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etal nanostructures are basic

building blocks for metamateri-

als and plasmonic circuits and
sensors. They give rise to the unusual opti-
cal properties of metamaterials, such as
negative refractive indices,' perfect focus-
ing,2 or hyperbolic dispersion relations.> On
the other hand, surface plasmon (SP) excita-
tions in nanoscale metal structures lead to
the functionality of plasmonic circuits and
sensors that allow for smaller and more sen-
sitive photonic devices.* To operate at vis-
ible or near-infrared frequencies, both ma-
terial categories rely on specifically
designed metal structures with nanoscale
dimensions. Interference lithography has
shown to be an attractive technique for pro-
ducing such nanostructures in large arrays
with typical sizes and pitches on the order
of 100 nm.” If smaller nanostructures in
denser arrays are required, high-resolution
electron beam or focused ion beam lithog-
raphy is often chosen. Since these lithogra-
phy techniques are not well-suited for large
areas, alternative strategies are required.
Self-assembly techniques are attractive be-
cause they are highly parallel in nature and
enable large-scale patterning rapidly and at
very low costs. Various self-assembly tech-
niques have been used to produce metal
nanostructures and assemblies including
nanosphere lithography,® drop deposition,’
and DNA-based processes.®

The self-assembly of block copoly-

mers (BCPs) can be used to produce
highly ordered nanostructures over large
surface areas® '2 and to generate metal
nanoparticles'>~'® and structured metal
surfaces.'®'” Here, we use BCP templates to
fabricate large arrays of highly ordered gold
and gold/silver composite nanoparticles.
These arrays show characteristic local sur-
face plasmon (LSP) resonances and, when
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ABSTRACT We report on the fabrication and optical characterization of dense and ordered arrays of metal

nanoparticles. The metal arrays are produced by reducing metal salts in block copolymer (BCP) templates made

by solvent annealing of poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) or poly(styrene-b-ethylene oxide) (PS-b-PEOQ)

diblock copolymer thin films in mixed solvents. The gold and gold/silver composite nanoparticle arrays show

characteristic surface plasmon resonances in the visible wavelength range. The patterning can be applied over

large areas onto various substrates. We demonstrate that these metal nanoparticle arrays on metal thin films

interact with surface plasmon polaritons (SPPs) that propagate at the film/nanoparticle interface and, therefore,

modify the dispersion relation of the SPPs.
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surface plasmon polariton - block

copolymer - gold nanoparticle - gold/silver nanoparticle

deposited onto plane silver films, change
the propagation properties of surface plas-
mon polaritons (SPPs). Hence, such metal
nanoparticle arrays are promising func-
tional components for plasmonic devices
and can serve as substrates for sensor appli-
cations or as templates for producing
metamaterials with hyperbolic dispersion
properties.

RESULTS AND DISCUSSION

For many optical applications, it is desir-
able to have plasmonic substrates with SP
resonances in the visible wavelength range.
Small gold nanostructures fulfill this re-
quirement and, in addition, are very inert
and robust toward degradation. We fabri-
cated Au nanoparticle arrays using BCP
templates that were prepared by spin-
coating solutions of PS-b-P4VP diblock co-
polymer in toluene/tetrahydrofuran (THF)
solutions onto glass coverslips. Highly or-
dered cylindrical P4VP microdomains ori-
ented normal to the film surface were ob-
tained by annealing in a saturated THF
environment for 3 h.° The solvent-annealed
films were then immersed in a gold salt so-
lution for 5 min to complex gold ions with
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the 4-vinylpyridine units. Oxygen plasma etching or so-
dium borohydride (NaBH,) was used to reduce the
gold salt into gold nanoparticles. While the reducing
agent procedure leaves the polymer template intact
and results in embedded Au nanoparticles, the oxygen
plasma degrades the polymer template completely;
therefore, we used the latter structures for the scan-
ning force microscopy (SFM) analysis. Figure 1 shows
SFM images of the solvent-annealed PS-b-P4VP film and
the highly ordered gold nanoparticle array that was pre-
pared from the PS-b-P4VP template. The sizes and center-
to-center distances of the cylindrical microdomains in
the BCP template were 25 and 43 nm, respectively, as de-
termined by SFM (Figure 1a). The thickness of the BCP
thin film is ~28 nm as measured by ellipsometry. Figure
1b indicates that the diameters, heights, and center-to-
center distances of the gold nanoparticles are ~17, ~13,
and ~43 nm, respectively. These array dimensions corre-
spond to a nanoparticle density of 6.2 X 10'®cm~2and an
area coverage of 14%.

Extinction measurements of the ordered arrays
of gold nanoparticles show that the arrays of Au
nanoparticles prepared by the reducing agent exhibit
a more pronounced LSP resonance than the oxygen
plasma treated ones. The Au nanoparticles embedded
within the block polymer template are surrounded by a
high dielectric environment that enhances SP effects.
The Au nanoparticles prepared by the oxygen plasma
treatment are exposed to air. In Figure 1c, we show ex-
tinction spectra of the embedded Au nanoparticle array
taken at normal and at 70° off-normal incidence with
p-polarized light. The LSP resonance wavelengths of
533 and 520 nm at 0 and 70°, respectively, indicate
the asymmetry of the oblate gold nanoparticles. At
0°, the SP resonance along the long axis is excited, while
the blue-shifted extinction peak at 70° is dominated by
the SP resonance along the short axis. To compare our
measurements with theoretical calculations, we used a
simple model of non-interacting, ellipsoidal gold nano-
particles in a homogeneous dielectric environment. In-
teractions between neighboring nanoparticles are neg-
ligible because the particle separation is significantly
larger (~3 times) than the particle radius.'® Since the
scattering cross section of such small metal particles is
significantly smaller than the absorption cross section,
O abs, We calculate the latter to compare with our extinc-
tion measurements:'®

2312\/8_d €n — &y
abs Vim L(e,, — eg) *+ &4 ()
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in which V is the particle volume, g, and g4 are the di-
electric functions of the metal nanoparticles and the di-
electric environment, respectively, and L is a geometri-
cal parameter.’ For spherical particles L = 1/3, which

gives the well-known SP resonance condition &, — 2g4
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Figure 1. SFM images of the solvent-annealed BCP template
(a) and the gold nanoparticle array after removing the BCP
template with oxygen plasma treatment (b). Scale bars are
100 nm. Inset in (a): Schematic of the BCP template with the
P4VP block in red and the PS block in blue. (c) Extinction
spectra of the gold nanoparticle array taken at normal (red)
and 70° off-normal incidence (blue). Inset: Calculated ab-
sorption spectra of oblate ellipsoids with the electric field
polarized along the long axis (red) and the short axis (blue).
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= 0. On the basis of SFM measurements, we approxi-
mate our gold nanoparticles as oblate ellipsoids with
short and long half-axes of 6.5 and 8.5 nm, respectively,
and obtain L values of 0.41 and 0.3 for electric field po-
larizations along the short and the long axes, respec-
tively. Such nanoparticles made of gold? in a dielectric
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medium of refractive index 1.5 produce calculated ex-
tinction spectra, as shown in the inset of Figure 1c, with
LSP resonance wavelengths of 519 and 542 nm for the
out- and in-plane SP resonance. Small variations in

the input parameters result only in minor changes of
the LSP resonance wavelengths.

This simple theoretical model approximates well
the measured SP properties of our Au nanoarrays with
regard to a longer wavelength in-plane resonance and
a shorter wavelength out-of-plane SP resonance. Differ-
ences between calculated and measured SP reso-
nance wavelengths are most likely caused by the
non-uniform dielectric environment of the gold
nanostructures. Another difference is that the mea-
sured SP resonance width is ~1.6 times broader than
the calculated resonance. The broadening of the ex-
perimental spectra could be caused by a distribu-
tion of nanoparticle sizes that leads to inhomoge-
neous broadening or by surface roughness and
crystal defects of the gold nanostructures that lead
to additional damping of the SP oscillations and,
therefore, an increased homogeneous broadening.

The presented synthesis protocol can also be
adapted to fabricate multicomponent metal arrays
that exhibit two LSP resonances. We achieved this by
using BCP templates made of PS-b-P2VP/PS-b-PEO co-
polymer blends to produce gold/silver nanoparticle ar-
rays. The purpose of the copolymer blend is that differ-
ent metal salts can be complexed with different
functional groups of the copolymers like vinylpyridine
and ethylene oxide. First, a PS-b-P2VP/PS-b-PEO solu-
tion was prepared in toluene and then stirred for 12 h.
Toluene is a good solvent for PS, while P2VP and PEO
blocks are insoluble in toluene. As-spun BCP thin films
form quasi-hexagonal microdomain arrays oriented
normal to the film surface, as shown in Figure 2a. We
added 0.5 equiv of gold salt (LiAuCl,) to the polymer so-
lution and stirred for 12 h. LiAuCl, incorporates selec-
tively into the PEO block instead of the P2VP block as re-
ported previously.?! Subsequently, 0.5 equiv of silver
salt (AgNO;) that binds to the P2VP blocks was added
to the gold-loaded polymer solution and stirred for
12 h. Finally, the polymer solution was spin-coated onto
a glass slide at 2000 rpm for 60 s. Metal nanoparticles
were formed by using the reducing agent sodium boro-
hydride (NaBH,). While these films were used for opti-
cal measurements, we removed the polymer template
by oxygen plasma treatment to perform SFM measure-
ments of the Ag/Au composite nanoparticle array, as
shown in Figure 2b.

In Figure 2c, we show the extinction spectrum of
the Au/Ag nanoparticle array that displays two LSP
resonances at 411 and 578 nm. The double peak spec-
trum is a clear indication that the Au/Ag particles in the
array are composite nanostructures made of distinct
Au and Ag subunits. Alloyed Au/Ag nanoparticles
would display a single LSP resonance with a resonance
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Figure 2. SFM images of the spin-coated PS-b-P2VP/PS-b-PEO

blend system (a) and the Au/Ag composite nanoparticle array

prepared from this BCP template (b). Scale bars are 100 nm. (c)

Extinction spectrum of the Au/Ag composite nanopatrticle ar-

ray, displaying two distinct LSP resonances.

400 450

wavelength that is tunable between the Ag and Au
resonances (~400—530 nm range) depending on the
Au/Ag ratio.?? Extinction measurements of Ag/Au nano-
particle arrays after oxygen treatment (as used to re-
move the polymer template) did not show any reso-
nance in the 400 nm region, indicating that the silver
oxidized. These nanoarrays with double LSP resonances
in the visible wavelength range can be very attractive
as substrates that increase the sensitivity of fluores-
cence sensors. When the short wavelength LSP reso-
nance is tuned to the absorption band and the long
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Figure 3. (a) Reflectivity plot of the Au/Ag composite nano-
particle thin film structure with a 15 nm silicon oxide spacer
layer. Inset: Schematic of the experimental configuration.
Measured (b) and calculated (c) SPP photon energy as a func-
tion of SPP coupling angle for spacer layers with thicknesses
6 nm (red), 10 nm (green), and 15 nm (blue). The dotted
lines in (b) are measured data from the reference samples
that consist of silver films and dielectric spacer layers, but
without gold nanoparticle arrays.

wavelength LSP resonance to the emission of a fluoro-
phore, both absorption and emission can get
enhanced, % thereby increasing the fluorescence
and the sensor’s sensitivity significantly. It has to be
noted that efficient emission enhancement would re-
quire larger nanoparticles than the ones produced in
this work.2*

As an example of the flexibility of the patterning
process for producing functional plasmonic nano-
structures, we deposited BCP-based gold nanoarrays
onto silver thin films to study the interaction be-
tween LSPs and SPPs that propagate on extended
metal surfaces. Structures that combine metal films
and nanoparticles with appropriate dimensions are
expected to produce strong electric field enhance-
ments in the gap between the metal nanoparticles
and the metal film?” and, therefore, are attractive for
functional components in plasmonic circuits that re-

\\&) VOL.3 = NO. 12 = MISTARK ET AL.

quire strong non-linearities. Our hybrid LSP/SPP
samples consist of ~50 nm thick silver films deposited
by electron beam evaporation and BCP gold nano-
particle arrays. Silicon oxide layers with different
thicknesses were evaporated onto the silver films be-
fore BCP patterning to serve as dielectric spacer lay-
ers that control the interaction between the LSPs of
the gold nanoparticles and the SPPs of the thin silver
film. We then mounted the samples onto a prism
and measured the reflectivity of a collimated,
p-polarized white light beam from the back of the
sample in the Kretschmann—Raether prism configu-
ration (inset of Figure 3a). Such a configuration is the
standard way to measure the dispersion relation of
the SPP since the SPP manifests itself as an angle
(momentum) and spectral (energy)-dependent
minima in the reflectivity.?® In the prism configura-
tion, the resonance condition for the coupling be-
tween photons and SPPs at a metal/dielectric inter-
face with dielectric functions ¢, and g4, respectively,
is

27 €4€m

kspp = TnnprismSin(eSPP) - @

[ i

in which npism is the refractive index of the prism and
Ospp is the coupling angle (see inset of Figure 3a).

In Figure 3a, we show a typical reflectivity map of
a hybrid Au nanoparticle/Ag film structure that dis-
plays an angle- and wavelength-dependent dip in
the reflectivity indicating the SPP coupling angle.
From such plots, we extract the angle-resolved SPP
coupling wavelength and display it in a dispersion-
type plot in Figure 3b. We determined dispersion re-
lations for Au nanoparticle/Ag film samples with di-
electric spacer layers of 6, 10, and 15 nm thickness. As
a control, we performed the same measurements and
analysis with the Ag film samples only, in the absence
of the Au nanoparticle array (Figure 3b). We find a clear
difference between the hybrid and the control samples.
For the same photon energy, the SPPs in the hybrid
samples are excited at larger angles that correspond
to larger wave vectors according to eq 2. Moreover, in-
creasing the spacer layer thickness leads to larger cou-
pling angles and wave vectors. Such behavior can be
understood with an increase of the effective dielectric
constant by the dielectric spacer layer and the Au
nanoarray on top of the silver film. Increased wave vec-
tors indicate slower propagation velocity and, there-
fore, stronger field concentrations that are advanta-
geous for many plasmonic devices that require large
field enhancements. It is noteworthy that the spectral
width of the reflectivity dip does not differ significantly
between Ag film samples with and without Au nano-
particles. Since the reflectivity dip width is a measure
of the SPP damping, we conclude that the Au nano-
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particles do not cause significant additional scattering
losses.

To test our explanation, we calculated the optical re-
sponse of the hybrid Au nanoarray/Ag thin film samples
using a transfer matrix formalism for multilayer sys-
tems. The Au nanoparticle array layer is modeled as a
layer of thickness 15 nm with oblate nanoparticles that
occupy a volume fraction p (equal the area density of
the nanoarray) inside a matrix with dielectric constant
&4. The effective dielectric function e of this layer is
then given by

gq T Lle, — &9 + p(1 — L), — &)
eq + Le, — g9 — plle, — &y

Eeff — €4

3)

Here, we consider the LSP resonance with electric
field along the short axis of the Au ellipsoids

(L = 0.41) because the electrical field component of
the SPP perpendicular to the surface is stronger than
the parallel one. In Figure 3¢, we show the calculated
SPP resonance photon energy as a function of excita-
tion angles for the same dielectric spacer layers as in the
experiment. The correspondence between calculated
and measured SPP dispersion relations is very good,
supporting the applied model and the notion that the
gold nanoparticle array is the reason for the increased
SPP wave vector. It has to be noted here that the inter-

EXPERIMENTAL DETAILS

Au Nanoparticle Arrays: BCP films were prepared by spin-coating
0.5 wt % PS-b-P4VP copolymer toluene/tetrahydrofuran (THF)
(70/30, v/v) solutions onto glass coverslips. The copolymer pur-
chased from Polymer Source has a molecular weight of 68.7 kg/
mol (M,”> = 47.6 kg/mol; M,"** = 20.9 kg/mol) and a polydisper-
sity (Mw/M.,,) of 1.14. After solvent annealing in THF, the films
were immersed in a gold salt solution (HAuCl,, 1 wt %) for 5 min
to complex gold ions to 4-vinylpyridine units, followed by rins-
ing several times with pure water.

Au/Ag Nanoparticle Arrays: The 0.5 wt % PS-b-P2VP/PS-b-PEO (50/
50, w/w) copolymer blends were used to produce the BCP tem-
plates by spin-coating without additional annealing. The PS-b-
PEO (M,, = 43.0 kg/mol, M,,/M,, = 1.06, and the weight percent
of PS = 69%) and PS-b-P2VP (M, = 58.0 kg/mol, M,,/M, = 1.07,
and the weight percent of PS = 74.4%) were purchased from
Polymer Source.

Optical Experiments: Extinction measurements were per-
formed with a tungsten halogen lamp from Avantes
(AvaLight-HAL), an Acton series spectrograph (SP2300), and
a thermoelectric cooled CCD camera (PIXIS 100B) from Princ-
eton Instruments. For measuring the angle and spectrally re-
solved reflectivity of the hybrid Au nanoarray/Ag film
samples, we used the same tungsten halogen lamp, motor-
ized rotation stages from Newport Corporation (PR50PP), and
a spectrometer from Ocean Optics (USB4000).

Acknowledgment. The authors would like to acknowledge fi-
nancial support from the National Science Foundation under
Grant ECCS-0725609 and the MRSEC program and the U.S. De-
partment of Energy Office of Basic Energy Science. S.P. was sup-
ported by the WCU Program (R31-2008-000-20012-0) through
the NRF.

www.acsnano.org

action between LSP and SPPs is in the weak coupling re-
gime, primarily because of the small dimensions of the
nanoparticles. Strong coupling would lead to a distinct
distortion of the SPP dispersion relation at the LSP reso-
nance frequency.?® Such an effect is not observed in
our measurements but is the subject of further studies
with larger nanoparticles that have larger scattering
cross sections.

CONCLUSIONS

In conclusion, we have successfully manufactured
dense and ordered arrays of metal nanostructures by re-
ducing metal salts in BCP templates. Besides single-
component nanoparticle arrays that exhibit a single LSP
resonance, we fabricated composite nanoparticle arrays
that display two characteristic LSP resonances. Applied
onto a plane silver film, our gold nanoparticle arrays led
to a substantial increase of the SPP wave vector, indicat-
ing localization of electromagnetic energy densities.
Hence, these metal nanoarrays are promising plas-
monic components for enhancing electric fields either
in a stand alone configuration or in conjunction with
metallic substrates. Macroscopic patterning (e.g., to
form nanoparticle wires) should be possible by elec-
tron beam writing onto the BCP templates.>® Moreover,
dense gold nanoparticle arrays can be attractive seed
substrates for producing high density nanowire arrays
by vapor—liquid—solid (VLS) deposition techniques.?'
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