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C
overt encoding and tracking are
becoming increasingly important
for a variety of applications and in-

dustries, including authentication in anti-
counterfeiting strategies,1,2 materials and
personnel tracking,3 and in chemical and
biological detection.1,3�12 Nanostructures
are an ideal choice for these encoding
materials because they can be incorpo-
rated into many media without substan-
tively changing their macroscopic appear-
ances and have properties that can be
rationally and deliberately tailored in a vari-
ety of ways.1,6,13�28 Among the structures
that have been studied to date, striped
nanowires show significant promise both
in terms of fundamental studies and com-
mercial applications.20,21

Recently, our group reported a novel
nanoscale encoding system based upon
dispersible and highly tailorable linear ar-
rays of Au nanodisk pairs generated by on-
wire lithography (OWL) and functionalized
with Raman chromophores.1,14,17,29 With
these structures, termed nanodisk codes
(NDCs), each disk pair is a surface-enhanced
Raman scattering (SERS) hotspot that pro-
duces a large Raman signal when scanned

with a confocal Raman microscope, repre-
senting a “1” in the physical binary read-
out.1 Alternatively, the absence of a disk
pair and its corresponding signal along the
array represents a “0”. Thus, information is
stored based on the number and the rela-
tive location of disk pairs along the array. In
addition, the spectroscopic fingerprint of
the adsorbed Raman chromophores pro-
vides an additional level of chemical infor-
mation storage. The geometry and dimen-
sions of the disk structures utilized were
optimized based upon previous
structure�function studies,17 and the high
degree of tailorability afforded by OWL in
the number and spacing of the disk pairs
creates many unique code permutations. In
principle, these structures can be used to
create a library of encoded labels that may
be useful in anticounterfeiting and
biodiagnostics.1

Thus far, work with nanodisk codes has
involved structures consisting only of gold;
however, analogous silver or mixed
gold�silver NDC structures may exhibit
properties that could further increase their
scope of application. For example, silver, in
principle, should lead to larger enhance-
ments than the gold structures, while also
providing additional available excitation
wavelengths with large enhancements.30

Furthermore, greater degrees of informa-
tion storage may be possible, since informa-
tion content would now correlate with the
metallic composition of each hotspot, in ad-
dition to the number, position, and spectro-
scopic signature of chromophores used to
functionalize them. Herein, we report the
first synthesis and characterization of Ag
nanodisk code structures with optimized
and improved (compared to the gold sys-
tem) optical properties for encoding and
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ABSTRACT We report a novel method for synthesizing silver-based nanodisk code (NDC) structures using

on-wire lithography, where we employ milder synthetic and etching conditions than those used to synthesize

the analogous gold structures. The silver structures exhibit stronger surface-enhanced Raman scattering signals

than their Au counterparts at 633 and 532 nm excitation and, therefore, lead to lower limits of detection when

used in the context of DNA-based detection assays. Finally, use of two enhancing nanostructured materials in one

disk code dramatically increases the information storage density for encoding. For example, a disk code consisting

of 5 gold disk pairs has 13 unique combinations of enhancing patterns, while one with 5 disk pairs that can be

either gold or silver has 98.

KEYWORDS: encoding · tagging · surface-enhanced Raman scattering · SERS ·
on-wire lithography · biodetection
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sensing platforms. Notably, we find that Ag-based sys-

tems have stronger enhancements at both 633 and 532

nm excitation wavelengths, with particularly large in-

creases observed at 532 nm, allowing for stronger sig-

nals and lower detection limits. Additionally, we find

that we can take advantage of the large difference in

SERS signals from the two metals to produce NDCs with

added functionality and increased encoding sophistica-

tion through a new multicomponent encoding scheme.

RESULTS AND DISCUSSION
A series of structure�function studies were car-

ried out with the Ag NDCs to tune the surface plas-

mon resonances (SPRs) of the nanostructures so that

they are resonant with �ex. This allows one to deter-

mine the ideal geometry of the disk pairs to achieve

maximum SERS enhancement in a manner similar

to the Au NDCs.17 The geometry components of in-

terest (disk and gap size) affect the enhancement of

the ensemble structures in different and complex

ways and must be reoptimized for new materials and

excitation wavelengths. Therefore, using the previ-

ous Au studies as a starting point,17 both Au and Ag

structures with a range of disk and gap sizes were

synthesized, functionalized with para-mercapto

aniline (PMA), and studied using confocal Raman

microscopy to compare their relative SERS enhance-

ments at �ex � 633 and 532 nm. While Au struc-

tures had been previously optimized at 633 nm, they

were reoptimized in this work because the nano-

structures described here have a significantly smaller

diameter than those previously studied (273 nm in-

stead of 360 nm). The smaller diameter structures are

easier to synthesize (the larger diameter structures

are made from templates that often result in

nanowires that are connected and difficult to dis-

perse) and, in principle, should lead to larger SERS

enhancements.30

As a first step, we carried out discrete dipole approxi-

mation (DDA) calculations to determine the theoretical

electromagnetic field enhancements for Au and Ag

dimers with varying gap sizes and disk lengths.31

Maxima were observed for structures with approxi-

mately 90 nm disks and 12 nm gaps, providing a guide

for the OWL-based synthesis. Since these results are

similar to those for Au, where the experimental opti-

mum gap thickness was determined to be 30 nm in-

stead of the predicted 10 nm due to surface roughness,

experiments were designed to focus on structures with

disk lengths ranging from 60 and 150 nm and gap thick-

Figure 1. Effect of varying disk thickness on SERS enhancement for Ag (A�C) and Au (D�F) nanodisk dimers at �ex � 532 and
632 nm. (A) Schematic and SEM image of the Ag test array structure made up of disk dimers with 30 nm gaps and disk thick-
nesses of (left to right) 60, 90, 120, and 150 nm. Adjacent disk pairs are spaced by 1 �m. (B and C) Representative Raman
maps of integrated intensity at 633 (B) and 532 nm (C) excitation wavelengths. At both wavelengths, the 90 nm disk dimers
are the most enhancing, followed by 60, 120, and 150 nm dimers. Insets depict optical images of each nanostructure. (D�F)
Similar to A�C but for Au instead of Ag. (D) Schematic and SEM image of Au test array structure made up of disk dimers with
30 nm gaps and disk thicknesses of (left to right) 60, 90, 120, and 150 nm. Adjacent disk pairs are spaced by 1 �m. (E and F) Rep-
resentative Raman maps of integrated intensity at 633 (E) and 532 nm (F) excitation wavelengths. Again, at both wavelengths,
the 90 nm disk dimers are the most enhancing, followed by 60, 120, and 150 nm dimers. Insets depict optical images of each
nanostructure. All scale bars are 1 �m. Au ends were used in both cases to provide a means of distinguishing the two nano-
rod ends in the optical images (insets).
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nesses ranging from 15 to 45 nm for both Au and

Ag.17,32,33 The computationally predicted values were

the midpoints for both of these ranges.

For determining the optimum disk sizes, Au and Ag

test structures consisting of arrays of dimers, each with

30 nm gaps and varying disk thicknesses of 60, 90, 120,

and 150 nm, were synthesized. Adjacent dimers were

separated by 1 �m in order to easily resolve their re-

spective SERS signals (Figure 1). Gaps of 30 nm were

chosen for these experiments, because 30 nm was the

previously determined optimum for Au structures at

633 nm excitation.17 For Au and Ag at both excitation

wavelengths, the signal from the 90 nm disk pair is the

largest, followed by the 60 and 120 nm dimers sur-

rounding it (Figure 1). This trend is highly reproducible

across the 10 plus nanowires studied (at each excitation

wavelength), with the only exception coming from the

60 nm disk pairs; due to their small size, the 60 nm

structures have a greater variation in structure, and im-

perfections in them can lead to a more variable SERS re-

sponse. It is important to note that each of the Raman

intensity maps in Figures 1 and 2 have different inten-

sity scales, and therefore, one can only extract quantita-

tive comparative data within a single nanostructure

(wire). Each of the images shown is representative of

the response observed for the 10 or more structures

studied in each sample set. The longer Au segment on

one end of the structures was deliberately designed

and included to serve as an optical tag for differentiat-

ing the two ends of the rods in the optical images (in-

sets of Figures 1�3). A representative SERS spectrum of

PMA from this study is shown in the Supporting Infor-

mation (Figure S1).

Raman response as a function of gap size was stud-

ied in a similar manner. The structures evaluated con-

sisted of 90 nm disks separated by gaps of 15, 30, and

45 nm, respectively (Figure 2). For both Au and Ag at

633 and 532 nm excitation wavelengths, 30 nm gaps

produce the maximum Raman signal, followed by the

15 nm structures (Figure 2). From the analysis of Figures

1 and 2, we can say that Au and Ag disk dimers com-

prised of 90 nm disks spaced by 30 nm gaps are the op-

timum geometries to produce maximum SERS signals

at both 633 and 532 nm excitation wavelengths. This re-

sult agrees well with previous experimental work for

Au at 633 nm, where deviations from the 120 nm disks

and 30 nm gaps found in that study can easily be ex-

plained by changes in material, excitation wavelength,

Figure 2. Effect of varying gap thickness on SERS enhancement for Ag (left) and Au (right) nanodisk dimers at �ex � 532 and
632 nm. (A) Schematic and SEM image of Ag test array structure made up of disk dimers with 90 nm gaps and gap thicknesses
of (left to right) 15, 30, and 45 nm. Adjacent disk pairs are spaced by 1 �m. (B and C) Representative Raman maps of inte-
grated intensity at (B) 633 and (C) 532 nm excitation. At both wavelengths, 30 nm gaps are the most enhancing, followed by
15 and 45 nm. (D�F) Similar to A�C but for Au instead of Ag. (D) Schematic and SEM image of Au test array structure made up
of disk dimers with 90 nm gaps and gap thicknesses of (left to right) 15, 30, and 45 nm. Adjacent disk pairs are spaced by 1
�m. (E and F) Representative Raman maps of integrated intensity at (E) 633 and (F) 532 nm excitations. Again, at both wave-
lengths, 30 nm gaps are the most enhancing, followed by 15 and 45 nm. Insets depict optical images of each nanostructure. All
scale bars are 1 �m. Au ends were used in both cases to provide a means of distinguishing the two nanorod ends in the opti-
cal images (insets).
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and nanowire diameter discussed previously. To under-
stand and compare the optical properties of this struc-
ture to that of the Au system, we calculated the extinc-
tion spectrum of the optimized Ag dimer (90 nm disks
spaced by a 12 nm gap for theory) and observed reso-
nance peaks around 633 and 532 nm, respectively, ex-
plaining the high signals at both wavelengths (Support-
ing Information Figure S2). Au has similar resonance
peaks around 632 nm but significantly lower extinc-
tion at 532 nm, highlighting the importance of expand-
ing the versatility of the NDC system with Ag.

After independently investigating the geometries
of Au and Ag at both wavelengths, we designed and
synthesized test structures to directly compare their
relative enhancing capabilities by placing optimum Au
and Ag dimers (90 nm disks with 30 nm gaps) within the
same wire structure (Figure 3A). After functionalizing
with PMA, the structures were compared by Raman

microscopy at both 633 (Figure 3B) and 532 nm excita-

tion (Figure 3C). Not surprisingly, Ag was found to have

Figure 4. Trinary encoding scheme for hybrid Ag�Au NDCs.
In each case, the larger enhancement of Ag dimers corre-
sponds to a value of “2”, the smaller enhancement of Au
dimers corresponds to a value of “1”, and areas intention-
ally left blank correspond to a value of “0”. (A�C) Schemes
and representative integrated Raman intensity maps for
three example codes: (A) 2021, (B) 2201, and (C) 1021. (D)
Magnified image of the 1021 code in (C), illustrating that the
signal from the less enhancing Au dimers is easily distin-
guished from the background signal. All experiments in-
volved 532 nm excitation. Insets are optical images of each
nanostructure. Scale bars are all 1 �m.

Figure 3. Direct comparison between optimized Ag and Au
nanodisk dimers. (A) Schematic and SEM image of a com-
parison structure with an optimized Ag disk dimer on the
left and an optimized Au disk pair on the right. Both struc-
tures consist of 90 nm disks separated by 30 nm gaps. (B and
C) Representative integrated Raman intensity maps of the
comparison structure at 633 (B) and 532 nm (C) excitation.
In both cases, Ag has a significantly larger signal than Au: 4.4
times larger at 633 nm and 9300 times larger at 532 nm. In-
sets depict optical images of each nanostructure. Scale bars
are all 1 �m.
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significantly larger SERS signals than Au at both wave-

lengths. At 633 nm, the average integrated signal inten-

sity from the Ag structure was 4.4 times larger than

Au. At 532 nm, the average difference is increased sig-

nificantly to 9.3 � 103 times, which results from both

larger Ag signals and an obvious decrease in the Au sig-

nal compared to 633 nm due to plasmon dampening

in Au at shorter wavelengths.30,34,35 Indeed, this large

reduction in signal intensity for Au at 532 nm also can

be observed in the lower signal-to-noise results in Fig-

ures 1F and 2D. These results are not surprising; extinc-

tion spectra of these dimers indicate that Ag is much

more strongly resonant than Au at 532 nm excitation

(Supporting Information, Figure S2). These improve-

ments afforded by Ag have two important conse-

quences: better signal-to-noise, which can lead to more

sensitive detection, and increased versatility in terms

of choice of excitation wavelength. This second obser-

vation is important since 532 nm lasers are commonly

used in the SERS community.

In addition to providing a more versatile and

powerful SERS material, Ag also can be harnessed

to extend the sophistication of NDCs. By utilizing the

large difference in signal intensity between Au and

Ag at 532 nm excitation (Figure 3C), we designed a

trinary encoding system where the larger signal from

Ag structures adds an additional possibility to each
digit location. Thus, the absence of a disk pair and
the presence of a Au disk pair still equate to a “0”
and a “1”, respectively, but Ag disk pairs, which ex-
hibit a 3 orders of magnitude larger signal now be-
come a “2”, greatly increasing the sophistication of
the encoding system and the density of stored infor-
mation. As a proof-of-concept, we synthesized and
measured three unique codes at 532 nm excitation:
2021, 2201, and 1021 (Figure 4). In each case, the
large difference in signals between Ag and Au is ap-
parent and easily distinguishable. While Au signals
are weaker, they are still easily observed above back-
ground; this is shown in Figure 4D, which contains
a magnified version of Figure 4C. With an additional
choice at each of the locations along the array, the
number of unique codes available increases dramati-
cally (Supporting Information, Table S1). For ex-
ample, with five coding digits (i.e., 10101), the previ-
ously reported Au binary system could yield 13
unique codes,1 whereas the Au�Ag trinary system
leads to 98 unique possible codes. As the number of
possible disk pairs increases to 10, the number of
codes becomes 19 925 (Supporting Information,
Table S1).

The use of NDCs for biological assays was previ-
ously studied in the context of the pure Au sys-
tem.1 To quantify how the measured improvements
with Ag translate to increased detection sensitivity,
the same DNA detection assay that was utilized for
the initial Au NDC was studied in the context of the
pure Ag system. In these experiments, we employed
a three-strand “sandwich” assay where thiol-
modified single-stranded oligonucleotides (ssDNA)
were attached to the Ag surfaces of a 20202 NDC us-
ing literature procedures.14 These strands contained
a sequence complementary to one-half of the tar-
get ssDNA sequence (see Supporting Information for
sequences used). The remaining half of the target se-
quence is complementary to a reporter strand that
contains a Raman-active probe, Cy3. Because the
disk pairs generate a high SERS enhancement, even
a small number of binding events can be detected
by Raman microscopy on the NDCs. Using the same
conditions and DNA sequences, the previous Au sys-
tem was able to detect the target strand down to a
limit of detection (LOD) of 5 pM.1 With the enhanced
sensitivity of the Ag structures, we are able to de-
tect DNA down to a LOD of 500 fM (Figure 5A). Im-
portantly, there is no detectable Raman signal from
any of the Ag disk pair locations for the control ex-
periment without target present (Figure 5B). A rep-
resentative Raman spectrum of the Cy3 tag from the
500 fM detection can be found in Supporting Infor-
mation Figure S3.

In conclusion, we report the synthesis and character-
ization of novel Ag-based NDCs. These structures ex-

Figure 5. Demonstration of ssDNA detection capabilities of Ag
NDC dimers using a three-strand assay. (A) Schematic and repre-
sentative integrated Raman intensity map for the case of 500 fM
target concentration, illustrating an order of magnitude improve-
ment from the previous Au system. (B) Integrated Raman inten-
sity map of the control experiment without target but with the
other strands present. Insets are optical images of each nano-
structure. (A) and (B) are set to the same z-scale for comparison
purposes. Scale bars are all 1 �m.
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hibit larger SERS enhancements than their Au counter-
parts over a broader range of excitation wavelengths,
and when heterostructures consisting of both Au and
Ag disk pairs are made, trinary encoding becomes pos-
sible. Readout is both wavelength and material depend-

ent, leading to a significant increase in the density of
stored information. Additionally, the structures can be
used in the context of high sensitivity biological assays
with detection of a single-strand DNA target demon-
strated down to a LOD of 500 fM.

METHODS
Like their Au counterparts, Ag-based NDCs were pre-

pared by OWL from multisegmented nanowires synthesized
electrochemically within anodic aluminum oxide (AAO)
templates.1,14,29,36�38 AAO templates were purchased from
GE Healthcare (Whatman Anodisc 47) with a nominal pore di-
ameter of 0.2 �m, resulting in nanowires with an average di-
ameter of 273 nm. A 200 nm thick Ag layer was evaporated
on one side of these templates (the “top” side of the tem-
plates when received from the manufacturer), and nano-
wires were electrochemically synthesized with Ag and Au
segments and sacrificial Ni regions. Ag segments were depos-
ited at �1150 mV (vs Ag/AgCl reference) in a solution of Ag
1025 RTU (Technic, Inc.) that was diluted 20-fold with an ad-
ditional 1 g of KCN added per 50 mL of solution. These con-
ditions enable the deposition of high-quality monodisperse
Ag segments, while avoiding poor Ag�Ni junctions that
commonly form when electrodepositing Ag on Ni electrodes
(Supporting Information, Figures S4 and S5). Ni segments
that serve to generate gaps between individual Ag or Au
disks were deposited at �1000 mV in a solution of nickel sulf-
amate (Technic, diluted 10-fold from commercial stock). Ni
sections that served to generate the spacers between disk
pairs were deposited at �930 mV with undiluted nickel sulf-
amate solution, and Au sections were deposited at �930 mV
with Orotemp 24 rack plating solution (Technic). After the
electrochemical synthesis procedure, the nanowires were re-
leased from the templates by first oxidatively dissolving the
evaporated Ag backing layer with a 3:1:1 mixture of 95% eth-
anol, 30% H2O2 in H2O, and 28% NH4OH in H2O. Note that
�500 nm of Ni was typically deposited at both ends of the
nanowires in order to protect the interior Ag disk segments
from etching during this process. The AAO templates were
then dissolved with 3 M NaOH, and the rods were subse-
quently drop cast on glass slides. A thin SiO2 film was depos-
ited on the slides by plasma enhanced chemical vapor depo-
sition (PECVD) to provide a support layer on each nanowire.
This was carried out at 250 °C, instead of the typical 300 °C, in
order to prevent Ag migration into the Ni sections while
maintaining high-quality SiO2 films.14 After sonication to re-
lease the nanowires, the sacrificial Ni layers were etched with
50% H3PO4 in H2O for 1.5 days. H3PO4 was used in order to
limit damage to Ag segments caused by HCl, which is a more
aggressive Ni etchant that has been previously used for Au-
based OWL structures.29 Resulting Ag NDC structures were
well formed (disks were always cylindrical and well attached
to the continuous and rigid SiO2 backing layer) with the final
control and quality comparable to the Au system (Figures 1
and 2 A and D). To study the physical properties of the nano-
structures and to evaluate their potential for encoding, we
functionalized them by treating them with a 5 mM ethanolic
solution of p-mercapto aniline (PMA, Alfa Aesar) for 2 h. NDC
structures were subsequently isolated by centrifugation
(1500 rpm) and then resuspended in 95% ethanol. To ana-
lyze them, a 15 �L aliquot of this suspension was deposited
on a glass microscope slide and allowed to dry. For DNA de-
tection studies, functionalization was performed in accor-
dance with previously published procedures.1,14 In both
functionalization schemes, the resulting structures were im-
aged via confocal Raman microscopy with a Witec Alpha 300
system at �ex � 633 and 532 nm, respectively. At least 12
rods were studied for each experiment, and the standard de-
viation between samples was less than 10% of the mean
value for each sample. Imaging conditions were nearly iden-
tical to those reported for previous NDCs. In a given experi-

ment, the 633 or 532 nm laser (330 �W) was focused through
an 100� Nikon objective onto a �1 �m spot.1,14 Laser power
was checked prior to each experiment with either a Thor-
labs PM130 slim optical power meter or an in-line power
meter.
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