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We report vapor-phase synthesis of single-crystalline free-
standing Ag nanowires (NWSs) and polarized surface-enhanced
Raman scattering (SERS) of a single NW. To the best of our §
knowledge, vapor-phase synthesis of single-crystalline Ag NWs
and polarized SERS on an individual NW have not yet been |
reported.

Silver has the highest electrical and thermal conductivity among  5&
all metals. In addition, because of the nature of its optical constants, &
silver shows the most effective SERS among all metals in the visible
region! Since the intensity of the SERS signal depends strongly
on the detailed morphology of the Ag nanostructures, it is most &
important to have a well-defined and well-characterized system with [(3]
a clean surface for the preparation of reliable sensors based on SERS
detection. Current fabrication processes for the production of SERS- ; o
active substrates, however, are often irreproducible to a certain [EEEECRES aio) aw
degree, thereby leading to inconsistent optical properties and, thus, .- wp
significantly fluctuating enhancement factors for substrates prepared
by apparently the same procedure. Irreproducible SERS enhance- Zone axis = [110] Zone axis = [111] Zone axis = [112]
ment would be detrimental to quantitative and reliable sensing, rig;re 1. (a) SEM image of Ag NWs on a Si substrate. The insets are a
which would be most critical for medical diagnosis. SEM image (upper) and a TEM image (lower) of the NWs showing a round

As a first step toward fabrication of well-controlled nanobio- tip. (b) HRTEM image of Ag NWs. (¢€) SAED patterns of Ag NWs at
sensors employing SERS technique, we searched for a method tg/arous zone axes.
synthegize well-characterized _free-standing single-c_rystalline Ag images of Ag NWs, showing that the tips of NWs are round, and
NWs with a clean surface. This led us to the adoption of vapor- .
phase synthesis rather than solution phase. While vapor-phaseNWS have clean surfaces and diameters of 260 nm. .

thesic | fth t widel d th. ds for th thesi The XRD patterns of as-grown NW ensembles (Supporting
synthesis Is one of the most widely used methods for the Syntesis, ¢, 4 Figure S1) are indexed perfectly to the face-centered

of lp naélosttrutl:\’lt\lj\r/es, 'Lhas bteebn usgdlmalfnly for tthﬁ. s)ll\ln\;\llqeils Ofcubic (fcc) crystal structure of Ag=m3m, a = 0.4086 nm, JCPDS
semiconductor S and nanotubes. nly a lew metatic s have 04-0783). Figure 1b shows a HRTEM image of a NW with clear

rk:qeeetﬂosdysnf‘gfstllqzeei t:trﬁ:gh \é?p;or Er\}vé:";ﬂemojtt :;;:qe'cﬁp;gfhdo d lattice fringes, which reveal the single-crystalline nature of the NW.
involving templat y rSfISt ntg ) rinW ant : S The lattice spacing is measured to be 0.29 nm, agreeing well with
oiving tempiates, surtactants, or capping agents. that of (110) planes of fcc Ag. This also shows that NWs grow

Our synthetic method is unique in that it uses only a single L . .
tant. A ithout usi i lat talvsts. | ical along the [100] crystallographic direction. The energy-dispersive
reactant, A, without using any templates or catalysts. In a typica X-ray spectroscopy (EDS) mapping confirms that the NW is

synthesis, 0.2 g of A® powder was placed in an alumina boat in composed of only Ag (Figure S2). Figure-ie presents selected

the middle é a 1 in. diameter horizontal quartz tube furnace. The area electron diffraction (SAED) patterns of a Ag NW taken at

NWs were grown at a few centimeters downstream from the . . .
. . various zone axes by rotating along the long axis of the NW. All
precursor on a Si substrate. At high temperatdiex 9001000 of the spot patterns can be completely assigned to the fcc Ag

C), the precursor vapor was carried downstream by the flow of structure, further confirming the single-crystallinity of the NW.

500 sccm of Ar at 510 Torr to a lower temperature zon& (= The Ag NWs prepared by solution methods have pentagonal

t5hOON(\:/\)/’ whedrcthg ’\é\;\és \évderfi ger\t'YQ' E?T no:catatlllzltéc %O;ME&I cross-sections and are bicrystallihghereas the free-standing NWs
€ (WS and the preterr rmation ot farge particies over S prepared here by vapor-phase method are single-crystalline with
at higher precursor temperatures demonstrated that the Ag NWsroun d cross-sections

were fo_rme_d by a vapor-solid mechaniém repre§entative SEM An optical microscope image of a single Ag NW is shown in
LT??oenigtgrlsgtlgﬁ 13:203\/.\'2 gbos(:rdat(ler']rsr:g'r?fsesttsraellgr]:tsl\évl\xsa:]ednig/l Figure 2a. A drop of 16* M ethanolic solution of brilliant cresyl
: 9 ' su : : blue (BCB) was put and dried on a Si substrate. The green laser

TKAIST. spot is seen near the center of the NW. P is a spot where the laser
Qf’é‘%ﬁ University. is focused outside the NW to obtain a SERS spectrum of the Si
IIKRICT. plate for comparisord is the angle between the NW axis and the
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Figure 2. (a) Optical image of an individual Ag NW. The green laser spot
is seen near the center of the NW. P is a spot where the laser is focused o
the substrate. (b) SERS spectra of BCB adsorbed on the individual NW
whenf = 0° and @ = 90°; 6 is the angle between the NW axis and the
polarization of light. (c) Local electric field intensity|2 around the NW
calculated by FDTD method with different incident polarization directions.
(d) Polar plots of integrated SERS intensities of the 580 and 165G cm
Raman bands with respect o

2000

polarization of light. Figure 2b shows SERS spectra of BCB

adsorbed on a single NW obtained by a homemade micro-Raman

spectrometer. The top spectrum was obtainedéfor 90°, the
middle 6 = 0°, and the bottom at point P, respectively. The
excitation wavelength was 514.5 nm, and the laser power was 0.8

mW. Strong enhancement of the SERS signal was observed when

0 = 90°. Local electric field intensities near the NW were calculated
by using the finite difference time domain (FDTD) method with
the incident light of 514.5 nm (Figure 2eBlack circles represent
the NWs. The diameter of the NW was set as 100 nm in the
calculation. The k- and E-vectors indicate the incident direction of
laser light and the polarization direction, respectively. The calcula-
tion shows that local electric field is most strongly enhanced when
the NW axis is normal to the laser polarization direction, which

agrees well with the observed spectra. Figure 2d shows polar plots

of integrated SERS intensities of the 580 and 1650 cRaman
bands with respect t8. The blue and magenta lines represent best
fits to a cog O function corrected for the damping due to bleacHing.
To the best of our knowledge, this is the first time a SERS
spectrum of a single NW is reported. Figure 2 shows that strongly

anisotropic SERS enhancement can be induced by the localized

excitation of a single NW, while Yang’s and Moskovits’'s groups
observed previously similar anisotropic enhancement for a mono-

layer and raft of NWs, respectively=DTD calculation results of
Figure 2c show that 514.5 nm light can excite only the transverse
mode of the surface plasmon of the NW and induces strongly
enhanced local electrical field near the NW.

Polarization dependence of SERS has been investigated for
various nanostructures, including nanoparticles, dimers and ag-
gregates of nanoparticles, aligned NWs, and nanorod afréys.
Whereas the classical electromagnetic field (EM) theory predicts
cos' 6 dependence, cd$ dependence has been reported in several
casega.9c

In summary, we showed that free-standing single-crystalline
metal NWs can be synthesized in the vapor phase by an extremely
simple method of using a single precursor. This new method
provides NWs with a clean surface that can serve as a well-defined
and well-characterized SERS-active system. We demonstrated that
SERS on a single NW showed strong polarization dependence that
agreed with FDTD calculation results.
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