Plasmonic Focusing in Rod—Sheath
Heteronanostructures

Xiaodong Chen,% Shuzhou Li,° Can Xue, Matthew J. Banholzer, George C. Schatz,* and Chad A. Mirkin*

Department of Chemistry and International Institute for Nanotechnology, Northwestern University, 2145 Sheridan Road, Evanston, lllinois 60208. SThese two authors

contributed equally to this work.

lasmonic nanostructures have been

intensely studied because of their in-

teresting fundamental properties
and potential use as waveguides and en-
hancing structures in the context of metal-
enhanced fluorescence and surface-
enhanced Raman scattering (SERS).' % Ad-
vances in nanofabrication are allowing re-
searchers to probe the relationship be-
tween nanostructure and plasmonic
properties. For example, electron-beam
lithography has been used to fabricate me-
tallic “bowtie” nanoantennas consisting of
two opposing tip-to-tip Au triangles, which
exhibit gap-dependent optical coupling.®
Soft-lithography has been used to form ar-
rays of nanoholes and nanoparticles which
can be utilized for highly sensitive refractive
index sensing.® Additionally, template-
based methods such as nanosphere lithog-
raphy” have been used to prepare periodic
structures that exhibit large reproducible
SERS properties, which may find utility in
new chemical sensing schemes. Despite
these achievements involving planar print-
ing and lithographic methods, there are
relatively few methods, which allow one to
fabricate free-standing, dispersible nano-
structures with control over feature size on
the sub-100-nm length scale.

On-wire lithography (OWL), which is an
emerging nanofabrication method based
on the electrochemical deposition of multi-
segmented nanowires®® and selective
chemical etching of sacrificial segments, al-
lows one to prepare a wide variety of
nanowire-based structures with control
over composition and both negative and
positive architectural features along the
long axes of the wires.'® Researchers have
used OWL to prepare electrodes with
nanoscale gaps,'"'? electrical nanotraps,'?
plasmonic disk arrays,'* structures with op-
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ABSTRACT This paper describes the fabrication of plasmonic focusing, free-standing rod —sheath hetero-

nanostructures based on electrochemical templated synthesis and selective chemical etching. These hetero-

nanostructures take advantage of plasmon interference together with field enhancements due to sharp junction

structures to function as stand-alone SERS substrates containing Raman hot spots at the interface of the rod and

sheath segments. This result is investigated with empirical and theoretical (discrete dipole approximation, DDA)

methods, and we show how plasmon interference can be tuned by varying the sheath and rod lengths.

KEYWORDS: heteronanostructure -

timized enhancing properties in the con-
text of Raman spectroscopy,'® and hetero-
structures that behave as catalytic
nanorotors.'® The technique is compatible
with both soft and hard matter, and essen-
tially any material that can be electrochemi-
cally plated or polymerized in a porous tem-
plate can be deposited as a nanowire.
Interestingly, when multisegmented wires,
each made of a hard inorganic material like
gold and a relatively soft polymeric material
such as polypyrrole (PPy), remain in the
template while they are dried under
vacuum, the polymer segments will con-
tract by about 10% and adhere to the side
walls of the pores to form a crescent—
shaped channel (Figure 1a). If gold is subse-
quently deposited into the channel, a novel
rod—sheath structure is formed. Dissolu-
tion of the template and polymer results in
the generation of approximately one billion
of these dispersible rod—sheath nanostruc-
tures. Herein, we describe the detailed syn-
thesis and characterization of this new class
of heteronanostructure and the identifica-
tion of a plasmonic focusing phenomenon
that occurs at the point of contact between
rod and sheath. Experimental observation
of the focusing phenomenon as well as dis-
crete dipole approximation (DDA) calcula-
tions aimed at understanding its origins are
presented.

electrochemical deposition -

SERS - plasmonics
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Figure 1. (@) Scheme illustrating the synthesis of Au rod—sheath heteronano-
structures using a combination of electrochemical growth of metal—polymer
nanorods in AAO membranes, followed by selective wet chemical etching of

inner pore walls of the AAO template, each PPy
rod adheres to one side of the cylindrical pore, re-
sulting in a small, curved channel. The deposition
of additional gold into this structure (~0.5 C) re-
sults in a rod—sheath made of gold (Figure 1a,b).
The electrostatic interaction between [Au(CN),] ™~
and PPy rod surface may act as a driving force to
replenish gold ion in the volume that eventually
becomes the sheath.'® Finally, the Ag backing layer
was removed by dissolution in a solution of metha-
nol, 30% ammonium hydroxide, and 30% hydro-
gen peroxide (4:1:1, v/v/v). The alumina template
was dissolved in 3 M NaOH. During these steps, the
PPy segments were also removed. The formation
of the rod—sheath nanostructures was confirmed
by scanning electron microscopy (SEM) (Figure 1c).
The thickness of the sheath is 28 *= 3 nm, which is
approximately the diameter difference between
the Au rods and contracted PPy nanorods.'” Opti-

polymer. (b) SEM image of Au-PPy nanorods before chemical etching of the PPy
segment. SEM images (c) and an optical image (d) of Au rod—sheath hetero-
nanostructures (1.6 = 0.2 um length nanorod and 1.4 = 0.3 wm sheath). The in-

set of panel c shows the thickness of the sheath (top) and an individual
rod—sheath heteronanostructure (bottom).

RESULTS AND DISCUSSION

The strategy for making Au rod—sheath hetero-
nanostructures involves the initial deposition of 200
nm of Ag onto one side of an anodic aluminum oxide
(AAO) membrane to serve as the working electrode for
subsequent electrochemical deposition of the rods (Fig-
ure 1a). Next, Au and PPy were sequentially deposited
within the AAO template from Orotemp 24 RTU solu-
tion at —0.95 V versus Ag/AgCl and 0.25 M aqueous pyr-
role and 0.1 M LiCIO, at 0.75 V versus Ag/AgCl, respec-
tively. Upon drying in vacuum, the PPy segment shrinks
(approximately 30 nm) due to dehydration.'” Because
of the strong adhesion forces between the PPy and the
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Figure 2. 2D (a) and 3D (b) confocal scanning Raman images of rod—sheath
heteronanostructures (rod: ~1.7 um; sheath: ~1.5 pm) modified by MB. Op-
tical image (inset of panel a), which is simultaneously obtained, shows the
orientation of the nanostructures. (c) Cross-section of the Raman intensity vs
the location along the longitudinal axis of the rod—sheath nanostructures
(white line in a). (d) Representative Raman spectrum of MB taken from the
center of the hot spot shown in the Raman maps.
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cal microscopy (Figure 1d) can be used to differen-
tiate the rod and sheath ends, since they exhibit
different degrees of light scattering.

Since the shape of a nanostructure plays an im-
portant role in its plasmonic properties,” we inves-
tigated the surface-enhanced Raman scattering
(SERS) behavior of the obtained novel rod—sheath het-
eronanostructures. SERS is directly related to the elec-
tromagnetic field profile (|E|*) of a nanostructure, so a
map of SERS activity along the nanowire can serve as a
good indication of electromagnetic field intensity. The
rod—sheath heteronanostructures (1.6 = 0.2 um length
nanorod and a sheath end varying from 0.8 to 1.8 um
in length) were functionalized with methylene blue
(MB) and subsequently characterized by confocal Ra-
man and conventional bright-field microscopy (WiTec
Alpha300). Samples were excited using a He—Ne laser
(632.8 nm, Coherent Inc., Santa Clara, CA) with ~0.1 mW
intensity. The confocal Raman images (Figure 2a,b)
were obtained by integrating the spectral intensity
from 1600 to 1700 cm ™', where 1630 cm ™' corre-
sponds to the mode of C—C ring stretching of MB."® It
is interesting to observe that, with a rod length of ~1.7
wm and a sheath length of ~1.5 wm, the intensity of
the Raman signal at the junction formed between rod
and sheath segments is over ~4 times higher than that
at the edge of the rod or sheath (which are known to al-
ready be highly enhancing themselves) (Figure 2c).
This finding suggests a strong electromagnetic field at
the junction of the rod and sheath segments. To inves-
tigate whether the Au sheath plays an important role in
generating this strong electromagnetic field, we also
fabricated a Au—SiO, rod—sheath heteronanostructure
of similar dimensions (Figure 3 and Figure S2b) through
the OWL technique.'® This involves creating gold—
nickel two-segmented nanorods by template-directed
electrochemical synthesis. After coating one side of
these two-segmented rods with 50 nm of silica through
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Figure 3. (a) 2D confocal scanning Raman image of Au—SiO,
rod—sheath heteronanostructures modified by MB (the ob-
served MB spectra for this sample is similar to the one shown
in Figure 2d). Optical image (inset of a), which is simulta-
neously obtained, clearly shows the orientation of the nano-
structures. (b) SEM image of Au-SiO, rod—sheath heteronano-
structures fabricated by OWL. (c) Cross-section of the Raman
intensity vs the location of the longitudinal axis of the
rod—sheath nanostructures (white line in a).

plasma-enhanced vapor chemical deposition (PEVCD),
the ~1.5 wm nickel segment is removed by selective
wet-chemical etching, resulting in heteronanostruc-
tures consisting of ~1.6 wm Au rods and ~1.5 pm SiO,
sheaths (Figure 3b). Finally, the Au—SiO, rod—sheath
heteronanostructures were functionalized with MB for
Raman measurements. Significantly, the intensity of Ra-
man signal at the contact junction of Au rod and SiO,
sheath is quite similar to that at the edge of Au rod (Fig-
ure 3a,c), suggesting that the metal—metal junction is
important in generating the enhanced electromagnetic
fields.

To further understand the plasmonic features of
these rod—sheath systems, we systematically investi-
gated the SERS behavior of rod—sheath heteronano-
structures with different sheath lengths but similar rod
sizes (1.6 = 0.2 wm). Interestingly, we found a pseudosi-
nusoidal relationship between the sheath length and
the ratio of hot spot intensity localized around
rod—sheath junction to that at the rod end (Figure 4a).
For example, with sheath lengths of ~1.3 and ~1 um,
the intensity localized around the junction relative to
the rod ends is low. However, for ~1.5 and ~1.2 um
sheaths, the intensity of the Raman signal at the junc-
tion of rod and sheath segments of the nanowire is
much greater than at the rod ends.

To interpret the observed results, we have calcu-
lated the local electric fields for the Au rod —sheath het-
eronanostructures in vacuum using DDA methods.??’
Here, we only consider the light polarization parallel to
the longitudinal axis of the rod—sheath heteronano-
structure since the coupling of two plasmonic struc-
tures (such as for dimers in our previous work’) is most
important for light polarized along the dimer axis.??
The grid spacing is 5 nmin all calculations, and the gold
dielectric constants are from Johnson and Christy.?® As
one example of such a calculation, Figure 5a presents
the resulting contour of |E]* for a rod—sheath nano-
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Figure 4. (a) Experimental data of the ratio of hot spot in-
tensity localized around rod—sheath conjunction to that at
the rod end as a function of the sheath length. Rod length:
1.6 = 0.2 pm. (b) DDA calculation of the ratio of hot spot in-
tensity at the rod—sheath conjunction to that at the rod
end as a function of the sheath length while keeping the
rod length at 1 um. (c) DDA calculation of the ratio of hot
spot intensity at the rod—sheath conjunction to that at the
rod end as a function of the rod length while keeping the
sheath length 1 pm. The field enhancement is modeled at
633 nm radiation for a Au nanostructure with the following
geometry: diameter of rod, 360 nm; thickness of sheath, 30
nm; and grid spacing, 5 nm.

structure excited at 633 nm, where E is the electric
field. In this nanostructure, the length and the diam-
eter of the rod are 1000 and 360 nm, respectively. The
sheath is 1000 nm in length and 30 nm in thickness. In
Figure 5b the SERS enhancement factor (f|E|*ds) of the
nanostructure is plotted as a function of location along
the longitudinal axis. It is found that the magnitude of
the SERS enhancement factor is about 3 times larger at
the rod/sheath interface than at the edge of the rod or
sheath, which is in good agreement with our observed
results (Figure 2c). The peaks in the experiments are
much broader than those in calculations, which is due
to the lower spatial resolution and heterogeneity in
experiments.

We also calculated electromagnetic enhancement
factors for the individual rod and sheath nanostruc-
tures, and plotted their intensity profiles as a function
of location along the longitudinal nanostructure axis
(Figure 5¢,d). Both rods and sheaths show high electric
fields at their ends, corresponding to the influence of
the sharp nanostructures (“lightning rod-effect”) on the
local fields. For individual rods, the intensity is similar
to that at the edge of the rods in the heteronanostruc-
tures. However, the calculations show that the SERS en-
hancement factor on the sheath end of the heteronano-
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Figure 5. (a) Electric field contour (|E|2) of the Au rod—sheath nanostruc-
ture calculated with DDA in vacuum. The [|E|*ds intensity profile along the
longitudinal axis is plotted for the rod—sheath nanostructure in panel b,
the individual rod in panel ¢, and the individual sheath in panel d. The field
enhancement is modeled at 633 nm radiation for a Au nanostructure with
the following geometry: rod, 1 um; sheath, 1 um; diameter of rod, 360 nm;
thickness of sheath, 30 nm; and grid spacing, 5 nm.

structure is significantly smaller than the sheath alone,
while that at the junction is larger than the edge of the
rods. A possible reason for the increase for the hetero-
nanostructure is that the heteronanostructure is closer
to resonance at 633 nm than each of the separate struc-
tures because of coupling between the rod and sheath.
Figure S3 shows the extinction spectra for rods, sheaths,
and heteronanostructures, and we see that there is no
resonance around 633 nm for the rod, while the sheath
resonances are near 633 nm, and the heteronanostruc-
ture is in-between. However, a close inspection of
rod—sheath structure’s intensity profiles along the sym-
metry axis shows the peak intensity around the junc-
tion is not closely correlated to the resonance positions
of the whole nanostructure, which is shown in Figure
S4. Another reason for the enhanced intensity in the
heteronanostructure is that the enhancement at the
junction of two structures, such as for homodimers as
studied in earlier work,'*>?* is significantly higher than
for each separate structure. Indeed in some past
work?>2¢ the term “superfocusing” has been used to
describe this phenomenon. The intensity profiles (Fig-
ure 5) also clearly show interference fringes associated
with propagating surface plasmon polaritons (SPPs)?” in
the sheath with an interference period of ~210 nm
(corresponding to A\¢pp/2). This suggests that the elec-
tromagnetic energy of the SPPs is enhanced at the junc-
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tion of rod and sheath segments as a result of interfer-
ence of SPPs in the rod and sheath.

Further DDA calculations for the different sheath
lengths while keeping the rod segment constant also
reveal an interesting, pseudosinusoidal relationship be-
tween sheath length and the observed intensity at the
junction (Figure 4b). The period of the enhancement
factors in this calculation (~400 nm) is in good agree-
ment with that of the measured SERS intensity oscilla-
tions (Figure 4a). The theory and experimental oscilla-
tions are slightly out of phase with each other, probably
as a result of differences between the chosen rod
lengths in the simulations (1000 nm) and experiments
(1700 nm). Note that the 400 nm value for Agpp is
smaller than the 600 nm value usually quoted for an in-
finitely thick gold film?' for 633 nm excitation wave-
length due to the finite thickness of the film. Indeed,
an SPP wavelength of 410 nm can be estimated for flat
15 nm films based on results in ref 28. The wavelength
might further be modified for a sheath due to curvature
effects.

One further point is why the oscillations in Figure 4
are N\gpp rather than Agpp/2. Generally one would ex-
pect that |E]* (or |E[*) would have \pp/2 periodicity for
the stationary SPP modes of a rod or film;?° however, in
past work® it was demonstrated that Agpp periodicity
can result from interference between the incident plane
wave and the SPP modes of thin metal films. This same
interference should apply to the rod/sheath structure,
thus explaining the \¢pp periodicity. However note that
\gpp Periodicity should even apply to Figure 5 where
the periodicity seemed to be \gpp/2. Upon careful in-
spection of this figure, it is clear that the periodicity is
actually \¢pp, With a relatively strong, but not quite pe-
riodic structure at \gpp/2 due to weak interference of
the SPP with the applied plane wave field. In Figure 4c,
the enhancement factor at the junction is plotted as a
function of rod length. Here the sheath length was fixed
at 1000 nm. The period in Figure 4c is around 600 nm,
which is close to the infinite film thickness value of A¢pp.
This is reasonable since the diameter of rod is 360 nm,
which is much larger than the penetration depth of the
SPP on gold films.

CONCLUSIONS

In this work, we have shown experimentally and
theoretically that these novel rod—sheath nano-
structures exhibit a significant electromagnetic en-
hancement at the junction between rod and sheath
and that interference of the SPPs combined with
field enhancement at the junction is responsible for
such enhancement. Moreover, we show that OWL
can be used to produce an entire family of these
structures with different relative lengths to under-
stand the origin of plasmonic focusing. Surface plas-
monic focusing can be used potentially in a variety
of systems, including plasmonic waveguides,' plas-
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monic lithography,®' and proposed terahertz photo-
nic devices.*? Corrugated or conical
nanostructures,?>2%337 3> prepared by planar and
resolution-limited conventional lithographic tools,

METHODS

Materials. Multisegment nanowires were prepared according
to literature methods.'® 200 nm of Ag metal was evaporated on
the back of anodic aluminum oxide (AAO) membranes (What-
man, Anodisc 0.02 pwm pores, 47 mm outer diameter). These
membranes were then placed in an electrochemical cell, which
contained a Pt counter electrode and an Ag/AgCl reference elec-
trode. In all experiments, commercially available 1025 silver
(Ag) and nickel sulfamate RTU (Ni), Orotemp 24RTU (Au) electro-
plating solutions (Technic Inc.) were used for electrochemical
deposition. The total charge passed during deposition deter-
mined the desired nanowire structure. Ag was deposited as an
initial electrical contact layer under DC current at —800 mV (ver-
sus Ag/AgCl), while gold was plated at —950 mV. PPy was depos-
ited within the AAO template from mixed aqueous solution of
0.25 M pyrrole and 0.1 M lithium perchlorate at 0.75 V versus Ag/
AgCl. Pyrrole, lithium perchlorate, hydrogen peroxide, metha-
nol, ammonium hydroxide, sodium hydroxide, and methylene
blue were purchased from Sigma.

Characterization. Scanning electron microscopy (Hitachi S4800)
was used for morphology measurements. Raman spectra were
recorded with a confocal Raman microscope (Alpha300 WiTec)
equipped with a piezo scanner and 100X microscope objectives
(n.a. = 0.90; Nikon, Tokyo, Japan). Samples were excited with a
632.8-nm He—Ne laser (Coherent, Inc., Santa Clara, CA) with a
power density of ~10* W/cm? and were excited with the long
axis of the nanostructure parallel to the laser polarization.

Theoretical Modeling. Local electric fields and extinction spec-
tra for the Au rod—sheath heteronanostructures were calcu-
lated using discrete dipole approximation (DDA) methods in
vacuum.?%2" Here, we only consider the light polarization paral-
lel to the longitudinal axis of the rod —sheath heteronanostruc-
ture since the coupling of the two plasmonic structures is most
important for light polarized along the dimer axis. The grid spac-
ing is 5 nm in all calculations and the gold dielectric constants
are from Johnson and Christy.?® The incident wavelength used
in the calculation is chosen to be the excitation wavelength of
633 nm in what we present. The magnitude of incident light is 1.
The SERS enhancement factor equals |E,/Eq|*, where E, and E,
are the local field and incident field, respectively.>®
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