of a patterned sub-
strate (Figure  5 c). During the evaporation of the solution, the 
liquid remains within its circle without spreading (Figure  5 d), 
and the corresponding Raman spectra is obtained for the four 
spots, revealing the characteristic peaks of the corresponding 
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 Figure 4.    a) Raman spectra of BT adsorbed on the surface of cone-shaped nanopillars with 8 stories, cylindrical nanopillars with 8 stories, cylindrical 
nanopillars with 5 stories, and commercial Klarite substrates. b) Raman intensities at 994, 1017, 1071, and 1571 cm −1  for the three different nanopillar 
structures, where the intensities are normalized with those measured from cone-shaped ones. c) Spatial distribution of the electric fi eld intensity, 
| E | 2 /| E  0 | 2 , in the silver-deposited cone-shaped nanopillars (left) and cylindrical nanopillars (right). d) Integrated values of | E | 4 /| E  0 | 4  along the surfaces of 
the three different nanopillar structures, which are normalized with respect to that calculated from the cone-shape ones (left  y -axis); the experimentally 
estimated Raman enhancement factor for the three structures (right  y -axis). 
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molecules (Figure  5 e). The density of SERS-active sites can 
be signifi cantly increased by employing the micropattern of 
nanopillar arrays (Figure S6, SI); therefore, a micropattern 
of this type would be able to analyze as many as 10 4  samples 
per 1 cm × 1 cm if an automatic deposition system were used 
for the precise deposition of small amounts of samples on the 
active sites.   

  3.     Conclusion 

 In this work, we report an optical method to create multi-
dimensional structures for SERS-active substrates. Phase-shift 
interference was used to make periodic array of pillars at the 
sub-micrometer scale, and a partial standing wave was simul-
taneously employed to vertically integrate metal nanogaps on 
the side walls of the pillars; silver was used in this work, but 
gold could also be employed to enable long-term stability. Fur-
thermore, photo-lithography enabled the creation of patterns of 

the arrays of pagoda-like nanopillars at the sub-millimeter scale, 
providing discrete SERS-active sites with controlled wettability. 
This is appealing for the analysis of many samples on a single 
substrate. For example, the distribution of the water pollutants 
of an entire lake could be analyzed using a single micropat-
terned substrate with high reliability by sampling water from 
thousands of different locations. The series of nanogaps in each 
nanopillar enables a high enhancement factor of the Raman 
signal and a large surface area for molecular adsorption. The 
signal can be further amplifi ed in tapered pillars through the 
additional coupling of the electric fi eld along the lateral direc-
tion. In addition, structural uniformity of the pillar array allows 
for a consistent Raman intensity regardless of the measure-
ment spot position, thereby making these systems reliable 
SERS-active substrates. The high reproducibility, the ease of 
the fabrication process, and their ability for high enhancement 
and consistent intensity of the Raman signal will allow for these 
systems to provide new opportunities for practical Raman-based 
sensor applications.  

 Figure 5.    a) Array of circles with a diameter of 1 mm composed of silver-coated nanopillars. The circles show diffraction colors due to the periodic 
array of the nanopillars at the wavelength scale. b) SEM image showing the edge of a circle. The inset shows the nanopillars near the edge. c) Sample-
deposited array, where four different water–ethanol solutions of rhodamine 6G (R6G), BT, 4-aminothiophenol (4-ATP), and 2-naphthalenethiol (2-NT) 
are dropped on circle #1, #2, #3, and #4 respectively. d) A series of optical microscopy images showing a confi ned drop within one of the circles 
during solvent evaporation. e) Raman spectra obtained from the circle #1, #2, #3, and #4 after evaporation of the solvents; the spectra show the 
characteristic peaks of the corresponding molecules.
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  4.     Experimental Section 
  Fabrication of Arrays of Pagoda-Like Nanopillars : To prepare the 

500-nm-thick fi lm of positive photoresist on either soda-lime glass 
(Hissan) or a silicon wafer (Sehyoung Wafertech), a mixture of 
photoresist (AZ 5214E, Merck) and propylene glycol methyl ether 
acetate (PGMEA, Aldrich) at a volume ratio of 5:5 was spin-coated at 
1500 rpm for 30 s and then soft-baked at 95 °C for 2 min. To prepare 
the 800-nm-thick fi lm, a mixture with a volume ratio of 6:4 was spin-
coated and baked under the same conditions. Optical gratings were 
prepared by molding PDMS hole arrays with a photocurable polymer 
(NOA 68, Norland Products, Inc.) to have a square array of pillars, 
each having a diameter of 200 nm, height of 200 nm, and periodicity 
of 500 nm. The grating was placed on the surface of the photoresist 
fi lm with 20-µm-thick PDMS spacers; it was then vertically irradiated 
with a 325-nm laser with a beam diameter of 1 cm and intensity of 
0.86 mW cm −2  (CW He-Cd laser, Kimmon) for 5 s to make non-tapered 
pillars and for 8 s to make tapered pillars. After the exposure, the 
photoresist was washed with developer (AZ 400K, Merck). Silver was 
deposited on the resulting pillar array using a multi-sputter (Sorona) 
to produce a 20-nm-thick fi lm on the fl at substrate. To pattern the 
nanopillar arrays, the photoresist fi lm was irradiated through a 
photomask by UV light at an intensity of 14 mW cm −2  (CA-6M, Shinu 
Mst) for 30 s prior to development. 

  Raman Spectra : To form a monolayer of BT on the surface of the 
silver-coated nanopillar arrays, the substrate was immersed in an 
ethanolic solution of 2 m M  BT for 1 h; it was then subjected to washing 
with ethanol and drying with nitrogen gas. To analyze four different 
samples using patterned pillar arrays, R6G, BT, 4ATP, and 2NT were 
each dissolved at a concentration of 2 m M  in a mixture of water and 
ethanol at a volume ratio of 3:7. The samples were then dropped on the 
patterned system and dried at room temperature. Raman spectra from 
the substrate were obtained using a dispersive Raman spectrometer 
(Horiba Jobin Yvon) with a 1-mW, 633-nm laser and an integration 
time of 5 s. For Raman mapping, spectra were obtained at a power of 
0.3 mW and an integration time of 1 s.  
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