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ABSTRACT

Silver nanoparticles, self-assembled in two-dimensional arrays on quartz and silicon surfaces, were coated with poly(dimethylsiloxane) (PDMS).
After peeling off the surface, resin films contained embedded nanoparticles in their original arrangement. Films with nanoparticles are transparent,
flexible, and mechanically stable. The embedded nanoparticles were etched away, producing nanocavities in PDMS. The described method
can be used to produce highly robust assemblies of metal, semiconductor, and dielectric nanoparticles on flexible substrates.

Growing interest in nanostructures and nanometer-scaletunability range of the Young’s modulus, ability to be easily
patterning is driven not only by novel yet unexplored molded (so-called “soft lithography™f;*and conformability
properties associated with nanoscale materials but also byto complex shapes will be indispensable in many applications
continuously increasing demand for further miniaturization of nanomaterials.
of electronic components, optical detectors, chemical and  The method consists of two steps. In the first step silver
biochemical sensors and devices, etc. Many of these devices,gnoparticles were self-assembled in two-dimensional arrays
will require immobilization of nanoparticles in different poly(vinylpyridine) (PVP) modified silicon wafet The
assemblies on various substrates._ _To be functionally sound5ters were first cleaned in 1:3 mixture of 30%@4 and
the nanoparticles sh_ould be stab|I|zeq on the surface and|_|2504 (piranha solution) for 30 min and rinsed with ultrapure
protected from chemical and mechanical effects. water (Milli-Q, Millipore) under continuous sonication.
A lot of ongoing studies relate to the properties and caytion! Piranha solution is aery strong oxidizing agent
potential applications of two-dimensional nanostructures; 5,4 reactsviolently with organic compounds. It should be
however, little attention is paid to the development of ,,41ed with extreme card\fter drying in the stream of
efficient methods for their stabilization on surfaces. Two- 4,4 nitrogen gas, the wafers were exposed to 1% of PVP
dimensional self-assemblies of metal nanoparticles that(MW=160 000, Aldrich) solution in reagent alcohal. Pyridy

o : )
eXh'b'rtT.a n;mtiertr?f remflrtl_(ablel optitéland electronie groups on PVP molecules are capable of simultaneously
properties due to the excitation plasmon resonances are pron orming hydrogen bonding with silanol groups on the

e 1 xized sfconsriace and binding meta e ranopar
b ticles via the lone electron pair on the nitrogen atom. After

nanopartlcles_mE?lprotectmg glasr polymer shells,and the exposure to the PVP solution for several hours, wafers

polymer matrix3~! Even though these approaches helped . .

to reduce aggregation and, in some cases, to protect from " o'e thoroughly rinsed with alcohol to remove polymer
’ ' molecules that are not directly attached to the surface. A

chemical environments, complete stabilization was not , .
. P thin (~2 nm) monolayer of PVP adsorbed on the surface
accomplished.
was further annealed at 12C for 2 h to produce more

In this letter we present a simple, highly efficient method . : . o
R . . uniform polymer film. Finally, modified wafers were exposed
for complete stabilization of two-dimensional nanostructures . . . .
overnight to an aqueous suspension of silver nanoparticles

by embedding them into an elastomer film. As a result, a L . .
y g (ca. 100 nm in diameter), resulting in the formation of

new type of flexible nanocomposite film was produced. ricle | At saturation limit ficl bl
Unique properties of elastomers such as flexibility, large nanoparticie layer. Al saturation fimit, nanoparicies assembly
into two-dimensional, semiregular arrays with interparticle

* To whom correspondence should be addressed. Phone: (864) 656-d|5tam_:e comparable to their diameter. The eleCtrOSFatIC
2339. Fax: (864) 656-6613. E-mail: gchumak@clemson.edu. repulsion between double layers surrounding nanoparticles
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Figure 1. UV—vis absorption spectra of a suspension of silver
nanoparticles in water (a), silver nanoparticles self-assembled on
PVP madified quartz surface from this suspension (b), and the self-
assembled nanoparticles embedded into PDMS resin (c).

is the derng force for such assemply' The re.ducthn of Figure 2. AFM images of INA film (A) and silver nanoparticles
exposure time and/or the concentration of particles in the jmmobilized on PVP modified silicon wafer (B). The vertical scale
suspension decreased the density of nanoparticles on thes the same for both images, and the scan range<dss%m. Note
surface. These assemblies were very stable in pure watethat silver nanoparticles, otherwise nearly spherical, appear in (B)
and in alcohol; however, drying of the substrates induced as elongat_ed objects becauge the vertical _scale was arti_ficially
aggregation of nanoparticles presumably due to the dI,(,:“(‘:’gmgexpended in order to emphasize the small height variations in (A).
force of evaporating solvent and disappearance of the double
layer.

The second step involved coating the surface with poly-
(dimethylsiloxane) (Sylgard 184, Dow Corning Corp.) for
the stabilization of nanoparticle assemblies. To avoid drying,
substrates were submersed into alcohol and the resin mixed
with the curing agent (10:1) was directly pored on the surface
of the substrate. Because the resin is heavier than alcohol, it
sunk and spread on the bottom covering the immobilized
nanoparticles. The resin replaced the alcohol layer from the
surface and, in this way, drying of the substrate was
completely avoided preserving the assemblies of nanopar-
ticles in their initial state. Excess alcohol can be removed:;
however, alcohol does not interfere with the polymerization Figure 3. AFM image of nanocavities obtained after etching of
process. The polymerization was allowed to continue for 10 NA film. Scan range is 3x 3 um.

h at ambient temperature and finally for 30 min at T2D

After polymerization, the PDMS films containing embedded Was transferred to the resin film, UV absorbance spectra were
nanoparticles were peeled off the substrate ~Wig absor- measured of PVP modified quartz substrates before and after
bance measurements of nanoparticle assemblies on a quartassembly of silver nanoparticle and PDMS deposition. The
substrate prior to PDMS deposition and the same assemblyPresence of the characteristic band around 260 nm in the

embedded into the resin revealed only minor changes in theSpectrum of quartz substrate after the resin was pilled off
spectra due to different dielectric environment, thereby indicated that the PVP did not adhere to PDMS, although it

confirming that the initial arrangement of nanoparticles was is not clear whether some PVP molecules remained adsorbed
completely preserved (Figure 1). to embedded silver nanoparticles.

Such “frozen” nanoparticles comprise a very stable and INA films were studied with an atomic force microscope
robust immobilized nanoparticle assembly (INA). INA fims (AFM) (AutoProbe CP, ThermoMicroscope) using both
can be easily handled, stretched, and, after overcoating withtapping and noncontact modes and ultrasharp tips with ca. 3
another PDMS layer, exposed to different chemical environ- N/m force constant. An AFM image of a typical densely
ments. Also, the resin substrates exhibit excellent transpar-packed INA film is shown in Figure 2A.
ency down to 300 nm, which is an essential property for  Silver nanoparticles adsorbed on PVP modified silicon
many photonic and spectroanalytical applications. wafer (without PDMS resin) are presented in Figure 2B. Note

To determine whether the PVP layer used for the im- that the same nanoparticle suspension was used in the
mobilization of nanoparticles remained on the substrate or preparation of both films. As can be clearly seen from the
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Figure 4. Topography (A) and phase (B) AFM images of boundary
region between original and etched INA films. Scan rangex10
10 gm.

comparison of both images, only a small part of each silver
nanoparticle protrudes the surface of elastomer in the INA
film, indicating that particles are embedded into the resin

in Figure 2A is due to the fact that different nanoparticles
are buried into the resin to different extents.

Since silver nanopatrticles in INA films were not com-
pletely covered with the resin, they were etched with nitric
acid, resulting in an assembly of nanosize cavities in the
PDMS film. It is reasonable to assume that the size, shape,
and distribution of nanosize cavities in PDMS were the same
as those for nanoparticles in the corresponding INA film.
These nanocavities can be used as templates for synthesis
of nanoparticles from other materials. AFM images of
nanocavities and the boundary between etched and original
INA films are presented in Figure 3 and Figure 4, respec-
tively. We were not able to determine the actual depth of
the cavities because AFM tips could not penetrate down to
the bottom.

In conclusion, two-dimensional assemblies of various
nanoparticles can be simply and efficiently stabilized by
embedding in PDMS matrix. Prepared in this way, INA films
exhibit excellent mechanical and optical properties and
present a new valuable system for many applications. In
addition, PDMS films with embedded metal nanoparticles
can be easily converted into films with spherical nanocavities,
which are unattainable by using nanoimprint lithograghy.
Properties of these films are yet to be explored and exploited.
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