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Generation of Monodisperse, Shape-Controlled Single
and Hybrid Core-Shell Nanoparticles via a Simple

One-Step Process

Jong-Seon Kim, Hwan-Jin Jeon, Hae-Wook Yoo, Youn-Kyoung Baek, Kyoung Hwan Kim,

Dae Woo Kim, and Hee-Tae Jung*

In nano-biotechnology, optoelectronics, and energy research areas, various
fabrication methods have been developed for hybrid nanoparticles. A method
is developed here for fabricating highly monodisperse three-dimensional
hybrid nanoparticles using a unique top-down method based on secondary
sputtering lithography. Nanostructures that have been formed on a PEDOT
sacrificial layer are transferred from the substrate to an aqueous solution in a
process that could be used to successfully disperse a variety of nanoparticle
shapes and hybrid nanoparticles. By this method, a fluorescent dye could be
encapsulated within the fabricated hybrid nanoparticles for use in bio-sensing

and drug-delivery applications

1. Introduction

The fabrication and manipulation of monodisperse, 3D nano-
particles with inorganic/inorganic or inorganic/organic hybrid
core—shell structures is an important issue in nanobiotech-
nology,'®  optoelectronics,®”] magnetic application® and
energy®!'% research. The optical and electrical properties of
each component may be selected under particular design con-
straints to obtain a variety of materials for specific end-use
applications. As in the fabrication of single-component nano-
particles, hybrid nanoparticles must be fabricated in such a way
as to obtain highly monodisperse and uniform 3D shapes with
features on the micrometer and subnanometer scales.[®11-13]
Such fabrication specifications are necessary for many appli-
cations. The introduction of inorganic and organic chemical
functionalities onto a nanoparticle surface is difficult, not to
mention achieving control over the size and shape of the hybrid
nanoparticles. Most conventional fabrication methods depend
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on chemical reactions or the shapes of
seed particles, neither of which principle
is sufficiently flexible for application to
hybrid nanoparticle fabrication.' Cur-
rently, Wang’s group developed the top-
down fabrication method using tri-layered
nanostructure and methal deposition,®!
but the method has a limitation for size
and shape control.

As lithography technologies develop,
many inexpensive top-down lithography
approaches enable to fabricate over
10nm.">-18  Several approaches have
been suggested for fabricating hybrid
nanoparticles with shape and size con-
trol, including particle replication in nonwetting templates
(PRINT)!-231 vapor deposition polymerization (VDP),24%]
surface polymerization methods,?®?”] and chemical reduc-
tion methods.283% PRINT method is very powerful method
to obtain various shaped and biomaterial particle by using
low-surface energy and chemically resistant fluoropolymers as
molding materials.l'l DeSimone group developed the method
in 200501 and they have improved for various composition
particle fabrication as a protein particle,?¥ CdSe quantum
dot,?l hydrogel particle.’Z Recently, they developed a mul-
tiphase rod-like particle fabrication method modified PRINT
method for tunable self-assembly application.?3! But, inor-
ganic/organic hybrid nanoparticle fabrication is not acheived
from the method. VDP processes introduce surface modifica-
tions onto SiO, or TiO, colloidal particles via a vinyl polymer
layer that forms inorganic colloidal core/vinyl polymer shell
nanoparticles. The thickness of the vinyl polymer layer could be
varied by controlling the polymerization process time. Surface
polymerization methods have been used primarily to fabricate
polymer—magnetite hybrid nanoparticles consisting of Fe;O,
cores and organic shells because Fe;O4 has a strong affinity
toward polymers that are amenable to RAFT polymerization
or ring-opening polymerization reactions. Recently, Xue et al.
fabricated Au/Ag core—shell nanoprisms using chemical reduc-
tion methods.l?l A Ag nanoparticle solution was irradiated with
a halogen lamp to induce anisotropic nanoparticle growth in
a prism shape. Gold precursor ions (AuCl,” and AuCl,”) were
then added to form a thin Au coating layer on the Ag prisms.
The Au precursors were found to etch the Ag nanoprisms in
a galvanic replacement reaction.?!! To minimize the etching
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reaction, hydroxylamine (HyA) was added to  (a)
the solution to promote the epitaxial growth
of Au on the prepared Ag nanoprisms.
Other conventional chemical methods have
faced similar difficulties. In the context of
methods that rely on chemical reactions, the
composition of a hybrid nanoparticle will
always depend on the affinity between the
core material and the shell material. Despite
many efforts to control nanoparticle shape
using chemical approaches, the fabrication (g)
of complex core—shell hybrid structures with
a narrow size distribution has remained a
challenge.

Here, we report a new and highly reli-
able approach to the fabrication of 3D com-
plex single and hybrid nanoparticles with a
monodisperse size distribution. A secondary
sputtering lithography (SSL) approachP?-34 )
was used to fabricate the nanostructures,
in which target inorganic materials on a
substrate were etched and then deposited
onto the surface of a pre-patterned organic
or inorganic structure. Etching of the pat-
terned structures yielded single nanoparti-
cles, whereas the absence of the etching step
yielded hybrid nanoparticles. A water-soluble (g)
PEDOT sacrificial layer under the target inor-
ganic material facilitated the release of the
complex 3D nanoparticles by dissolution of
the PEDOT layer in an aqueous solution. The
nanostructures fabricated by this approach
were highly monodisperse and displayed
a variety of single or hybrid nanoparticle
shapes, including cylinders, glasses, chairs,
and bowls. The size and shape of a particle
could be controlled by changing the etching
time and angle. This method may be applied
toward the fabrication of many monodisperse
organic, inorganic, or hybrid nanostructures
with complex shapes. Bi-functional hybrid
nanoparticles may potentially be useful as
drug delivery carriers or sensing materials.

Target material
B PeEDOT
B substrate

Removal of PS &

2. Results and Discussion

Overall procedures used to fabricate complex monodisperse
hybrid nanostructures are illustrated in Figure 1. First, a sacri-
ficial PEDOT layer was spin-coated onto an O, plasma-treated
silicon wafer. The sacrificial layer facilitated the transfer of
the prepared nanopatterns onto a silicon wafer by immersion
in an aqueous solution. PEDOT was selected as the sacrificial
layer because it provided a high thermal stability and good
uniformity on the substrate.’®) A target material was depos-
ited on the PEDOT-coated silicon substrate surface by electron
beam evaporation. A polystyrene (PS) solution was spin-coated
onto the target material, and a pre-patterned PDMS mold was
placed on the PS surface to introduce the desired pattern onto

—

PEDOT layer by RIE
Ion-milling etching
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Figure 1. Schematic illustration showing the fabrication of the 3D complex nanoparticles via
the top-down SSL method. a) The target material was deposited onto the PEDOT-coated silicon
substrate. PS was then spin-coated onto the substrate. b) The PS pillar pattern was transferred
by contact with the PDMS mold. c) The PS layer remaining on the bottom was removed by
reactive ion etching (RIE). d) The target materials were attached onto the side surfaces of the
PS pillar during etching of the target material by Ar ion milling. ) PS-core/Au-shell hybrid SSL
nanoparticles were obtained by dissolving the substrate in DI water. f) The PS and PEDOT
layers were etched by RIE, and the residual Au layer was removed by ion milling. g) The pat-
terned substrate was immersed in DI water to dissolve the residual PEDOT layer.

the PS surface (Figure 1la). As the PS-PDMS structure was
heated above the PS glass transition temperature (Ty), capil-
lary forces drove the polymer into the void spaces of the PDMS
mold (Figure 1b).2% Once the PS pattern had been formed, the
PS residue on the surface was removed by reactive ion etching
(RIE) using a mixture of O, and CF, plasma (Figure 1c) to gen-
erate a PS pattern on the coated substrate surface. The sizes
and shapes of the PS pattern could be controlled by isotropic or
anisotropic etching during the etching process.**! Chair-shaped
nanoparticles were formed by tilting the patterned PS substrate
during etching by an angle of 35 degrees. Ion milling of the
pre-patterned surface using Ar gas was then used to attach the
target material to the side walls of the PS pattern through ion
bombardment.?2l A variety of nanopattern shapes could be
obtained, depending on the PS pattern (Figure 1d). Any target
material may be sputtered onto the patterned substrate using
accelerated Ar ions. The outcome of the sputtering process will
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depend on the power of the accelerated Ar
ions, the sputtered target material, and the
sputtering angle. At a low power accelera-
tion, most of the sputtered material bounced
off of the substrate surface. A low sputtering
angle relative to the substrate resulted in the
attachment of the target materials to the side
walls of the nanopatterned substrate (see the
Supporting Information, Figure $1).’7) Inor-
ganic target materials adhered to the organic
walls to fabricate organic-inorganic hybrid
nanostructures on the substrate. The pre-
deposited target material could be selected to
fabricate a variety of hybrid nanoparticles (Pt,
Al, Cu, ZnO).2% The resulting patterns were
detached from the substrate by immersing
the sample in a 20 mL vial containing
1.5 mL DI water, which dissolved the sacri-
ficial PEDOT layer under mild sonication.
The organic-inorganic hybrid nanoparticles
maintained their shapes during the detach-
ment process (Figure 1le). Different nanopar-
ticle shapes could be obtained by introducing
additional etching steps. The residual PS
layer and target material were removed
by RIE etching and ion-milling processes,
respectively (Figure 1f). Cylinder-shaped
nanoparticles were prepared, as shown in
Figure 1g. The detached nanoparticles were
imaged by drying a droplet of the suspen-
sion in a dry oven at 60 °C for 2 h and then
imaging by SEM (Supporting Information
Figure S2). The SEM images confirmed that
the PS patterns successfully yielded a variety
of SSL nanoparticle shapes, and the etching
procedure could be used to vary the SSL nan-
oparticle shapes. The pressure of the RIE etching chamber and
the etching time could be varied to yield isotropic or anisotropic
modifications to the PS nanopattern shapes. The etched PS pat-
terns were monodisperse and homogeneous over a large length
scale. Moreover, we prepared different types of SSL hybrid nan-
oparticles by simply depositing the different target layers onto
a substrate, including nickel (Ni), aluminum (Al), silver (Ag),
platinum (Pt) and titanium (Ti) (See the supporting informa-
tion, Figure S3).

2.1. Hybrid Core-Shell Nanoparticle Fabrication

Figures 2a and b show SEM and optical images of two repre-
sentative PS-core/Au-shell hybrid nanopatterns either on a
silicon substrate or detached from the substrate, respectively.
PS pillars were initially fabricated from a PDMS stamp with a
cylinder-shaped master (diameter (d) = 500 nm, spacing (s) =
500 nm, height (h) = 550 nm). After the RIE etching process,
the average diameter of the PS pillars was reduced to 300 nm
under anisotropic etching.?” The sizes and shapes of the PS
pillars formed from a single master could be varied simply by
controlling the PS concentration and etching conditions. The
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Figure 2. a—c) SEM images of the Au and PS hybrid SSL patterns and the structures of the
resulting nanoparticles. a) Au and PS hybrid cylinder nanopattern on a silicon substrate. Inset:
optical image of the patterned substrate. b) Detached Au and PS hybrid nanopatterns obtained
from the drop and dry process on a silicon bare wafer. Inset: optical image of the wafer after
detaching the pattern. c) Large-scale SEM image of the Au and PS nanoparticles obtained from
the drop and dry process on a bare silicon wafer. d) Magnified SEM image of SSL ring-shaped
Au nanoparticles. e-f) TEM image and 2D EDX mapping image of the SSL ring-shaped Au
nanoparticles, and g) combined image.

hybrid patterns were highly periodic over large areas, and the
patterned regions on the substrate showed a variety of colors,
indicating that the patterned structures obeyed Bragg’s law (see
the inset of Figure 2a). The hybrid nanopatterns were success-
fully removed from the substrate surface simply by dipping
the substrate into an aqueous solution (Figure 2b and 2c). The
optical image in the inset of Figure 2b shows the successful
detachment of the hybrid nanoparticles after dissolution of the
PEDOT sacrificial layer in an aqueous solution. The large-area
SEM image (Figure 2c) displays the detached hybrid core-shell
nanoparticles. It is important to note that most top-down nano-
particle fabrication methods described previously are carried
out in organic solvents and require a solvent exchange proce-
dure.®!l By contrast, our method enables the transfer of nano-
particles directly into an aqueous solution. Thus, our approach
is very efficient and provides monodisperse high-quality single
and hybrid nanoparticles.

SEM imaging further confirmed that the cylindrical nano-
particles did not suffer from significant distortions (Figure 2d).
The lack of distortions could be attributed to the excellent adhe-
sion between the pattern and the substrate surface due to the
sputtering characteristics. For example, the sputtered target
material adhered strongly to the nanoparticles, which preserved
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their shapes during the sputtering and
transfer processes. Energy dispersive X-ray
(EDX) analysis was carried out to verify that
the nanoparticles were generated without
considerable contamination. A TEM image
(Figure 2e) and the corresponding EDX map-
ping image (Figure 2f) of a set of cylinder-
shaped nanoparticles matched perfectly
(Figure 2g), confirming the preparation of
highly stable homogenous 3D nanoparticles.

2.2. Monodispersity of SSL Nanoparticle

Until now, top-down fabrication methods
are considered as a limited method for mass
production. To solve this limitation, accumu-
lation process for nanoparticle concentration
increasement is very important in top-down
nanoparticle fabrication method. Because
most of accumulation process involve cen-
trifugal process, nanoparticle require hard- b
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) ) 100
ness to endure the centrifugal process in
high rpm level. After the concentration
increasement process, the size and shape 20

distributions of the nanostructures were
next examined (Figure 3). Note that most
top-down synthesis approaches yield low
nanoparticle concentrations, which poses a
significant problem in scaling up the syn-
thesis for mass production. Here, the nano-
particle concentration was first increased
using a centrifugal separator by aliquotting
out five identical cylinder-shaped nanopar-
ticle dispersion samples into centrifugal tube

60

40

20 4

Number of SSL nanoparticles

and then centrifuging the samples for 30

min at 15 000 rpm. Including SEM images 0
of the centrifuge-concentrated samples and
the original samples indicated that the nano-
particle concentration had increased during
centrifugal separation. The SEM results
show that the centrifuged samples were four
times more concentrated than the original
samples (Figure 3a, Supporting S4). The nan-
oparticle size and shape distributions were
characterized by measuring the average heights of the cylinder-
shaped nanoparticles (Figure 3b). The nanoparticles were very
uniform in shape, and their sizes were narrowly distributed,
270 + 13 nm. A size distribution histogram was built up by
measuring the sizes of several hundred particles taken from 5
different samples.

2.3. Verification of SSL Nanoparticle Shape by Etching Condition

This method could be used to generate a variety of complex 3D
nanoparticle shapes simply by varying the PS pillar shapes. The
shape of the SSL nanoparticles is not only controlled by master
but etching condition as well. As a same master, RIE was then

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Large scale SEM image of SSL nanoparticles after concentraiting in a centrifugal
separator. The concentrated solution was dried on a bare silicon wafer. Five samples were fabri-
cated under the same conditions and then concentrated. b) Histogram showing the SSL nano-
particle size distribution. The solid line represents the spline curve of histogram (Scale: nm).

applied to create a variety of nanoparticle shapes from a single
cylinder-shaped PDMS prepattern. During RIE etching process,
plasma etching types are adjustable by vacuum level of reaction
chamber (isotropic, anisotropic).l*¥ Glasses (Figure 4a), bowls
(Figure 4b), and chairs (Figure 4c) shaped hybrid nanoparticles
could be prepared by changing the etching condition. Espe-
cially, glasses shaped SSL nanoparticle (Figure 4a) is obtained
by using Ton flux diversion effect.*® In high aspect ratio struc-
ture, electrons generated from plasma in RIE are accumulated
at upper part of patterned PS pillar and changed as a negatively
charged region, relatively, bottom part of PS pillar is changed
as positively charged region. This regional charge difference
generates ion flux diversion effect and bend a direction of ion.
Bended ions are etched the lower part of PS pillar than the

Adv. Funct. Mater. 2014, 24, 841-847
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Figure 4. Various shaped nanoparticle fabricated using SSL method. (a—c) Cylinder, glass and
bowl shaped SSL nanoparticle fabricated by modifying sequences of etching process. These
SSL nanoparticles were fabricated from same master mold. (d) Ellipse shaped SSL nanoparticle

fabricated from ellipse shaped master mold.

upper part of PS pillar, thus, a glasses shaped SSL nanopar-
ticle (Figure 4a). Depending on the shape of the pre-patterned
substrate (Figure 4d), ellipse shaped SSL nanoparticles are also
obtained.

2.4. Size Control of SSL Nanoparticle by RIE Time
and PS Concentration

We found that the size of SSL nanoparticle could be controlled
by changing the etching time and PS concentration. Initial
height of SSL nanoparticle was primarily determined by PS
concentration due to capillary phenomena,? and further size
control (diameter and height) of the Au and PS hybrid SSL nan-

PS conc.

www.afm-journal.de

oparticles was carried out by changing the
etching time. Similar heights were observed
at a PS concentration (3 wt%), but the diam-
eter of the cylinders was much reduced as
etching time increase (Figure 5a—c). However,
height of SSL nanoparticle was significantly
reduced at a lower PS condition (1 wt%)
(Figure 5d—g). This is the consequence of the
fact that sidewall of PS pillar is etched more
than the upper part of one at the low vacuum
condition, because upper part of PS pillar is
charged as a negative region and repel the
plasma ion during etching process.*¥ Thus,
control of nanoparticle height is dominant to
the PS concentration than RIE time.

2.5. Encapsulation of Fluorescent Dye in
Core-Shell Hybrid Nanoparticles

In an effort to demonstrate the utility of
the core-shell hybrid nanoparticles for bio-
sensing applications, a fluorescent dye,
fluorescein isothiocyanate (FITC), was intro-
duced into the organic core of the nanopar-
ticle. FITC was encapsulated into the hybrid
nanoparticles by mixing a 0.1 wt% FITC solution into the
4 wt% PS solution in a 1: 1 ratio during the substrate prepara-
tion process. The FITC/PS solution was spin-coated onto a pre-
pared substrate, and the structure was then used to fabricate
polymer pillars (see Figure 1a). Confocal microscopy imaging
confirmed that the fluorescence signal of the SSL nanoparti-
cles could be detected (Figure 6a,b). Although the SSL nano-
particles could be detached from the substrate and transferred
to a glass substrate, confocal signals were only observed from
the SSL nanoparticle clusters (Figure 6¢,d). The FITC-encap-
sulated hybrid nanoparticles are particularly suitable for bio-
imaging applications because the plasmon resonance of the
thin Au layer structure in the hybrid nanoparticles yielded
an enhanced fluorescence yield. The enhanced fluorescence

RIE Etching Time

(wt%)
b

3wt%

Size : 300nm

1wt%

Size : 120nm Size : 91nm

Size : 250nm

» Increase

Size : 200nm

g

f

Size : 87nm Size : 50nm

Figure 5. Various sizes of SSL hybrid Au nanoparticle by controlling RIE time and PS concentration. SSL hybrid nanoparticles in the range of 300 nm to
50 nm were fabricated from a single PDMS mold (diameter (d) = 500 nm, center to center spacing = 1000 nm, height (h) =450 nm): (a) d: 300 nm, h:
398 nm, RIE time: 60 s. (b) d: 250 nm, h: 385 nm, RIE time: 90 s. (c) d: 200 nm, h: 370 nm, RIE time: 120 s. (d) d: 120 nm, h: 120 nm, RIE time: 170 s
(e) d: 91 nm, h: 71 nm, RIE time: 190 s. (f) d: 87 nm, h: 101 nm, RIE time : 200 s. (g) d: 50 nm, h: 48 nm, RIE time: 240 s.
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Figure 6. a) Confocal image of the fluorescent organic dye-encapsulating hybrid nanopatterns,
and b) two-dimensional fluorescence intensity data prior to the detachment procedure. c) Con-
focal image, e) optical image, and d) combined image of the fluorescent organic dye-encap-
sulating hybrid nanoparticles after detachment from the glass substrate. f) Two-dimensional

fluorescence intensity data after nanoparticle detachment.

intensity of the hybrid nanoparticle was modeled using FDTD
simulations, the results of which agreed well with the experi-
mental results.[’

3. Conclusions

We developed a method for fabricating monodisperse single-
component or core-shell hybrid nanoparticles via a unique
top-down SSL approach. The shapes of the fabricated nano-
particles could be controlled by changing the etching condi-
tions and etching sequence to generate a variety of complex
nanoparticles that are difficult to prepare using conventional
fabrication methods. Not only the shape of nanoparticle, but
also the size of one was controlled from 500 nm to 50 nm by
a single master mold. The compositions of the hybrid nano-
particles could be varied and any inorganic target material
could be used according to the SSL method, provided that the
physical adhesion between the organic and inorganic com-
ponents was stable. After the nanoparticle fabrication, we
successfully detached and accumulated monodisperse nano-
particles without any distortion. Moreover, we confirmed that
SSL hybrid nanoparticles can contain the fluorescence dye in

g

Optical image
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core-part and show fluorescence imaging
signal as a optical carrier material.

4. Experimental Section

Nanoparticle  Fabrication: A silicon wafer
was treated with O, plasma for 3 min. This
treatment increased the adhesion between the
PEDOT layer (PH500, Al4083 H.C Starck) and
the wafer. A uniform PEDOT layer was formed
by spin-coating the PEDOT solution onto the
wafer (3000 rpm, 45 s). A syringe filter (DISMIC-
» 13¢p, Cellulose Acetate, 0.20 um) was used to
filter out PEDOT aggregates. A Cr:target material
(thickness = 4:40 nm) bilayer was deposited by
e-beam evaporation onto the PEDOT-coated
silicon wafer. Onto the prepared substrate was
spin-coated a thin film of polystyrene (molecular
weight 20 kg mol™') to form a polymer resist.
i The cured PDMS (Sylgard 184, Dow Corning;
¢ . 10:1 ratio of prepolymer to curing agent) mold

. with topographic features was placed onto the
polymer film to fabricate PS patterns upon heating
at 135 °C for 2 h. The resulting PS pillar array on
the substrate was subsequently removed under
O,/CF, RIE (40/60 sccm, pressure (20 mTorr), RF
power (80 W)). An ion-milling process was applied
to the pre-patterned surface using Ar* gas. The
target material attached to the side walls of the PS
pattern through ion bombardment, and various
hybrid nanoparticle shapes could be obtained,
depending on the shapes of the PS pillars. The
nanoparticle array was then immersed in 1 mL DI
water to remove the PEDOT layer. The organic/
inorganic hybrid nanoparticles maintained their
shapes during the detachment process.

Encapsulation of a Fluorescent Dye in the Hybrid
Nanoparticles: Fluorescein isothiocyanate (FITC,
available from Aldrich) was dissolved in an ethanol
solution to 0.1 wt%. The FITC solution was
mixed with a 4 wt% polystyrene (Aldrich) solution in a 1:1 ratio and
then shaken for 5 min. The solution was spin-coated onto a prepared
substrate (Au/PEDOT/Silicon) and patterned using a PDMS mold. The
procedures described above for the fabrication of hybrid nanoparticles
were then applied to the sample.

Characterization: FE-SEM with EDS (Sirion) and FE-TEM (Tecnai G2
F30 S-Twin) were used to collect nanoparticle images and to confirm the
material composition. Fluorescence images were collected by confocal
microscopy (Carl Zeiss, LSM510 META NLO) using a 488 nm argon
laser (with a 568 nm low-pass filter).

Supporting Information

Supporting Information is available from the Wiley Online Library dor
from the author.
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