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ABSTRACT: The fabrication of well-ordered metal nano-
particle structures onto a desired substrate can be effectively
applied to several applications. In this work, well-ordered Ag
nanoparticle line arrays were printed on the desired substrate
without the use of glue materials. The success of the method
relies on the assembly of Ag nanoparticles on the anisotropic
buckling templates and a special transfer process where a small
amount of water rather than glue materials is employed. The
anisotropic buckling templates can be made to have various
wavelengths by changing the degree of prestrain in the
fabrication step. Ag nanoparticles assembled in the trough of the templates via dip coating were successfully transferred to a flat
substrate which has hydrophilic surface due to capillary forces of water. The widths of the fabricated Ag nanoparticle line arrays
were modulated according to the wavelengths of the templates. As a potential application, the Ag nanoparticle line arrays were
used as SERS substrates for various probing molecules, and an excellent surface-enhanced Raman spectroscopy (SERS)
performance was achieved with a detection limit of 10−12 M for Rhodamine 6G.

KEYWORDS: nanoparticle assembly, Ag nanoparticles, buckling structure, SERS, dip coating, nanoparticle transfer using wettability,
glue-free transfer

■ INTRODUCTION

Over the past decade,1-dimensional (1-D), 2-dimensional (2-
D), and 3-dimensional (3-D) ordered structures of nano-
particles have attracted a massive amount of interest due to
their potential applications as photonic band gap materials,1

high-efficient sensors,2,3 low-cost solar cells4 and sacrificial
templates for lithography.5−7 To realize such applications, the
successful assembly of nanoparticles into a well-ordered
structure on desired surfaces is very crucial since randomly
aggregated nanoparticles could hinder specific properties of the
assembled nanoparticles, including plasmonic coupling effects,8

optical bandgaps,9 and metamaterial effects.10

To ensure the self-assembly of colloidal metal nanoparticles
into well-ordered 1-D, 2-D, and 3-D structures, various
methods such as sedimentation,11 evaporation,12 use of external
electric fields13 and electrostatic potential,14 electrochemical
deposition,15 block copolymer micelle nanolithography,16 and
template-assisted approaches17−20 have been extensively
investigated and some progress has been reported. Among
the techniques, template-assisted approaches have been widely
employed to obtain closed-packed nanoparticle arrays.
Although the template-assisted technique may require an
additional transfer process, it has important advantages in

terms of cost-effectiveness, controllability and assembly
precision in macroscopic dimensions compared to other
approaches.21−23 In contrast to our technique, assembling of
nanoparticles using electron beam lithography not only requires
expensive equipment with complicated procedures but also is
not suitable to achieve an assembled structure over a large
area.24 On the other hand, self-assembly methods have limited
structural controllability compared to the template-assisted
technique.21 In the template-assisted approaches, nanoparticles
dispersed in suspension can be well-aligned into predefined,
topographically structured surfaces such as grooves, micro-
molds and trenches by the hydrodynamic flow of the solvent.
However, in order to utilize such methods in practical aspects,
nanoparticle arrays assembled on the predefined templates
should be transferred to the desired flat substrate. Ling et al.
investigated an assembly process for a 3-D structure of
polystyrene (PS) particles using a poly(dimethylsiloxane)
(PDMS) mold and a transfer process to a flat surface with
the help of a surface chemical treatment.25 Jeong and co-
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workers demonstrated a reversible assembly process where
patterned colloidal arrays could be fabricated on a flat surface
through the use of a PS buckling structure.26 Although a
colloidal assembly and printing with good controllability were
achieved, the inevitable need for a surface treatment and the use
of glue materials in the process may have a detrimental
influence on synthesized structures for several bioanalysis and
biosensor applications.27 As an application of assembled
nanoparticles, a lot of research effort has been made to develop
functional metallic and plasmonic arrays for SERS applications.
Since the performance of SERS substrates such as accuracy of
quantitative analysis and reproducibility are generally inferior
because of random distributions of metal nanoparticles,28

periodicity of metallic nanoparticle arrays is an elegant way to
obtain high reproducibility and quantitative analysis.29

In this Research Article, we demonstrate a facile approach to
assemble Ag nanoparticles onto a predefined buckling structure
and transfer the assembled Ag nanoparticle arrays without any
glue material. Anisotropic buckling structures were used to
prepare topologically patterned templates by releasing the
strain of mechanically prestretched PDMS substrates with a
transferred PS layer. Ag nanoparticle suspension were
synthesized via the polyol process and assembled on a
topographically patterned template in microscopic line arrays
by dip-coating. The wavelengths of the anisotropic buckling
structure could be adjusted by changing the degree of prestrain
in the prestretched PDMS substrate, and the corresponding
widths of the assembled nanoparticle line arrays also could be
manipulated. Patterned line arrays of Ag nanoparticles were
successfully printed onto a desired flat substrate without glue
materials using the capillary forces of water. Because the
capillary forces were mainly related to the difference between
the surface tension of the solution and the substrate, it was
confirmed that the aspects of the Ag nanoparticle line arrays
transferred onto the desired substrates were changed according
to the surface wettability of the substrate. As a proof-of-
concept, we demonstrated the performance of the glue-free line
arrays of Ag nanoparticles as a SERS substrate.

■ EXPERIMENTAL SECTION

Synthesis of Ag Nanoparticles. Five milliliters of ethylene
glycol was first heated for 1 h at 152 °C. Then, 1.5 mL of a 94
mM Ag nitrate (AgNO3) solution mixed with 1.5 mL of a 147
mM polyvinylpyrrolidone (PVP) solution was added into the
preheated ethylene glycol, and stirred for 30 min. This sample

was cooled to room temperature and, diluted with acetone, and
the synthesized Ag nanoparticles were centrifuged at 3500 rpm
for 20 min to remove the ethylene glycol. Then the Ag
nanoparticles diluted with methanol were centrifuged at the
same conditions several times to remove unreacted PVP
residues. The elimination of PVP residues was demonstrated by
measuring Fourier transform infrared (FTIR) spectroscopy of
Ag nanoparticles after multiple centrifugation steps as shown
Figure S1 in Supporting Information. Finally, the synthesized
Ag nanoparticles were dispersed in 5 mL of deionized water
(DI water).

Preparation of an Anisotropic Buckling Template. Flat
PDMS substrates were prepared by mixing a Sylgard 184 base
and its curing agent in a 20:1 (base:curing agent) volume
composition. After it was mixed, the solution was kept at room
temperature overnight and then heated at 80 °C for 12 h. PS
thin films were prepared by spin-coating a 1% PS solution
dissolved in toluene onto an oxygen plasma-treated Si wafer.
After the PDMS substrate was mechanically stretched in one
direction, the PS thin films on Si were placed in contact with
the prestrained PDMS substrate and then immersed in DI
water to separate the Si wafer from the PS layer. After 5 min,
the Si wafer was removed and release of strain in the PDMS
substrate created anisotropic buckling of the PS thin film.

Assembly and Transfer of Ag Nanoparticles. A dip-
coating process was used to assemble Ag nanoparticles onto the
anisotropic buckling template. Prior to dip-coating, the buckling
template was exposed to oxygen plasma (40 W, 2 sccm, 50 s).
The template was immersed in the Ag nanoparticles solution
such that the line patterns of the template were perpendicular
to the surface of the solution. The template was then
withdrawn vertically at the speed of 0.012 mm/min. For the
transfer of Ag nanoparticles, a cleaned Si wafer was treated with
oxygen plasma (70 W, 2 sccm, 180 s) to produce a hydrophilic
surface. Ten microliters of water was then dropped onto the
cleaned wafer and the template filled with Ag nanoparticles was
placed onto the droplet. After it was dried overnight to
eliminate water, the template was removed from the substrate.
To confirm the effect of the surface wettability of the Si wafer in
the transfer process, the surface of the Si was modified by
immersing it in a 3 mM solution of dodecyltrichlorosilane
(DTS) dissolved in toluene for 20 min at room temperature;
the details of this process are described elsewhere.30,31 The
samples were then annealed at 120 °C for 15 min. For the
preparation of Ag nanoparticle line arrays with glue materials,
poly(e-caprolactone) (PCL) films were produced by spin-

Figure 1. Fabrication process used to assemble glue-free Ag nanoparticle line arrays on a flat substrate: (a−c) procedure to obtain anisotropic
buckling templates, (d and e) assembly of Ag nanoparticles onto a template, and (f−h) transfer of Ag nanoparticle line arrays onto the desired
substrate.
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coating a PCL solution in toluene (3 wt %) at 1500 rpm for 60
s on Si wafers. The stretched buckling templates containing Ag
nanoparticle arrays were placed on top of the PCL layer, which
was preheated to 65 °C in a conformal manner.
SERS Measurements. Rhodamine 6G (R6G), Nile blue A

(NBA), and 1,2-bis(4-pyridyl)ethylene (BPE) were used as
probing molecules for SERS measurements. For the prepara-
tion of SERS-active substrates, fabricated samples of Ag
nanoparticle line arrays were immersed in R6G, NBA, and
BPE solutions of 10−3, 10−6, 10−9, and 10−12 M for 24 h and
then dried under nitrogen flow. Since the excess solutions on
the substrates can be completely removed through nitrogen
flow after the dipping process, the probing molecules-coated
SERS substrates without excess molecules can be obtained
using the dipping step. Also, during the dipping step of
substrates in these solutions, diffusion of Ag nanoparticles in
the line arrays does not occur due to enhanced adhesion force
between each nanoparticle. (Figure S2 in Supporting
Information) He−Ne laser (633 nm) was used as a light
source and a laser power of 20 μW was employed for 1 s. SERS
spectra were obtained using a HORIBA Lab Ram ARAMIS
Raman spectrometer. Excitation light was focused on the
samples using a 100× microscope objective (Olympus
microscope) and a diffraction grating of 600 gr/mm.
Characterization. Surface morphologies were examined

using a JEOL JSM-7001F field emission scanning electron
microscope (FE-SEM) and a Park System XE-100 atomic force
microscope (AFM). FTIR spectrum was measured with Bruker
Vertex 70 FT-IR Spectrometer.

■ RESULTS AND DISCUSSION
Figure 1 illustrates the procedure for printing Ag nanoparticles
arrays on a flat substrate. This procedure involves three main
steps: fabrication of anisotropic buckling template, assembly of
Ag nanoparticles onto the template and transfer of the Ag
nanoparticle line arrays onto a flat substrate. Figure 1a−c
schematically illustrates the process for fabricating an
anisotropic buckling template. A 70 nm-thick PS layer was
transferred from a hydrophilic Si wafer to a 2 mm-thick
prestrained PDMS substrate in one direction. To transfer the
PS layer, the hydrophilic Si wafer coated with the PS layer was
placed onto the prestrained PDMS substrate, and the structure
was immersed in DI water for 5 min. During this step, the PS
layer was successfully separated from the wafer since water can
infiltrate into the interface between the hydrophilic wafer and
the hydrophobic PS layer. After 5 min, the strain in the
prestrained PDMS substrate with the transferred PS layer was
released, thereby generating uniform anisotropic buckling
patterns on the PS layer. To assemble the Ag nanoparticles
in solution onto the troughs of the anisotropic buckling
template, the dip-coating process was employed as shown in
Figure 1d and e. Prior to dip-coating, the anisotropic buckling
template was slightly treated with oxygen plasma treatment to
induce a hydrophilic surface. The template was then immersed
in the Ag nanoparticle solution with the direction that its line
patterns were parallel to the vertically withdrawing direction. By
withdrawing at a uniform rate, Ag nanoparticles could be
selectively deposited into the troughs of the template. Figure
1f−h illustrates the transfer process for assembled Ag
nanoparticles from the buckling template to a flat substrate.
In this transfer process, a small amount of water was used to
achieve successful transfer of the Ag nanoparticles without any
glue materials that are generally employed to provide adhesion

between the substrate and the particles in typical transfer
processes. Ten microliters of water was dropped onto the
hydrophilic flat substrate and then the buckling template
containing the assembled Ag nanoparticles was placed on the
small amount of water until the water was evaporated
completely as shown in Figure 1f and g. Through this transfer
process, Ag nanoparticle line arrays were successfully trans-
ferred onto the desired substrate without any glue materials,
which mostly have detrimental effects in a wide range of
applications, including chemical or biological sensors, optical
and electrical unit.
The Ag nanoparticles employed in this work were

synthesized by the polyol process,32 where ethylene glycol
acted as both a reductant and a solvent for Ag ions. Through
heating process, most of the Ag ions in the ethylene glycol were
reduced to twinned or multiply twinned particles (MTPs) that
have surfaces bounded by lowest-energy {111} facets. On the
nanometer scale, reduced metal ions mainly prefer to nucleate
and grow into MTPs, which generally have a trigonal and
lamella shape.33 Therefore, chemical capping reagents have to
be added in the synthesis process to obtain other morphologies,
including spheres with less stable facets.34 When the capping
agent, PVP, was introduced, the selective interaction between
PVP and the planes of the silver MTPs adjusted the growth rate
of the silver MTPs according to the directions of planes.
Through the use of PVP, Ag nanoparticles with a spherical
shape were successfully synthesized. Figure 2a shows an SEM

image of the synthesized Ag nanoparticles, which have an
average diameter of 82 nm, with a standard deviation of 16 nm.
The diameter distribution of the Ag nanoparticles is displayed
in Figure 2b.
Figure 3a and b provide AFM and optical microscopy images

showing the anisotropic buckling structures obtained by
applying a 35% uniaxial mechanical strain on the PDMS
substrate. By releasing the mechanical prestrain, uniaxial
compressive stress created periodic buckling patterns based
on the difference between the Young’s modulus of the PDMS
substrate and the PS layer. Figure 3c shows a cross-sectional
graph of the obtained buckling structures, taken along the line
A−A′ shown in Figure 3b. It is evident that the obtained
buckling structures have uniform wavelengths and heights. The
uniform buckling structure was well formed over the entire area
of the PS layer, as shown in Figure 3d. Although a few y-shape
defects were generated in the PS buckling structure, the
negative effects of these y-shape defects on the whole sample
were negligible since the defects were intrinsic to the fabrication
process35 and the area covered by the defects was much smaller

Figure 2. (a) Typical SEM image showing the Ag nanoparticles
synthesized via the polyol process. (b) Histogram of the diameter
distribution of the Ag nanoparticles.
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than the buckling structured regions. The patterns were
perpendicular to the stretching direction of the PDMS
substrate, and the mean wavelength of the buckling structure
was 3.39 μm. This value is comparable to the theoretically
estimated one, 3.89 μm, obtained from an equation based on
finite deformation buckling theory.35 According to the finite
deformation buckling theory, the wavelength of a buckling
structure is
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where h is the thickness of the PS layer with an elastic modulus
Ef of 3.5 GPa, Poisson’s ratio vf of 0.35, while εpre is the degree
of prestrain in the stretched PDMS substrate with a Young’s
modulus Es of 0.51 MPa and Poisson’s ratio vs of 0.48. The
wavelengths of the buckling structures depend on the prestrain

degree imposed on the elastomeric substrate in agreement with
eq 1. Figure 3e shows the wavelengths of the buckling structure
for various prestrain degrees. As the degree of prestrain in the
PDMS substrate increases, the wavelength of the buckling
structure tends to be reduced; this relation corresponds well to
the finite deformation buckling theory. By modulating the
wavelengths of the anisotropic buckling templates, the width of
the Ag nanoparticle line arrays transferred onto the flat
substrates can be readily controlled. Supporting Information
Figure S3 shows typical SEM images of Ag nanoparticle line
arrays on flat substrates obtained when various templates with
buckling structures of different wavelengths are used. The
buckling templates employed to fabricate the Ag nanoparticle
line arrays in Supporting Information Figure S3 were obtained
by applying several prestrain degrees of 20%, 35%, and 50% in
the fabrication step of the buckling templates and the
corresponding widths of Ag nanoparticle line arrays were
4.33, 3.58, and 3.19 μm, respectively.
Figure 4a exhibits a top-view AFM image of Ag nanoparticles

deposited on the trough of a template; the corresponding cross-
sectional graph is also displayed. The obtained buckling
structure can be utilized as a template for the assembly of
patterned nanoparticles through dip-coating under proper
conditions. The use of dip-coating in template-assisted self-
assembly to prepare well-guided nanoparticle arrays has been
reported by several researchers. Lu et al. investigated the
strength of an anisotropic wavy structure as a self-assembly
template, and nanoparticles were found to be confined in the
troughs of the structures after dip-coating.36 Because capillary
forces were stronger in the troughs of the anisotropic buckling
template due to its wavy structure as shown in Figure 4b, Ag
nanoparticles were selectively assembled in the troughs of the
template.
Here, a surface treatment to produce a hydrophilic surface on

the target substrate was critically important for successful
transfer of the Ag nanoparticles. Hanske et al. demonstrated the
role and effect of surface wettability of the substrate in the
transfer process of chemically treated organic nanoparticles.37

During the drying step to remove water, the Ag nanoparticles
were released from the surface of PS layer with the assistance of
capillary forces from the water. Figure 5b shows well-defined
Ag nanoparticle line arrays transferred from a buckling template
to a Si substrate that was treated to induce sufficient surface
tension and thus generate capillary forces with a water contact
angle θ < 10°. The Ag nanoparticle line arrays had not only the
uniform and periodic width, but also a high concentration of Ag
nanoparticles in the periodic lines without utilizing glue
materials. According to previous studies, the movement of
nanoparticles that are fully immersed in water is significantly
influenced by convective water flow.38 Therefore, if hydrophilic
surfaces are used as target substrates, it is expected that the Ag
nanoparticles on the PS templates will be transferred by
convective flow of the water toward the meniscus, which is
caused by water evaporation at the air−water interface39 as
shown in Figure 5d. To investigate the influence of surface
tension of the substrate on the transfer process, the target
substrate was treated to yield a hydrophobic surface with a
water contact angle θ = 106° by applying a monolayer of DTS
before the transfer process. Figure 5c shows an SEM image of
the surface of the hydrophobic target substrate coated with a
monolayer of DTS after the transfer process. In contrast to the
case of a hydrophilic substrate, which induces capillary forces,
most of the Ag nanoparticles were not transferred when the

Figure 3. Anisotropic buckling structure of the PS layer on the PDMS
substrate: (a) optical image, (b) its corresponding AFM image, and (c)
topography of the cross section at a prestrain degree of 35%. (d)
Photograph image (left) and the corresponding optical image (right)
of PS buckling structures on PDMS substrates. The Yonsei University
logo is reprinted with permission from Yonsei University. (e) The
measured and theoretical values of the wavelengths of the buckling
structure as the prestrain degree is varied.
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surface of the substrate was hydrophobic. Generally, for
surfaces that have hydrophobic properties with a contact
angle θ > 90°, capillary action does not occur in a closed tube.40

When hydrophobic surfaces coated with a DTS monolayer are

used as substrates, small capillary forces might be generated
only on the surface of PS as described in Figure 5e, because the
DTS-coated Si substrates have surface tensions (water contact
angle θ = 106°) that are too low to generate capillary forces.
Therefore, if hydrophobic surfaces are used as target substrates,
convective flow of water occurs weakly, and the direction of
convective flow heads toward the PS templates. As a result, it
can be expected that the transfer efficiency of Ag nanoparticles
is significantly reduced compared to hydrophilic surfaces.
Therefore, the transfer process is mainly related to the surface
wettability of the substrate, and Ag nanoparticle line arrays can
be transferred to any flat substrate that has high surface tension.
With this change of transfer efficiency, a tuning of the resulting
structures can be achieved by varying surface wettability of the
substrate (Supporting Information Figure S4); the details of the
modulation process of surface wettability are described in
previous report.30 Additionally, by using large-area PS buckling
templates, Ag nanoparticle line arrays formed over the
macroscopic area can be obtained on the hydrophilic surface
as shown in Figure S5 in Supporting Information.
As a potential application, we investigated the SERS

performance of the fabricated Ag nanoparticle line arrays.
Using R6G as a probing molecule, the Ag nanoparticle line
arrays exhibited good SERS performance with a high Raman
intensity. In Figure 6a, the graph shows the SERS spectra of
R6G with various concentrations ranging from 10−3 to 10−12 M
on the Ag nanoparticle line arrays. Several peaks for R6G in the
graph are characterized by aromatic C−C stretching (1650,
1575, 1511, and 1363 cm−1), C−O−C stretching (1312 cm−1),
aromatic C−H bending (1183 cm−1), C−H out of plane
bending (773 cm−1), and C−C−C ring in plane bending (612
cm−1).41 Despite their lower concentrations of probing
molecules, in the case of the R6G-coated samples with
concentrations of 10−9 M and 10−12 M, they exhibited clear
main Raman peaks. For instance, intensity ratios (I/I0) of the
Raman peak at 612 cm−1 (I) and at Raman shift points without
any peak (I0) were 12.78 and 9.27 in lower concentration of
10−9 M and 10−12 M. The performance of Ag nanoparticle line
arrays as SERS substrates can be significantly affected by the
transfer efficiency of Ag nanoparticles, which is related to the

Figure 4. (a) AFM image of the Ag nanoparticles assembled in the troughs of the buckling structures: the graph at the bottom shows the cross-
sectional topography of the AFM image (red line) and buckling template (dashed line). (b) Schematic illustration of the dip-coating process.
Stronger capillary forces occur at the trough of the buckling structure.

Figure 5. (a) Schematic illustrations of the transfer process of Ag
nanoparticle line arrays. (b, c) SEM images of the Ag nanoparticle line
arrays transferred onto a Si wafer when the substrate has (b) a
hydrophilic surface and (c) a hydrophobic surface. Insets are higher
magnification images of each SEM image and the scale bars in inset are
500 nm. (d, e) Schematic, cross-sectional representations of panel a
when the substrate has (d) a hydrophilic surface and (e) a
hydrophobic surface. The yellow and white arrows indicate convective
flow of water and water evaporation, respectively.
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surface tension of the target substrates. In the case of
hydrophobic surfaces, since the density of Ag nanoparticles
on line arrays becomes very low compared to that of
hydrophilic surfaces, the SERS performance of Ag nanoparticle
line arrays on hydrophobic surfaces was significantly decreased
as shown in Supporting Information Figure S6. Similarly, the
main Raman peaks of NBA and BPE obtained at various
concentration (Supporting Information Figure S7) are in good
agreement with those reported in the literature.42,43 Despite the
low laser power of 20 μW and short exposure time of 1 s, the
Ag nanoparticle line arrays displayed an excellent SERS
performance for various probing molecules. Furthermore, the
SERS results can be improved by increasing integration time of
Raman measurements as shown in Supporting Information
Figure S8. In Figure 6b, the Raman spectra show the effect of
glue materials on the performance of the SERS substrate. Here,
PCL was used as a glue material in the transfer process for Ag
nanoparticle line arrays. In contrast to the findings obtained for
Ag nanoparticle line arrays without a PCL layer, most of the
main peaks of the probing molecules (R6G) with a
concentration of 10−6 M were not observed for Ag nanoparticle
line arrays with a PCL layer. Because it is difficult to transfer the
Ag nanoparticles located deep inside the grooves of the
buckling structures in conventional adhesion-based transfer
techniques, the density of Ag nanoparticles in line arrays was
much lower than that of the capillary-induced transfer process
adopted in our work as shown in Supporting Information
Figure S9. In addition to the low density of Ag nanoparticles in
line arrays, PCL layers have a detrimental effect on the SERS
intensity because the Ag nanoparticles were buried in the PCL
layer on the substrates during the annealing step of glue
materials-based transfer process. The results demonstrate that
glue-free printing of Ag nanoparticle arrays can be used in
various bioanalysis and biosensor applications.

■ CONCLUSIONS

In summary, well-defined Ag nanoparticle line arrays were
prepared on flat substrates using anisotropic buckling templates
and a transfer process that exploits capillary forces. The
wavelengths of the anisotropic buckling templates employed for
the assembly of Ag nanoparticles could be adjusted by changing
the degree of prestrain in the fabrication step. Through dip-
coating, the Ag nanoparticles were assembled in the troughs of
the templates, and the resulting Ag nanoparticle line arrays
assembled on the templates were successfully transferred onto a
hydrophilic substrate. Because capillary forces resulting from

the addition of water are used to transfer the Ag nanoparticle
line arrays in the transfer process, our method does not require
additional chemical treatments or glue materials that are
generally used to induce adhesion between nanoparticles and
substrates. Furthermore, the wavelengths of the Ag nanoparticle
line arrays assembled on the substrate could be adjusted
through the use of various templates with different wavelengths.
We demonstrated the excellent performance of the Ag
nanoparticle line arrays as a SERS active substrate by employing
various probing molecules such as R6G, NBA, and BPE. Our
results are expected to be useful in many optical, electrical, and
biosensor applications.
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