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ABSTRACT

Langmuir-Blodgett technique was used to assemble monolayers (with areas over 20 cm?) of aligned silver nanowires that are ~50 nm in
diameter and 2-3 gm in length. These nanowires possess pentagonal cross-sections and pyramidal tips. They are close-packed and are
aligned parallel to each other. The resulting nanowire monolayers serve as excellent substrates for surface-enhanced Raman spectroscopy
(SERS) with large electromagnetic field enhancement factors (2 x 10° for thiol and 2,4-dinitrotoluene, and 2 x 10° for Rhodamine 6G) and can
readily be used in ultrasensitive, molecule-specific sensing utilizing vibrational signatures.

Significant progress has been made in the area of nanowire Silver nanowires were prepared using poly(vinyl pyrroli-
synthesis and device application in the past several years. done) (PVP) as the capping agéfthe as-prepared samples

A grand challenge, however, still resides in the hierarchical were purified to remove spherical nanoparticles. The resulting
organization of these nanoscale building blocks into func- nanowires are uniform in both diameter (45t33.6 nm)
tional assemblies and ultimately a useful systemSuc- and aspect ratio (45t 5). After functionalizing with
cessful alignment and patterning of nanowires would sig- 1-hexadecanethiol ligands, the wires were rendered hydro-
nificantly impact many areas such as nanoscale electronicsphobic and redispersed in chloroform. Figure 1 shows a
optoelectronics, and molecular sensing. Previously, a mi- transmission electron microscopy image of the silver nano-
crofluidic approach was used to align nanowires with limited wires before the LB assembly. An important feature of these
succes$* Langmuir-Blodgett (LB) assembly is a powerful  nanowires is their pentagonal cross-sections, as shown in the
technique that can be used to assemble a large-area monadnset of Figure 1A. In addition, these wires possess pen-
layer of anisotropic building block&®’” Herein, we report  tagonal pyramidal ends with vertices as sharp as 2 nm (Figure
our successful attempt to utilize this process to assemblel1B). The noncircular cross-sections and sharp wire tips might
aligned monolayers (with areas over 20 Znof silver have important consequences for molecular sensing using
nanowires that are-50 nm in diameter and 23 um in surface enhanced Raman spectroscopd.For a recent
length. These nanowires (characterized by pentagonal crossreview on SERS, please refer to ref 13.

sections and pyramidal tips) can be close-packed as parallel The nanowires were then dispersed onto a water surface
arrays, with their longitudinal axes aligned perpendicular to of the Langmuit-Blodgett trough. It is important to note
the compression direction. The resulting nanowire mono- that the displacement of the PVP capping agents with thiol
layers can serve as good surface enhanced Raman spectrofigands is critical in rendering the nanowire surface hydro-
copy (SERS) substrates, exhibit large electromagnetic field phopic as well as preventing aggregation. The assembly
enhancement factors (2 1P for thiol and 2,4-dinitrotoluene, process is a microscopic version of “logs-on-a-river”. Figure
2 x 10 for Rhodamine 6G), and can readily be used in 2A shows a photograph of the nanowires dispersed on the
ultrasensitive, molecule-specific sensing utilizing vibrational ough's water surface. At this stage, the surface pressure is

signatures. zero (see Figure 2D) and the nanowires are randomly
* Corresponding author. E-mail: p_yang@uclink.berkeley.edu. oriented. The water surface is essentially transparent. Whgn
ILLJniverSIty gf (Ii(alllforrll\lla-_ | Lab the nanowires were compressed, the surface pressure in-
awrence Berkeley National Laboratory. : : e
§ University of Washington. creased (Figure 2B,D). Above a certain critical surface
I These authors contributed equally to this work. ressure (14 mN/m), the monolayer underwent a Mott-
qually
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Figure 2. Langmuir-Blodgett (LB) nanowire assembly process.
(A—C) Photographs of the nanowire assembly process at different
compression stages. (D) Surface pressure curve recorded during
the LB nanowire monolayer assembly.

Figure 1. Transmission electron microscopy image of the uniform Figure 3. Scanning electron microscopy images (at different
Ag nanowires. Inset in (A) is an image taken from a microtomed magnifications) of the silver nanowire monolayer deposited on a
sample, showing the pentagonal cross-sections of the nanowiressilicon wafer.

The high-resolution TEM image, the upper inset in (B), shows the

sharp pentagonal pyramidal tip of a silver nanowire, as schemati- . . . . . -
cally illustrated in the bottom inset (B). bling a nematic two-dimensional ordering of a liquid crystal.

This large-scale directional ordering was also verified by

insulator-to-metal transition, as previously seen in Lang- IMaging the sample under an optical microscope equipped

muir—Blodgett monolayers of spherical Ag nanocrysfdls. With @ cross-polarizer (see Supporting Information). The
This transition is indicated by the appearance of a metallic aligned nanowire domains displayed alternating extinction
sheen on the nanowire monolayer surface. Figure 2C showgPatterns when the sample was rotated every 45 degrees.
the monolayer in its highly reflective metallic state. This ~ The dependence of the extinction spectra as a function of
particular sample covers a trough area of 2@.ddowever, the polarization angle of the input optical beam was recorded
this final aligned area is limited only by the amount of initial with a polarized UV-vis spectrometer. Figure 4 shows a
material used for the compression. We are able to preparetypical set of U\-vis spectra at different polarization angles.
these monolayers on any substrate over an arbitrarily largeStrong optical dichroism can be seen in these spectra. Three
area. sets of peaks were observed: 350 nm, 380 nm, and a broad
Most importantly, the compressed silver nanowire mono- peak at 506-700 nm. When the polarization of the incident
layer exhibits remarkable alignment parallel to the trough light is perpendicular to the wire axis, the transverse mode
barrier. Figure 3 shows scanning electron microscopy (SEM) of the surface plasmons experiences preferred excitation; as
images of monolayer transferred onto a silicon wafer. The a result, the 380 nm extinction peak exhibits the highest
nanowires are aligned side-by-side over large areas, resemintensity with this configuration. When the polarization angle
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Figure 4. UV-—vis absorption spectra of the silver nanowire
monolayer. All spectra were obtained at normal incidence with the
polarization angles (P) defined 8s= 0°, when the incident electric
field is parallel to the direction of nanowire alignment afid=

90° when the field is perpendicular to the nanowire axis.
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was increased from°Qnormal to wire axis) to 90(parallel

to wire axis), the intensity for the 568600 nm peaks
increased. This extinction peak can be attributed to the
excitation of longitudinal plasmons within the monolayer.
The significant broadening is believed to stem from the
coupling of electromagnetic waves among neighboring
nanowires-:17 —

This large area of nanowire alignment demonstrated here 600 800 1000 1200 1400 1600
would enable the fabrication of high-density nanoscale Raman shift (cm™)
interconnect8,sensor arrays, as well as multilayer structures
via a layer-by-layer transfer approach. These monolayers can
be readily transferred to any desired substrate, including
silicon wafers, glass slides, and polymer substrates. For C
example, we have successfully embedded monolayers and
multilayers of these silver nanowires within poly(dimethyl-
siloxane) (PDMS), giving flexible nanowirgyolymer com-
posites that can serve as simple wire-grid optical polarizers.
Thus, this LangmuirBlodgett approach is a very powerful
technique for the organization of anisotropic building blocks
into functional nanoscale assemblies with unprecedentedly
high packing density.

Significantly, these aligned nanowire monolayers can be
readily used as surface- enhanced Raman spectroscopy
(SERS) substrates for molecular sensing with high sensitivity
and specificity. These metallic layers are expected to exhibit
giant local electromagnetic (EM) field enhancement, par- Figure 5. Surface-enhanced Raman spectroscopy on the silver
ticularly for nanowires with sharp tips and noncircular cross- Nanowiré monolayer. (A) SERS spectra of 1-hexadecanethiol on a

. . Langmuir-Blodgett film of silver nanowires with visible (532 nm,
sections (as in the current case, a pentagonal cross-

. . 25 mW) and near-infrared excitation (785 nm, 10 mW). (B) SERRS
section)?”*? Figure 5A shows the SERS spectrum of spectrum of R6G on the thiol-capped Ag-LB film (532 nm, 25 mW)
1-hexadecanethiol on a LangmuiBlodgett film of silver after 10 min incubation in a I8 M R6G solution. The inset shows
nanowires for visible (532 nm, 25 mW) and near-infrared the linear relationship be_tween the Raman intensity at 1650 cm
excitation (785 nm, 10 mW). The observed bands were and the R6G concentration. (C) SERS spectrum of 2,4-DNT on

L the thiol-capped Ag nanowire monolayers after incubation for 10
9
characteristic of 1-hexadecanethidl® The Raman bands "0 102 M 2,4-DNT/MeOH solution. The spectrum was

in the low-frequency part of the spectrum include t#(€— recorded using 25 mW of 532 nm laser light. The acquisition time
Skansat 701 cm®; the CH; rocking mode at 891 cn; the was 10 s.
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v(C—C) at 1064, 1096, and 1128 ctythe CH, wag at 1295 adsorption and therefore identification of any unknown
cmL; the CH twist at 1435 cm?; and the CH scissor at analyte. Based on the field enhancement factor obtained for
1455 cmt. Thev(C—Skansat 701 cmt is indicative of well- the thiol and the fact that the ratio of the Raman intensities
ordered alkyl chains with largely trans conformation near of the R6G- and thiol-related-€C stretching bands at R6G
the thiol headgroup? In the C-C region, the presence of saturation coverage is10* the EF for R6G is estimated to
an intense 1128 cm and a weaker 1096 crh neighbor be 2 x 10

(indicative of trans bonding) suggests that the adsorbed thiol - The observed large enhancement factors suggest that these
possesses a “solidlike” structure extending beyond the surfacenonolayers can indeed serve as robust solid substrates for

region into the hydrocarbon tail. carrying out molecular sensing with high sensitivity and
The enhancement factor (EF) for 1-hexadecanethiol/Ag specificity (as SERS readily reveals the vibrational signature
was calculated according to the following expressibn: of an analyte). Here we demonstrate the capability of our
nanowire substrates for the detection of 2,4-dinitrotoluene

EF = [lgerd/[Iramad % [Mpl/[Mqd (2,4-DNT), the most common nitroaromatic compound for

detecting buried landmines and other explosf?eSERS
from 2,4-DNT has been obtained previoudlyFigure 5C
shows a SERS spectrum of 2,4-DNT absorbed on the thiol-
capped Ag nanowire monolayers. The N&Iretching mode

at 1348 cmi'—the key vibrational mode for the analysis of
2,4-DNT—is clearly displayed and well-separated from the
surfactant-related Raman bands at 1295 and 14385.de

where M, is the concentration of molecules in the bulk
sample andM,gsis the concentration of adsorbed molecules.
Isers and lraman @re intensities in the SER and Raman
spectrum, respectively. The concentration of adsorbed mol-
ecules was estimated by dividing the total surface area of a

single nanowire by the van der Waals dimensions (2.8 A achieve a sensitivity of approximately 0.7 pg, assuming a
2.3 A) of the thiol headgroup. Assuming 1-hexadecanethiol : :
) group g monolayer coverage for 2,4-DNT and an area of £5ér

forms a close-packed monolayer perpendicular to the surface, dsorbate. Based th i EBof 2
the number of adsorbed molecules was calculated to be 2.520°0rPateé. Based on he same assumptions, an £

x 10%cn?. Intensities were compared to the Raman scat- 10° was calculated for the vibration mode at 1348 ¢m
tering of a 0.1 M 1-hexadecanethiol solution. For the Although comparable sensitivities and EF values have been
vibrational mode at 1295 crh, an EF of 2x 10°P was reported for colloidal Au and Ag, as well as roughened metal
obtained. Values of similar magnitude have been observedsurfaces? the use of our nanowire monolayers as SERS
on other SERS-active Ag substrates at optimum visible Substrates has several advantages. First, the surface properties
excitation wavelengths. This enhancement can be attributedof these nanowire monolayers are highly reproducible and
to increased local optical fields near the Ag surface due to Well-defined as compared to other systethSecond, the
the excitation of surface plasmon resonances. unique features of the nanowires (sharp vertices, noncircular
Interestingly, near-infrared excitation (785 nm) of 1-hexa- Pentagonal cross-sections, interwire coupling) may lead to
decanethiol/Ag gave rise to comparable SERS intensities.|arger field enhancement factors, offering higher sensitivity
We believe this effect stems from the interaction of individual under optimal condition$:** In addition, strong wire
Ag wires within the film. In the absorption spectrum of an coupling within the monolayers enables SERS experiments
LB film, a broad resonance evolves from this interaction, With a broad selection of excitation sources. Last, these
giving a peak around 550 nm that extends into the near- monolayers can readily be used for molecular detection in
infrared region. Thus, LB nanowire films should serve as €ither an air-borne or a solution environment. Hence, our
extremely versatile SERS substrates, allowing excitation overnanowire-based sensing scheme could have significant
a wide range of frequencies. implications in chemical and biological warfare detection,
Rhodamine 6G (R6G) is a strongly fluorescent xanthene national and global security, as well as medical detection
derivative which shows a molecular resonance Raman (RR)applications.
effect when excited at 532 nm. Figure 5B depicts the SERRS
spectrum of R6G on a thiol-covered LB film after a 10-  Acknowledgment. This work was supported in part by
minute incubation in a I® M R6G solution. A detailed the Camille and Henry Dreyfus Foundation, ACS-Petroleum
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