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ABSTRACT This paper describes a new strategy for synthesizing free-standing bimetallic nanorings and

nanoring arrays based upon on-wire lithography and a galvanic replacement reaction. The strategy allows one to

tune the diameter, length, and therefore aspect ratio of the nanorings. In addition, it can be used to produce arrays

of nanorings in high yield with control over number and spacing. Spectroscopic studies and discrete dipole

approximation calculations show that nanoring dimers exhibit greater surface enhanced Raman scattering than

the analogous nanodisk dimers.
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he plasmonic properties of noble

metal nanostructures have been uti-

lized in a variety of applications, in-
cluding subwavelength optics," biological
and chemical sensing,? spectroscopic en-
hancing,® and solar cells.* Indeed, over the
past few decades, there have been exten-
sive efforts to synthesize and control the
size and shape of metallic nanostructures
since such parameters enable the tuning of
plasmon resonance wavelengths. Many
nanostructures, including triangular nano-
prisms,® bipyramids,® nanorods,”
nanoshells,® and nanocubes,® have been
synthesized and studied with respect to
their plasmonic activity. Shell structures are
particularly interesting because they allow
independent tuning of plasmons associated
with inner and outer surfaces as well as
variation in the coupling of these reso-
nances. Specifically, the anisotropic struc-
ture of rings with variable longitudinal and
transverse axes provides significant
tailorability for adjusting plasmon reso-
nance wavelengths and intensities. Further-
more, nanorings have a large surface-to-
volume ratio, which reduces radiation
damping'® and leads to strong signals in
surface-enhanced Raman scattering (SERS).
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Attempts to fabricate metallic nanorings
have involved nanosphere- or colloidal
lithography,''~'* electron beam litho-
graphy,'® anodized aluminum oxide (AAOQ)
template-assisted methods,"” and molecu-
lar template methods."®'® Nanosphere
lithography, in particular, provides the abil-
ity to control the diameter and wall thick-
ness of the nanorings. However, none of
these methods independently allows one
to produce free-standing and dispersible
ring or ring-array structures in high yield
with control over ring diameter, length, and
therefore aspect ratio. Moreover, it is ex-
ceedingly difficult to fabricate nanoring ar-
rays with the longitudinal ring axes of the
rings parallel to the substrate. Such capabili-
ties afford researchers with ability to create
spectroscopically encoded structures that
can be used as labels for biological and
chemical detection and other forms of
taggants.?%?’

On-wire lithography (OWL) is an
emerging technique that has been used
to create disk architectures, gapped
nanowires, and single or multicompo-
nent nanowire structures with sub-10 nm
resolution in high yield at moderately
high throughput.?? With OWL, one can
fabricate many types of metal and poly-
mer nanostructures with control over fea-
ture dimensions from 2 nm to many mi-
crometers. OWL has been used to prepare
molecular transport junctions,?®>~ 2 elec-
trical nanotraps,®® plasmonic disk
arrays,”®?" catalytic nanorotors,?” and
novel energy conversion materials.?® In
other work, galvanic replacement reac-
tions (GRRs) have been utilized for mak-
ing hollow nanostructures, such as nano-
triangles,?® cylindrical Au/Ag alloy
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Scheme 1. Scheme illustrating the OWL technique used to fabricate nano- . .
rings. Striped Ag—Ni nanorods (prepared by electrochemical deposition) are ~ fiNg structures are obtained. Indeed, one
used as templates for a galvanic replacement reaction (GRR) followed by se-  can show that other Ag etchants, such

lective wet chemical etching of Ni and Ag.

nanostructures,®® and nanocages,® from triangular
prisms, cylinders, and cubes, respectively.

In this paper, we demonstrate how Ag disk archi-
tectures, prepared by OWL or striped wire synthe-
sis,>' can be chemically converted into Au/Ag nanor-
ing and nanoring array structures using a GRR. This
capability allows one to study a novel class of ring ar-
ray nanostructures and systematically tailor their
plasmonic properties. Importantly, our study shows
that Au/Ag alloy nanoring structures have localized
surface plasmon resonances (LSPR) that can span the
visible and near-infrared spectra. In addition, we
combine the electrodynamic modeling and SERS ex-
periments to study the plasmonic behavior of these
novel nanostructures.

RESULTS AND DISCUSSION

In a typical experiment, electrochemical template-
based methods were used to prepare striped Ag—Ni
nanorod structures®® (Scheme 1). The segment lengths
were controlled by the total charge passed during elec-
trochemical deposition (Supporting Information, Fig-
ure S1). These structures were treated with HAuCl,,
which causes a GRR with only the Ag segments and
converts them into alloy ring structures (eq 1). Since Ni
does not react with HAuCly, it serves as an excellent cap-
ping and separation material for the Ag segments (i.e.,
the ends of the Ag segments are directly exposed to the
HAuCl).

3Ag(s) + AuCl, (aq) — 3Ag ™ (aq) + Au(s) + 4Cl (aq)
(1

Finally, dispersible “solid” nanorings were obtained by
etching the Ni segments in 37% HCI. Further etching of
these solid structures in 70% HNOj; results in dissolu-
tion of the Ag and formation of porous nanorings
(Scheme 1).

The Ag—Ni nanorods have a diameter of 360 = 26
nm with Ag and Ni segment lengths of 193 = 14 nm
and 310 =* 34 nm, respectively, as evidenced by SEM
(Figure 1a). After the GRR, the nanorings appear as
raised features surrounding what used to be the Ag
segments (Figure 1b). The average length of the re-
leased nanorings is 209 = 34 nm (Figure 1c) which is
comparable to the length of the original pure Ag seg-
ments. The average wall thickness of the nanorings is 33
* 9 nm. The corresponding EDX spectrum (Support-
ing Information, Figure S2) confirms that the nanorings
are alloys of Au and Ag (1:1.7). Au content can be in-
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creased by increasing the amount of
HAuCl,, but pure solid Au ring struc-
tures cannot be obtained because at
large excesses of HAuCl, to Ag, porous

as 70% HNO;, also will dissolve the Ag in

the bimetallic ring structures to gener-
ate porous structures (Figure 1d).3? The resulting struc-
tures have higher Au/Ag ratios (~10:1) but never reach
purity with respect to Au. Apparently, some of the Ag
atoms are physically encapsulated in Au preventing the
completion of the etching process.

We investigated the plasmonic behavior of solid
and porous nanorings by SERS. Both types of nano-
rings were functionalized with methylene blue (MB)
and characterized by Raman microscopy (WiTec Al-
pha 300). The laser used was a 632.8 nm He—Ne la-
ser (Coherent Inc., Santa Clara, CA) with a power
density of ~10* W/cm?2. 3D Raman microscopy im-
ages were obtained by integrating the spectra inten-
sity from 1600—1660 cm™'; there is a strong ring
stretching (v(CC)) mode for MB at 1628 cm™'.3 The
Raman microscopy images of the porous nanoring
structures exhibit SERS signals approximately six
times larger than the solid ring structures, which
can be attributed in part to the larger surface area
of the porous structures (Figure 2a,b). New hot spots
created by the nanopores might also be contribu-
tors to this increased response. The highest en-
hancement appears to be in the middle of the nan-
orings, even though the molecules are localized on
the interior and exterior surface of nanorings. This
observation is a consequence of the spatial resolu-
tion limit of the microscope. The Raman spectra of
MB taken from both porous and solid nanorings also
show that porous nanorings have larger signals than
solid nanorings by up to about 6 times (Figure 2c).
In this geometric configuration, only the transverse
modes of the nanostructures were excited by the
laser.

To further investigate enhancement, electrody-
namic modeling was done using the discrete dipole ap-
proximation (DDA).>* Previous work has demonstrated
that the extinction spectra and SERS enhancement fac-
tors calculated with this method are generally in excel-
lent agreement with experiment.®> All DDA calcula-
tions were performed using DDSCAT7.0.>” The gold and
silver dielectric constants are from Johnson and
Christy®® and Palik,3° respectively. The alloy dielectric
constants are determined from a volume average of
their components. The grid spacing is 4 nm in all calcu-
lations. The electromagnetic enhancement factor (EF)
in SERS is taken to be g* (g = |E|/|Eo|), where E and E, are
the local and incident fields, respectively, at the par-
ticle surfaces. To model Raman measurements for the
nanostructures, the enhancement factor (EF) is calcu-
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strate with the longitudinal axis par-
allel to the substrate while the laser is
radiated perpendicularly to the sur-
face, with polarization along the lon-
gitudinal axes of the nanorings. Sup-
porting Information, Figure S4 shows
an example of length tunability of
the nanorings (85 = 24 nm in length
500 nm with wall thickness of 37 = 13 nm).
TS However, since nanorings with these
aspect ratios (360 nm inner diam-
eter and <200 nm in length) tend
to lie down on the substrate, only the
transverse mode is excited.

With a slight modification of our
synthesis method, it is possible to

Inner

- dial;"e‘ef fabricate nanoring arrays with well-

Wa — .

g e defined positioning of the nanorings

‘— Length on a substrate (i.e., the longitudinal
— axes are parallel to substrate). After

Figure 1. SEM images of (a) striped Ag—Ni nanorods prepared by electrochemical deposition, the GRR with the nanorods, they
(b) striped nanorods after GRR, (c) bimetallic solid nanorings, and (d) porous nanorings. were coated with 50 nm of silica on

lated using EF = [g*dS/[dS, which averages the electro-
magnetic enhancement over the available surface area.
The LSPR positions of the nanorings can be tuned
by varying their diameter, thickness, and length. In our
experiments, they were tuned by the length of the
nanorings, which can be easily controlled in the electro-
chemical deposition process. To excite the longitudinal
mode (Figure 2d), the nanorings are placed on a sub-

one side by plasma-enhanced
chemical vapor deposition (PECVD). Nickel segments
were then removed by wet chemical etching to give nano-
ring arrays (Figure 3a). These nanoring arrays also make
it possible to fabricate dimers (referring to just two par-
ticles), which are known to increase the Raman signal
enhancement of the nanostructures. The distance be-
tween the nanorings in a dimer can be varied by con-
trolling the length of the Ni seg-
ments (Figure 3b).

With this method, we have fab-
ricated a series of nanoring dimers.
Moreover, we have compared
them with Au nanodisk dimers'”
(Figure 4a inset). The Au nanodisks
have an average diameter of 360
+ 24 nm and length of 120 = 17
nm; with a plasmon resonance that

0CCDcts
is in resonance with the 633 nm in-
c " 2=, = d cident laser (Figure 4c)."” The nan-
Q £ —Porous 16 - —— Transverse . . Lo .
50 A = = ~ sid —_ F & Ty oring dimers also have similar di-
o - 0 g 8 312 | [\ 9 mensions (357 = 26 nm inner
L s 7 r / \ diameter and 35 * 10 nm wall
8 307 % . / \\ thickness). The length of each nano-
3 20 M\fk = 4 ring was deliberately varied from
o 10 - - 5 4 = 77 to 210 nm to find an optimized
}( » MM \—»____J// length with respect to SERS. The
0 o ' ' ' gap in the nanoring dimers and
0 2000 300 500 700 900 S
nanodisk dimers are ~100 nm
Raman Shlft (cm™) Wavelength (nm)

Figure 2. 3D scanning Raman microscopy images of (a) porous nanorings and (b) a solid nanor-
ing. The dimensions of both nanorings are as follows: inner diameter, ~360 nm; wall thickness,

wide; which is optimum to have
significant coupling, while also

~35 nm; and length, ~100 nm. Insets show SEM images of the corresponding nanorings. (c) The  large enough to keep the rings
average Raman spectrum of MB from both porous nanorings and solid nanorings. (d) Calculated from coming in physical contact

extinction spectra of nanoring for longitudinal and transverse polarization of light based on DDA
calculations. The dimensions of the nanorings are as follows: inner diameter, 360 nm; wall thick-

ness, 36 nm; and length, 100 nm.
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(the gold grows nonuniformly on
the surface of the rings creating
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l Si0, deposition
i Ni etching

Figure 3. (a) Scheme illustrating the fabrication of nanoring
arrays by SiO, deposition to one side of GRR-modified-
nanorods, followed by wet chemical etching of Ni. (b) Tilted-
view TEM image of nanoring arrays on a SiO, backing layer.
The array consists of six nanorings with an average length of
120 nm and a 300 nm separation between nanorings. Note
that there are some particles at both ends of the arrays that
grew during the GRR.

a nonideal corrugated surface, Figure 1c). The dimers
were separated by 1 wm to prevent any plasmonic
interaction. These arrays, like their SiO,-backing free
analogues above, were functionalized with MB and
characterized by Raman microscopy.

A Raman map of a structure with both ring and
disk dimers shows that the nanoring dimers with an
average ring length of 130 = 13 nm give the high-
est Raman intensity (Figure 4a). This large field en-
hancement is due to the overlap of the plasmon
resonance of this structure with the laser wave-

130 nm 120nm 210nm

1

length, as verified by DDA calculations (Figure

4b). Indeed, the calculated extinction spectra of

nanoring dimers as a function of ring length
show that the structures with a 120 nm ring
length are optimized with respect to spectral
overlap with the incident laser. The calculated
field profile for this case (Supporting Informa-
tion, Figure S3) shows a strong dipole resonance,
with highest enhancements on the inner wall of
the ring.

For comparison purposes, we have plotted
the Raman intensity ratio of the nanoring dimers
and the Au nanodisk dimers as a function of na-
noring length (Figure 4c). Each experimental
point on the graph was taken from an average
of at least five samples. The calculated intensity
ratio is also plotted in the same graph. Both ex-
periment and calculation are in good agreement,

showing that a nanoring dimer with a length be-
tween 100 and 160 nm gives an intensity ratio larger
than 1. This also means that in this region of the
graph, the enhancing properties of the rings have
been optimized with respect to the disks.

There are two factors that differentiate these
nanorings from Au nanodisks: composition and ge-
ometry. The nanorings are bimetallic while the nan-
odisks are pure gold. To differentiate these factors,
we calculated the average SERS enhancement factor

i 150 CCD cts

nano- nano- nano-| na.no- nda.n:- n?no-
ring ring disk Ting is| ring
af W 3n
L it —_ 0 CCD cts
b 16 { — 120 nmAu disk dimer c
—40 nm 3.5 -

14 1 —80nm 30 . *  Experiment
~124  T00m ' —=— Calculation
3 nm S 25
g 10 1 —160 nm S
: Sl L
=) =
5 @ 1.5 4 J “
£ E 1 ’j h
: fw, [ L
" os] N

(1] . T \ 0.0 T T T T T T i
300 500 700 900 0 40 80 120 160 200 240 280

Wavelength {nm)

Nanoring Length (nm)

Figure 4. (a) 3D scanning Raman microscope images of nanoring dimers and nanodisk dimers. The dimensions of the nano-
rings are as follows: inner diameter, ~360 nm; wall thickness, ~35 nm; and length, varies as denoted in the insets (i.e., 103,
77,130, and 210 nm, respectively). The dimensions of the nanodisks are as follows: diameter, ~360 nm; length, ~120 nm. All

gaps sizes are ~100 nm. Insets show SEM images of the arrays

(scale bar: 1 pum). (b) Theoretical extinction spectra of Au/Ag

(1:1) alloy nanoring dimers with different lengths and of 120 nm Au nanodisk dimer calculated by the DDA method. Laser ex-
citation wavelength at 633 nm is shown for clarity. (c) The experimental and calculated Raman intensity ratio (Au/Ag nano-
ring dimers divided by 120 nm Au nanodisk dimer) versus nanoring length.
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Figure 5. Contours of SERS enhancement factors for (a) Au nanoring dimer, (b) Au/Ag (1:1) nanoring dimer, (c) Au nanodisk
dimer, and (d) Au/Ag (1:1) nanodisk dimer. The dimensions of the nanorings are as follows: inner diameter, 360 nm; wall
thickness, 40 nm; and length, 120 nm. The dimensions of the nanodisks are as follows: diameter, 360 nm; length, 120 nm.
The x and y axes are distances in nm. Note that the coordinates of the plot cut through the center of the nanoring and
nanodisk such that the ring forms two rectangles, 40 nm X 120 nm while the disk forms one rectangle, 360 nm X 120 nm.

Laser excitation is at 633 nm.

for 633 nm irradiation of four different systems us-
ing the DDA method (Figure 5): Au ring dimer, alloy
(Ag/Au = 1/1) ring dimer, Au disk dimer, and alloy
(Ag/Au = 1/1) disk dimer. The dimensions of the
rings and disks mimic the experimental value (for
rings, inner diameter = 360 nm, length = 120 nm,
wall thickness = 40 nm; for disks, diameter = 360
nm, length = 120 nm). Note that the DDA calcula-
tions determine the fields half a grid spacing away
from the true surface of the particles. Since the grid
spacing is 4 nm, the calculated fields will be well be-
low the actual surface fields. This is not important
for the present application where only the change
in enhancement in going from one structure to an-
other is important; however, the absolute enhance-
ment factors are likely to be 1—2 orders of magni-
tude higher than we have calculated.

The SERS enhancement factors for structures of
different composition are similar, indicating that
the Au/Ag alloy and gold dielectric properties are
close (Figure 5). In contrast, the enhancement fac-
tors for different structures are drastically different.
The electric fields are strongly enhanced over the en-
tire ring surface, while only small portions and se-
lected areas of the disk surface show strong en-
hancements. As a result, the average enhancement
factor (estimated by averaging over the accessible

ACINANC) voL.4 = NO.12 = LIUSMAN ET AL.

surfaces of the nanostructures) for the Au ring dimer
(EF = 314) and the alloy ring dimer (345) are about
twice that for the Au disk dimer (171) and alloy disk
dimer (149). On the basis of these studies, we conclude
that the geometry of nanostructures plays a much more
significant role compared to the composition in our sys-
tem. Note that if the enhancements were averaged only
over the available surfaces (in experiment, some of the
surfaces are covered by SiO,), the structures show similar
enhancement factors.

In conclusion, we have fabricated bimetallic nano-
rings and nanoring arrays by a new method based on
OWL and a GRR. There are several attributes to this
method. First, we can easily tune the length of the
nanorings by altering the length of the Ag segments
in the precursor, thus providing diverse aspect ratios.
Second, the diameter of the nanorings, in principle, can
also be tuned by using different pore sizes of the AAO
template.*® Third, one can make these structures in rela-
tively high yield with moderate throughput, making
them potentially useful as spectroscopic labels. Finally,
these features enable us to tune the LSPR peak wave-
lengths of the nanorings over a wide range, allowing for
both optimization of the nanostructures and funda-
mental understanding of the origins of their spectro-
scopic properties.

www.acsnano.org



METHODS

Striped Ag—Ni Nanorod Structures Made by Electrochemical Deposition.
To make Ag—Ni nanorods, 200 nm of Ag was first evaporated
onto one side of an AAO membrane (Whatman Anodisc, pore
size 0.02 wm—only at the end of the pore, the actual pore size
is ~360 nm), which served as a working electrode for electro-
chemical deposition. This template was then placed in an elec-
trochemical cell with Ag/AgCl as a reference electrode and Pt as
a counter-electrode. Ag was electrodeposited first (at —950 mV,
6 C) from the commercially available solution (Technic Inc. 1025
RTU @ 4.5 troy/gallon) to let Ag grow into the pores. Afterward,
the cell was washed and refilled with Ni solution (Technic, Inc.,
nickel sulfamate RTU). Subsequent alternating depositions of Ni
(at —1000 mV) and Ag (—1100 mV) were done to get striped
nanorods. The corresponding deposition rates were approxi-
mately 9 nm s~ for both Ag and Ni, which were considered as
fast depositions to generate a relatively smooth end-surface. The
total charge during deposition controls the segment lengths
(Supporting Information, Figure S1). To release the nanorods
from the AAO template, the backing layer (evaporated and elec-
trodeposited Ag) was chemically etched by methanol/H,0,/
NH4OH (4:1:1 v/v) for 20 min, and then the process continued
with AAO template dissolution by 3 M NaOH for 20 min. The re-
leased rods were then rinsed with deionized water three times
and kept in 2 mL of H,0.

Galvanic Replacement Reaction (GRR). GRR was performed by dis-
persing 1 mL of the striped nanorods in a 10 mL boiling aque-
ous solution of HAuCl, (concentration varies depending on the
size of Ag segments, i.e., 30 wM for 0.9 C Ag deposition) for 10
min. Ag was consumed during the reaction as evidenced by TEM
(Supporting Information, Figure S2a), where the nanoring seg-
ments appear more transparent compared to the Ni segments.
The solution was later centrifuged and rinsed twice with water to
obtain bimetallic nanorings at the positions occupied by the Ag
segments. To release the nanorings, Ni segments were com-
pletely etched in 35—38% HCl for 3 h.

Nanoring Arrays Fabrication by OWL. The modified nanorods (nano-
rods after GRR) were dispersed in H,O. The suspension was
dropped on precleaned glass slides and left overnight to dry.
The glass slides were put in the PECVD chamber (PLASMALAB
WP, Plasma Technology, Inc., Torrance, CA), which was pumped
to high vacuum, and the glass slides were heated to 240 °C. Then,
N,O and SiH4/N, (10%/90%) gases were introduced into the
chamber at flow rates of 400 and 40 sccm, respectively. The pres-
sure was kept at 200 mTorr by adjusting the throttle, and the
RF power was set at 18 W. The corresponding deposition rate
was 10 nm/min. Deposition was run for 5 min to get a silica layer
with thickness of 50 nm. The silica-coated nanorods were re-
leased from the glass slides by sonication in ethanol for 8 s. The
final step of this process involves wet chemical etching of Ni seg-
ments by HCl (36.5—38.0%) for at least 3 h.
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