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the sample, for the
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1084 cm”! 2.2:% 108
1584 cm” 1L.5x 102
1600 cm” 2.2 x 108

Veeco Dimension 3100 AFM, operating in
tapping mode.

SERS Characterization and Instrumentation
Aminothiolphenol (ATP) was used as the
SERS reporter molecule for characteriza-
tion of the substrates, drop-casted in small
aliquots onto both the NWS and DNS sides
of the SERS substrates, and air dried at room
temperature for 2 min. Raman spectra were
acquired with a fully integrated Wasatch
Photonics 638 nm Raman spectroscopy
system, utilizing a backscattering sampling
geometry and spot size of ~60 um, with de-
tection via a fixed holographic transmission
grating and a thermal electric-cooled (TEC)
charge-coupled device (CCD) detector. SERS
measurements were acquired using a laser
power of 5 mW, taking 1 s per scan. Slide
positioning was achieved using a Thorlabs
MT3 XYZ stage controller equipped with
micrometers to control translation (XY) and

focus (Z) of the laser on the slide surfaces.

Results and Discussion

Nanowire Substrates (NWS)

Nanowire synthesis produced a narrow dis-
tribution of diameters of 80-120 nm, with
lengths of 10-30 pm, as verified by optical

microscopy, yielding an aspect ratio of ~200.
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calculated f

bstrate using ATP as

DNS-1(t = 0)

DNS-30 (t = 30 5)

8.0 x 10° 150108
6.9 x 10° 13.0 x 10®
4.3 x10° 6.3 x 10°

Notably, the reaction conditions employed
required no control over stirring, injection
rate, or other factors that would be difficult
or expensive to incorporate into industrial
scale reactions. The mechanical strength
of the ~100 nm wires is enough to remain
mostly straight with only a small amount of
curvature, which bodes well for processabil-
ity of the wires for substrate manufacture.
The selective precipitation successfully iso-
lates the desired AgNWs in a high purity and
is readily adaptable to large scale execution
in a whirlpool tank.

Deposition of AgNWSs onto a slide via
Mayer rod coating resulted in uniform coat-
ing and areas of linear structure with a high
density of wire intersections to generate
SERS-active hotspots, as imaged using
microscopy (Figure 2a). To assess the uni-
formity of the SERS response in relation to
spatial variations in sampling, SERS spectra
of a 10 pL sample of 0.5 yM ATP solution
were taken every 500 um along a 1 cm linear
path on the NWS, averaging four scans per
location (Figure 2b). The SERS response of
the NWS was found to be highly dependent
on the position sampled, dropping to zero
at some locations. The inconsistent spatial
response of the NWS is a consequence of

the AgNWs' length being comparable to
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the spot size of the laser, which limits the

number of SERS hotspots, as well as to gaps
in deposition, that could be significantly im-
proved in an industrial setting through the

use of process automation.

Dual-Nanostructured Substrates (DNS)

Because the AgNWs retain a surface layer
of PVP as a byproduct of synthesis, it was
hypothesized that the NWS could provide
a guiding template for the deposition of a
silver complex to populate the NWS with
AgNPs in the interstitial space between
and on the AgNWs, thus creating a dual-
nanostructured surface with improved SERS
characteristics, without the use of additives.

The NWS was then utilized as a substrate
to produce a uniform AgNP surface via drop-
casting and subsequent thermal decomposi-
tion of the aqueous ink of the Ag complex as
the solvent evaporated. The outer edge of
the deposited ink spot experienced a con-
centration of silver deposition due to the
coffee stain effect, and thus all character-
ization was performed on the central area.
While drop-casting was chosen to optimize
SERS response for proof of concept, a path-
way exists to adapt this step to Mayer rod
coating for volume production (7).

Optical microscopy showed craters inter-
spersed with the AgNWs due to the elimina-
tion of the gaseous decomposition products
(Figure 3a), while AFM revealed clusters of
AgNPs at wire intersections, confirming
the dual-nanostructured surface (Figure
3a, inset). The particles exhibit extremely
small sizes and exist on a large range of Z
heights. The same spatial uniformity as-
sessment was applied to the DNS substrate,
sampling SERS spectra of ATP every 500 pm
along a 1 cm linear path for comparison to

the NWS, averaging four scans per location
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(Figure 3b). The SERS response of the DNS
retains some spatial fluctuations in the in-
tensity of the acquired spectra, as expected
due to variation in the underlying AgNW
layer, but provides a minimum SERS re-
sponse at every sampled location, as well as
a consistently higher SERS response overall
when compared to the NWS.
Augmenting the NWS with dense,
nonordered AgNPs produced from a sil-
ver complex with good shelf stability
(Figure 1b) resulted in an increase in the
number of SERS hotspots. This approach im-
proved the magnitude of the SERS response,
while decreasing the spatial variability of the

signal obtained from the AgNWs alone.

SERS Enhancement Factor

To quantify and compare enhancement fac-
tors (EF), the SERS spectra of a 5 pL sam-
ple of 423.5 uM ATP solution were taken
at multiple locations of both a NWS and
DNS fabricated on the same slide. Due to
the spatial variability in the NWS, a total
of 15 positions with local SERS signal max-
ima were sampled, a process which took
roughly 30 s per location. No optimization
was needed for the DNS, and thus 10 ran-
dom locations were sampled twice, at both
t=0andt = 30s, to capture the initial re-
sponse, and to approximate the laser ex-
posure lime seen in the NWS sampling.
Spectra are shown in Figure 4.

Peaks at 1084 cm' and 1600 cm are
due to vibrations of the aromatic ring of
ATP, with contribution from the dimeriza-
tion of ATP to 4,4'-dimercaptoazobenzene
(DMAB) at 1084 cm'and 1584 cm (8). The
effects of ATP concentration and laser ex-
posure on dimerization for these substrates
were explored in more detail elsewhere (7).

The calculated EFs for these peaks are
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shown in Table |. Peaks at 1150 cm, 1400
cm”, and 1440 cm" were also observed,
largely attributed to the selective enhance-
ment of the b, vibrational modes of ATP
during SERS analysis. (9,10)

Although the contribution from DMAB
to the spectrum makes it difficult to reli-
ably quantify the increase in EF for the
DNS vs. the NWS (7), all substrates dem-
onstrate an EF of 10° or greater, with the
dual-nanostructured substrate show-
ing a clear improvement in EF over the

nanowire substrate.

Conclusion

A nanowire substrate utilizing AgNWs and a
dual-nanostructured SERS surface that also
incorporated AgNPs were fabricated using
synthesis methods and production pro-
cesses amenable to cost-effective volume
production. The AgNWs synthesized were
of high purity and narrow size distribution,
~10 ym in length and ~100 nm in diameter,
and were deposited using Mayer rod coating
to form a SERS-active substrate. Although
high spatial variation in the number of SERS
hotspots relative to the spot size of the laser
limits its applicability as a quantitative SERS
device, the AgNWSs were shown to be an ef-
fective substrate to facilitate subsequent
drop-casting with an aqueous solution of
a silver complex to populate the intersti-
tial spaces between the AgNWs and im-
prove the SERS response using an additive-
free process.

The resulting DNS exhibited both im-
proved spatial uniformity in the SERS re-
sponse compared to the NWS alone, as well
as a significant increase in intensity. Through
further process development and adaptation
of AgNP deposition to a Mayer rod coating
method, the dual-nanostructured SERS ap-

www.spectroscopyonline.com

proach offers a pathway to industrial fabri-

cation of a low-cost, SERS-active substrate.
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