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Abstract: Metallic nanoparticle ensemble, with narrow inter-particle distance, is a useful element
for diverse optical devices due to highly enhanced electric field intensity at the gap. Self-assembly
of block copolymer (BCP) can provide the versatile solution to fabricate precise nanostructures, but
this methodology has the intrinsic limitation to realize optically coupled metallic multimer geometry
with narrow inter-particle distance. This is because BCP-based nanotemplate possesses a minimum
size limit for interparticle distance imposed by its thermodynamic restriction. Herein, we investigate
the facile formation of metallic multimer with scalability and area-selectivity through the collapse of
self-assembled BCP nanopattern. The capillary-force-induced collapse phenomenon enables a spatial
transformation of lateral regular ordering in metallic nanoparticle array and enhances electric field
intensity. The fabrication of this metallic nanoparticle ensemble from BCP lithography is successfully
utilized for surface enhanced Raman scattering (SERS). The enhancement factor of metal nanoparticle
multimer is calculated as ~6.74 × 105 at 1000 cm−1 , 2.04 × 106 at 1022 cm−1 , and 6.11 × 106 at
1580 cm−1 , respectively.
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Localized surface plasmon resonance (LSPR), the collective motion of conduction
electrons in metallic nanoparticles excited by light, has been exploited mainly due to its
novel electric near-field enhancement at the resonance frequency [1–4]. Many functional
devices can take the advantages of this strong electric field, such as the facile exciton
generation and dissociation in a photovoltaic cell [5,6], and signal amplification in photonic
devices [7,8]. It is highly important that effective design and facile fabrication of metallic
nanostructures with ultra-intense electric near-field for these purposes. Among several
effective nanostructures, metallic nanoparticles coupled with extremely small gaps can
generate a much stronger near-field profile at the gap region compared to single metallic
nanoparticle configurations. This lets further performance improvement in optoelectronic
applications [9].
Block copolymer (BCP) can provide the uniform and periodic nanotemplate with scalability at a low cost [10,11]. Pattern transfer methodologies of BCP such as ion immersion,
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spin coating of precursor, conventional evaporation/lift-off process, and atomic layer deposition (ALD) enable fabrication of the metallic nanostructure following the morphology
of organic nanotemplate [12]. However, due to the intrinsic thermodynamic nature of
self-assembly, BCP forms the nanostructures with relatively large inter-particle distance.
The fabricated nanostructures with large inter-particle distance lead pattern transfer into
the monomeric metallic nanoparticle array with weak optical coupling. Therefore, for the
active utilization of BCP self-assembly in LSPR, the pattern dimension of BCP should be
manipulated to induce the strong optical coupling between metallic nanoparticles [13,14].
In this work, we introduce the novel metallic nanoparticle array with an extremely
small gap by using the BCP nanotemplate and capillary-force-induced collapse phenomenon. In general, a nanopattern collapse is regarded as the critical failure during
the micro/nanostructure fabrication processes, induced by bending, peeling, and breaking
of narrow patterns. This phenomenon, however, was often induced with intention as an
unusual fabrication process [15–18]. Herein, we actively utilize nanopattern collapse for
regulating the inter-particle distance of metallic nanoparticle array fabricated from BCP
lithography. The spatial clustering of high-aspect-ratio (about 2~3) nanostructures by capillary force during the liquid drying enables the dramatic reduction of inter-particle distances
between self-assembled metallic nanoparticles (<10 nm) [19]. By the favor of this strong
optical coupling, surface enhanced Raman scattering (SERS) for organic molecules could
be successfully demonstrated with an enhancement factor of ~106 [20–22]. The remarkable
advantage of this approach is uniformity over a large area and area-selectivity. Although
the local ordering of nanoparticle array at multimer configuration is lost by pattern collapse,
microscopic pattern uniformity can still maintain, which leads to SERS uniformity.
2. Materials and Methods
The collapse phenomenon easily occurs at nanopattern array with high-aspect-ratio
and small pitch, due to increased capillary force. To promote such nanostructure, we
develop a novel fabrication process for the self-assembled, periodic metallic nanoparticle
array on an easily removable polymeric substrate. In this case, a simple dry etching process
can generate the high-aspect-ratio polymeric pillar array due to high etching contrast with
metallic nanoparticle and polymer substrate. The fabrication of self-assembled multimer
is a two-step process; (i) the transfer of metallic nanoparticle array onto the polymeric
substrate and (ii) pattern collapse after polymeric pillar array formation. The conventional
BCP lithography is hardly achieved on the easily disposable polymeric substrate due to its
low thermal and chemical stability. Therefore, the transfer of metallic nanoparticle array
mediating chemically modified graphene (CMG) layer, which is a universal transfer layer
regardless of substrate types, is used. We utilize CMG as a robust and compliant transferrable layer of self-assembled nanopattern using procedures similar to those described
previously [23–26].
2.1. Block Copolymer Self-Assembly Process on Chemically Modified Graphene Layer
Figure 1a shows the conventional fabrication process for metal nanoparticle array
on a silicon wafer using BCP lithography. The fabricated metal nanoparticle array has an
intrinsically large gap size (~62 nm), thereby leading to weak optical coupling. Figure 1b
shows the detailed schematic illustration for the formation of the self-assembled multimer
by nanopattern collapse. All materials were used without further purification. First, the
graphene oxide (Sigma-Aldrich, St. Louis, MO, USA) solution with a concentration of
~1 wt% was made by the modified Hummers method. The prepared graphene oxide solution was spin coated on the silicon oxide (500 nm)/Si substrate. A polystyrene-block-poly
(methylmethacrylate) (PS-b-PMMA) with a molecular weight of 140 kg/mol-b-65 kg/mol
(Polymer Source INC., Montreal, QC, Canada) was used for the fabrication of a selfassembled template. In order for BCP to have the substrate-perpendicular orientation,
surface energy of the spin-cast graphene oxide layer (thickness ~15 nm) was modified
using a thermal treatment over 600 ◦ C. Afterward, PS-b-PMMA BCP thin film (thickness
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~90 nm) was formed and self-assembled on the CMG layer through thermal annealing at
250 ◦ C. After partial crosslinking of PS block of PS-b-PMMA using UV irradiation, PMMA
block was etched out by Ar/O2 plasma. Finally, Au nanoparticle (thickness ~15 nm) array
replicating the self-assembled template was formed through the thermal evaporation and
lift-off process.

Figure 1. The schematic illustration of metal (a) monomer and (b) multimer fabrication process by
conventional BCP lithography and capillary force induced nanopattern collapse, respectively. The
top view SEM images of (c) chemically modified graphene (CMG) and the substrate-perpendicular
(d) BCP nanotemplate.

2.2. Formation of the Gold Nanoparticle Multimer
The Au nanoparticle array on the CMG layer was floated on the diluted hydrogen
fluoride (HF, 5 wt %) solution after etching out the silicon dioxide (SiO2 ) layer. Then, the
floating layer was transferred on the DI water to remove the HF trace and then transferred
to UVO treated polystyrene (PS) thin film with a thickness of ~200 nm. Afterward, the
PS was etched using the Au nanoparticle array. Because of the high etching contrast
between metal and polymer thin film, the high-aspect-ratio (about 2~3) PS pillar was
formed by oxygen reactive ion etching (O2 RIE; experimental condition). Afterward, the
PS pillar structure was immersed in the water, a poor solvent for the polymer, and dried
subsequently to form a collapsed pillar configuration [27]. Finally, the collapsed PS pillar
was completely removed by an additional dry etching process (O2 RIE; experimental
condition) to form a pure metallic nanoparticle multimer without organic contamination.
It should be noted here that CMG used as a transfer layer can be easily removed during
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the plasma treatment because it consists of carbon and oxygen. The successfully fabricated
metal nanoparticle multimer has a <10 nm gap size on average. Figure 1c,d show the topview scanning electron microscope (SEM) images of the CMG layer and BCP nanotemplate
used for this experiment, respectively.
2.3. Characterization
For the optical property measurement, commercially available ultra-violet-vis spectroscopy (UV-2600, SIMIADZU, Kyoto, Japan) was used. For a probe molecule, benzenethiol (BT, Sigma-Aldrich) was utilized owing to its well-known optical response. To
monitor the Raman signal enhancement, commercially available Raman spectroscopy
(ARAMIS, Horiba Jobin Yvon, Edison, NJ, USA) was used. The diluted BT solution was
dropped on the monomer and multimer substrate and enough time for BT to chemically
react to the Au surface was allowed. After that, the non-bonded BT molecules were washed
out. The morphology of the sample was observed using an optical microscope (Carl Zeiss,
Oberkochen, Germany, SN 449) and a field emission scanning electron microscope (Hitachi,
Chiyoda City, Tokyo, Japan, S-4700) with an acceleration voltage of 5 kV.
3. Results and Discussion
Figure 2a,b show the SEM images of Au nanoparticles conjugated PS pillar array before
and after the pattern collapse process, respectively. In Figure 2a, most metal nanoparticles
have a large inter-particle distance (~62 nm) compared with their diameter (~30 nm),
maintaining the intrinsic morphology of BCP nanotemplate. On the other hand, after
the water immersion and subsequent drying process, Au nanoparticle conjugated PS
pillars were completely collapsed by strong capillary force. Among the various collapse
mechanisms, collapse in our system occurred by bending of PS pillar due to its flexibility
(Figure 2b). With the collapse event, we found the dramatic decrease of the inter-particle
distance of Au nanoparticle array into a nearly touchable scale. This collapse-induced
inter-particle distance shrinkage was successfully realized for PS pillar in a wide range
of aspect ratios (2~3). The percentage of multimer per unit area was confirmed by ~58%,
which means that the ~76% of single nanoparticles per unit area before collapse contributes
to multimer formation (Figure 2c). This successful transformation of inter-particle distance
shrinkage is detectable with a naked eye by a color change from red (monomer) to blue
(multimer) (Figure 2d).
The change of optical color is based on the plasmonic resonance of metallic nanoparticles depending on the inter-particle distance. To investigate these optical properties,
the transmittance of Au nanoparticle array before and after nanopattern collapse was
measured by UV-vis spectroscopy (Figure 3a). Au nanoparticle array before nanopattern
collapse showed the lowest transmittance at ~545 nm, which is commonly observed resonant behavior of collective electron motion in the Au nanoparticle system. On the other
hand, after the nanopattern collapse, the resonance absorption at 545 nm was significantly
diminished and a broad dip at 650 nm was observed. While a small dip at 545 nm is
regarded as the remaining of monomeric Au nanoparticles and off-axis resonance with
adjacent nanoparticles, the newly appearing dip at 650 nm is attributed to the formation of
Au nanoparticle multimer with an extremely small gap.
In contrast with relatively weak electric field intensity around metallic monomer,
strong electric field intensity within an extremely small gap of metallic multimer can
be utilized for various functional optoelectronic devices such as solar cell [28–30], light
emitting devices [31], and bio-sensors [32,33]. One of the important strategies for enhancing
such devices’ performance is utilizing the SERS phenomenon, which also takes benefits of
a strong electric field. To test whether metallic multimer can be utilized for SERS in the
detection of organic molecules, we studied the presence of possible organic contamination,
a basic requirement for the detection of various target organic molecules.
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Figure 2. The top and tilted view SEM images of Au nanoparticles on PS pillar (a) before and (b)
after nanopattern collapse. (c) The number percentage of Au monomer, dimer, trimer, and tetramer
after nanopattern collapse. (d) The photographic image of metal monomer and multimer during the
drying process.

Figure 3. The characterization of Au arrays and micropattern feasibility. (a) UV-Vis spectroscopy
graph of Au nanoparticles on PS pillar before (red line) and after (blue line) immersion in DI water. (b)
The Raman spectra of Au multimer after PS pillar removal. The (c) optical microscope and (d) SEM
images of micro-patterned Au multimer array fabricated through conventional photolithography
and wet etching process.

Figure 3b presents the Raman spectroscopy data for Au nanoparticle multimer without
any loading of an organic molecule to investigate a complete removal of organic residues.
There was no noticeable peak measured for the wide wavenumber range of 600 cm−1
to 1800 cm−1 (Figure 3b). From these results, we confirm the residue-free surface after
multimer formation, emphasizing the utility of our approach for the detection of organic
molecules. Another merit of this method is area-selectivity for the formation of the multimer. Basically, BCP lithography is compatible with various top-down lithography such
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as conventional photo- and soft- lithography. Therefore, the area-selective formation of
Au nanoparticle multimer could be easily realized. Figure 3c,d show optical microscope
and SEM images of multimer array, patterned by conventional photolithography and wet
etching. The compatibility of metal multimer fabrication with the conventional microfabrication process indicates that one can easily utilize our methodology in the development of
various optoelectronic/electronic devices.
Here, the SERS effect of Au nanoparticle multimer was evaluated using probe molecule,
benzenethiol (BT), owing to its well-established vibration properties [34,35]. The loading
process of BT, utilizing the thiol group of BT to conjugate with surface Au atoms, was
performed through immersion of Au nanoparticle multimer in BT aqueous solution for
several hours. Afterward, Au nanoparticle multimer washed with water several times
and dried to remove the unbonded BT molecules [36]. For the control experimental, an
identical loading process was carried out for the Au nanoparticle monomer with a relatively large inter-particle distance. Figure 4a shows top-view SEM images of BT-conjugated
Au nanoparticle monomer (top image) and multimer (bottom image) used in Raman experiments. In Figure 4b, the highly increased Raman signal was measured in the case
of Au nanoparticle multimer (blue line) compared with the Au nanoparticle monomer
(red line), which apparently indicates that a decrease of inter-particle distance between
Au nanoparticles generates strong electric near-field, leading Raman signal enhancement.
To calculate the SERS enhancement factor of Au nanoparticle multimer, the pure BT as a
reference and the number of BT molecules in the laser focal volume of Raman spectroscopy
was measured and calculated, respectively (Figure S1) [37]. Also, considering number
density of BT molecule at the Au surface (~6.8 nm−2 ) and the dimensions of ellipsoidassumed nanoparticle (diameter of 30 nm and height of 10 nm), the BT molecules bonded
to Au nanoparticles within laser spot was evaluated. From these values, the enhancement
factor of Au nanoparticle multimer is calculated as ~6.74 × 105 at 1000 cm−1 , 2.04 × 106 at
1022 cm−1 , and 6.11 × 106 at 1580 cm−1 , respectively.

Figure 4. (a) The top-view SEM images of Au nanoparticle monomer (top) and multimer (bottom)
without PS pillars. (b) Raman spectra of Au monomer and multimer array conjugated with benzenethiol (BT) molecules. Raman signals from 900 spots on 140 µm × 140 µm glass at (c) 1000 cm−1 ,
(d) 1022 cm−1 , and (e) 1580 cm−1 , respectively.

One remarkable advantage of this BCP-based approach for the formation of the multimeric nanostructure is uniformity over a large area. This collapse-induced method only
utilizes the local distortion of lateral ordering for controlling the period of Au nanoparticle array. Thus, pattern uniformity over a large area originated from BCP lithography
methodology is still maintained. Accordingly, the uniformity of SERS can be secured over
a large area as it can be easily seen from the measured Raman signals from 900 spots on
140 µm × 140 µm glass (Figure 4c–e). Referring inset optical image of Figure 4c, only the
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region with Au nanoparticle multimer (left low part) shows the uniform and strong signal
enhancement, revealing the high reproducibility.
4. Conclusions
In summary, we have demonstrated the collapse-induced metal multimer formation
of self-assembled nanoparticles, a configuration generating strong electric near-field. The
formation of metallic nanoparticle on disposable polymeric substrate enabled to fabricate
collapsible pillar structure with a wide range of high-aspect-ratio nanostructures. Such
nanostructure was easily collapsed by liquid drop and subsequent drying, forming the
optically coupled multimer. The strong interaction between metallic nanoparticles could
be utilized for the SERS for sensing applications, which shows the ~106 enhancement
factor. Because this simple approach can be realized with spatial controllability, other novel
applications such as photovoltaic, photodetector, light emitting, refractive index tuning,
photocatalyst and so on, would take merits of this methodology.
Supplementary Materials: The following are available online at https://www.mdpi.com/2079-641
2/11/1/76/s1.
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