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Nanosphere lithography (NSL) is an inexpensive, simple to implement, inherently parallel, high throughput,
materials general nanofabrication technique capable of producing an unexpectedly large variety of nanoparticle
structures and well-ordered 2D nanopatrticle arrays. This article describes our recent efforts to broaden the
scope of NSL to include strategies for the fabrication of several new nanopatrticle structural motifs and their
characterization by atomic force microscopy. NSL has also been demonstrated to be well-suited to the synthesis
of size-tunable noble metal nanoparticles in the-2000 nm range. This characteristic of NSL has been
especially valuable for investigating the fascinating richness of behavior manifested in size-dependent
nanoparticle optics. The use of localized surface plasmon resonance (LSPR) spectroscopy to probe the size-
tunable optical properties of Ag nanoparticles and their sensitivity to the local, external dielectric environment
(viz., the nanoenvironment) is discussed in detail. More specifically, the effects of nanoparticle size, shape,
interparticle spacing, nanoparticle-substrate interaction, solvent, dielectric overlayers, and molecular adsorbates
on the LSPR spectrum of Ag nanoparticles are presented. This systematic study of the fundamentals of
nanoparticle optics promises to find application in the field of chemical and biological hanosensors; herein,
the initial data demonstrate that LSPR spectroscopy of Ag nanoparticles can be used to sense specifically

bound analytes with zeptomole per nanoparticle detection limits and no detectable nonspecific binding.

1. Introduction chemical sensor$*°and optical devicé8-57 based on nano-
. . ) . particle optical properties. The signature optical property of a

C“r.re”“y' there.|s gnormously W|despreaq Interest In Nano- metallic nanoparticle is the localized surface plasmon resonance
mgtenals and their smg-dependent properties. This is cIearIy(LSpR)_ This resonance occurs when the correct wavelength
evident by the burgeoning number of publications and confer- of ight strikes a metallic nanoparticle, causing the plasma of
ences on this subject. In addition to inherent intellectual conguction electrons to oscillate collectively. The term LSPR
curiosity, interest in this topic is driven by the needs of the s ysed because this collective oscillation is localized within
microelectronics, data storage, and communications industrieSine near surface region of the nanoparticle. The two conse-
for ever sma_lller device feature sizes to meet the ever greaterquences of exciting the LSPR are (1) selective photon absorption
demand for improved performance and decreased'cost. and (2) generation of locally enhanced or amplified electro-

All physical and chemical properties are size-dependent at magnetic (EM) fields at the nanoparticle surface. The LSPR
some length scale because the properties of individual atomsfor noble metal nanoparticles in the 20 to a few hundred
are profoundly different than that of bulk materials. There are nanometer size regime occurs in the visible and IR regions of
three size regimes to consider in order to fully understand the the spectrum and can be measured by-isible—IR extinc-
physical and chemical properties of any material: bulk, tion spectroscopy.
nanoparticles/nanostructur&s, and atomic clusterd?~'2 The The ideal nanofabrication technique for systematic study of
boundaries between these three size regimes vary for eactsize-dependent properties would be materials and substrate
material and property being studied. The size-dependent propergeneral; inexpensive; flexible in nanoparticle size, shape, and

ties that are often of interest include optiéli® magnetici’**  spacing parameters; and massively parallel. Several standard
catalytic® 22 thermodynamié?#electrochemica; and electri-  ithographic methods are routinely used to create nanostructures
cal transport:26:27 with controlled size, shape, and interparticle spacing. By far,

One particularly active area of interest is the size-dependentthe most widely used is photolithograp?f%° however, it has
optical properties of noble metal nanoparticles. Previous work not been widely applied to nanostructure fabrication as a
has demonstrated new optical filtéf?substrates for surface-  consequence of its diffraction-limited resolution of £&. The
enhanced spectroscopi®s#? biosensorg3—4°> bioprobes't47 use of ultraviolet laser®, holographic interferometr§f4261and

high numerical aperture optics has significantly extended both

* To whom correspondence should be addressed. E-mail: vanduyne@itS longevity and applicability to the sub-300 nm regime.
chem.nwu.edu Electron beam lithograpRY is characterized by low sample
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throughput, high sample cost, modest feature shape control, and
excellent feature size control. X-ray lithogra$his character-
ized by initially high capital costs but high sample throughput.
The recent development of scanning tunneling micros€anyd
atomic force microsco%°lithographic techniques show great
promise. The challenge in scanning probe lithography is to
overcome its inherent disadvantage of being a serial process.
Consequently, several alternative, parallel nanolithographic
techniques are being explored including (1) diffusion-controlled
aggregation at surfacé%,%8 (2) laser-focused atom depositiéh,
(3) chemical synthesis of metal-cluster compounds and semi-
conductor nanocrystafsand (4) “natural lithography*®.71

The inception of “natural lithography” dates from the seminal
work of Fischer and Zingsheim with the introduction of Figure 1. Schematic illustration (A) and representative AFM image
“naturally”-assembled polystyrene latex nanospheres as a(B) of SL PPA. The_ ambien_t contact mode AFM image was captured
mask for contact imaging with visible light in 1981.In from a SL. PPA fabricated witlh = 542 nm nanospheres adg = 48

nm thermally evaporated Ag metal after 3 min sonication in methylene

1982, Deckman and co-workers greatly extended the scope of.poride.
Fischer's approach by demonstrating that a self-assembled

nanosphere monolayer could be used as both a materialy,ny new nanostructure derivatives. Every NSL structure begins
deposition and etch mask. Deckman coined the term “natural \yiin "the self-assembly of size-monodisperse nanospheres of
lithography” to describe this process. Deckman and co-WOrkers giameterD to form a two-dimensional colloidal crystal deposi-

continued to explore various fabrication parameters and possible;jon mask. Methods for deposition of a nanosphere solution onto
applications of natural lithography but always emplqyed asingle ihe desired substrate include spin coafihdop coating® and
layer (SL) of nanospheres as the m&k: *® The third stage  yhermoelectrically cooled angle coatiffgAll of these deposition
in the evolution of natural lithography, renamed nanosphere athods require that the nanospheres be able to freely diffuse
lithography (NSL) to be more operationally descriptive, is 5cross the substrate, seeking their lowest energy configuration.

represented by the work of Van Duyne et al., who extended s is often achieved by chemically modifying the nanosphere
the SL methodology with (1) the development of a double layer ¢, tace with a negatively charged functional group such as

(DL) nanosphere mask, (2) atomic force microscopy (AFM)  carhoxylate or sulfate that is electrostatically repelled by the
studies of SL and DL periodic particle arrays (PPAS) of AG 0N eqatively charged surface of a substrate such as mica or glass.
mica, and (3) fabrication of defec2t-free SLand DL PPAS of A ag"the solvent (water) evaporates, capillary forces draw the
on mica with areas of 16100 um” that were large enough 10 hanospheres together, and the nanospheres crystallize in a
permit microprobe studies of nanoparticle optical propefties. hexagonally close-packed pattern on the substrate. As in all

NSL is now recognized as an inexpensive (less than $1 per i rally occurring crystals, nanosphere masks include a variety
sample), inherently parallel, high-throughput, and materials ¢ gefects that arise as a result of nanosphere polydispersity,
general nanofabrication technique and is being used in labora-g;te randomness, point defects (vacancies), line defects (slip

tories around the world to study the size-dependent optical, gisigcations), and polycrystalline domains. Typical defect-free
magnetic, electrochemical, thermodynamic, and catalytic prop- 4omain sizes are in the 300 «m? range. Following self-
erties of materials. . . _assembly of the nanosphere mask, a metal or other material is
The remainder of this paper is organized as follows. In section then deposited by thermal evaporation, electron beam deposition
2, the fabrication of eight different nanopatrticle structural motifs (EBD), or pulsed laser deposition (PLD) from a source normal
and their characterization by atomic force microscopy is tg the substrate through the nanosphere mask to a controlled
explored. Although many materials could have been used 0 mass thickness,. After metal deposition, the nanosphere mask
illustrate the structural properties of NSL derived nanoparticles, js removed by sonicating the entire sample in a solvent, leaving
Ag is presented throughout section 2 as the model system. Thepehind the material deposited through the nanosphere mask to
reason for choosing Ag as the model material, obvious in sectionthe substrate.
3, lies in the exquisite sensitivity of the LSPR to nanoparticle  Foliowing a review of the structural characteristics of SL and
structure and both local and external dielectric environment (viz., pi_ nanoparticle arrays, the remainder of this section describes
the nanoenvironment). Specifically, the effects of nanoparticle how nanoparticle size, shape, and arrangement can be signifi-
size, shape, interparticle spacing, nanopartielebstrate inter-  cantly altered to form new structural motifs with only minor
action, solvent, dielectric overlayers, and molecular adsorbatesmqdifications to the NSL deposition technique.
on the LSPR spectrum of Ag nanoparticles are presented. An 2 1. single Layer Periodic Particle Arrays.In the simplest
important application of these fundamental studies, the develop-Ns| scenario, only a monolayer of hexagonally close-packed
ment of chemical anq biological nanosensors, W!II also. be nanospheres is self-assembled onto the substrate. When one
demonstrated. In section 4, our results and conclusions will be deposits metal through the monolayer mask, the three-fold

Ag Nanoparticles

4 :‘

l— 5000 nm.

summarized. interstices allow deposited metal to reach the substrate, creating
an array of triangularly shaped nanoparticles vifgpm sym-

2. Overview of Nanoparticle Structural Motifs Accessible metry (Figure 1). This array is referred to as a SL PPA. Simple

by Nanosphere Lithography geometric calculations define the relationship between the

perpendicular bisector of the triangular nanopartickesand

NSL is a powerful fabrication technique to inexpensivel . - - .
b 4 P y dthe interparticle spacinglp, to the nanosphere diameter.

produce nanopatrticle arrays with controlled shape, size, an
interparticle spacing’ The need for monodisperse, reproducible,
and materials general nanoparticles has driven the development a= §(J§ —1-— i)D (1)
and refinement of the most basic NSL architecture as well as 2 V3
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dy =D )

_ Colloidal Crystal Mask AgNanpartlcles
In a SL PPA, nanoparticles cover 7.2% of the substrate area. V.. V. V. PR ORRES WA s
The SL PPA is the most commonly used NSL-based nanostruc- . Vil A i
ture. Extensive studies of SL PPA optical properties are
discussed in the section 3 of this paper.

2.2. Double Layer Periodic Particle Arrays.If one increases
the concentration of nanospheres in the solution to be self-
assembled onto the substrate, a significant portion of the
colloidal crystal will consist of DLs of hexagonally close-packed RIS age ol
nanospheres. When a second layer of nanospheres assembles ) . - -
onto the first, every other three-fold hole is blocked, and a t€— 5000 nm >
smaller density of six-fold interstices results. After depositing Figure 2. Schematic illustration (A) and representative AFM image
metal through the DL nanosphere mask, the mask is removed,(B) of DL PPA. The ambient contact mode AFM image was captured
and a regular pattern of hexagonal nanoparticles remains onffom & SL PPA fabricated with = 400 nm nanospheres adg =30
the substrate (Figure 2). This array is referred to as a DL PPA. nm rt1h¢|ermalI;r/“e\/_f:\jporated Ag metal after three minutes sonication in
As in the SL PPA, the size of the DL PPA nanopatrticles can be methylene chioride.
tuned by the deposited nanosphere size anddgheSimple
geometric calculations define the relationship between the
diameter of the hexagonal nanoparticiesand the interparticle

spacing,dip, and the nanosphere diameter. High KE Low KE
Off Axis  On Axis
1
a=(v3-1-—|D 3)
o3l
dip =D (4)

In the DL PPA scenario, the nanoparticles cover 2.2% of the
substrate area. There are two possible outcomes when a third
layer of nanospheres assembles onto a DL: (1) if the nano-
spheres pack in an ABAB sequence, the regular pattern of
hexagonal holes remains or (2) if the nanospheres pack in anrigure 3. Schematic illustration (A) and representative AFM image
ABCABC sequence, all of the mask holes are blocked. (B) of nanoring and SL PPA fabrication. The ambient contact mode
Therefore, a nanosphere mask containing three or more layersAFM image was captured from a sample fabricated itk 979 nm

in the ABCABC stacking sequence does not allow any deposited "anospheres andh, = 50 nm e-beam deposited Ni metal after three
material to reach the substrate. minutes sonication in methylene chloride.

An extremely promising application of the DL PPA archi- nanorings are never formed when thermal evaporation is used
tecture lies in the area of magnetic nanomaterials for datato deposit material. Our current hypothesis concerning the
storage. The data storage industry desires decreasing bit sizesanoring formation mechanism centers on the bimodal kinetic
and increasing bit densities, making magnetic nanoparticles aenergy distribution of gas-phase atoms produced by EBD and
good prospect Like all physical properties, magnetic properties PLD. Low kinetic energy £0.1 eV) atoms that travel along a
are size-dependent. As magnetic materials reach the size regimelirect line of sight from the EBD or PLD target to the substrate
of 100-500 nm, the physical size of the magnet dictates that and stick where they strike the substrate form the triangular
the lowest energy structure is one in which all magnetic nanoparticles. In contrast, high kinetic energyl-10 eV)
moments point in the same direction, creating a single domain atoms that travel along off-normal trajectories strike the substrate
magnet. Magnetic force microscopy (MFM) investigatighg! within the “footprint” of the triangular interstices of the
of high areal density DL PPAs show that single domain nanosphere mask, and then continue to travel, because of excess
magnetic nanoparticles can be fabricated with the NSL tech- kinetic energy, adhering to the substrate underneath the nano-
nigue. Because nanoscale single domain magnets will act assphere to form the nanorings. We have not yet explored
the most efficient “ones” and “zeros” in binary data storage, any nanoring properties; however, we suggest that they may
the single or multiple domain character of magnetic DL PPA find future applications as optical traps, components of nano-
nanoparticles has large implications in data storage capability. machines, and reactive ion etch masks to form thin-walled

2.3. Nanorings.In the process of creating SL and DL PPAs nanocylinders.
for magnetic and catalytic studies using transition metals (nickel, 2.4. Single Layer Periodic Particle Arrays as Templates
cobalt, platinum, and palladium), a third NSL structural motif, for Covalently Attached Nanoparticle AssembliesThe three
the nanoring, was discovered. The high melting points of the NSL-derived nanopatrticle structural motifs described above are
transition metals require that they be deposited by EBD or PLD two-dimensional in character. Recently, an exploratory study
rather than thermal evaporation to avoid melting the polystyrene aimed at extending NSL into the third dimension has been
nanospheres used to form the NSL mask. An array of nanoringscarried out? The fabrication strategy employed begins with a
within a SL PPA formed by EBD of nickel is shown in Figure Ag or Au SL PPA (Figure 4A) as a template upon which to
3. The detailed mechanism of nanoring formation is not currently build more complex nanoparticle assemblies. The proposal is
known. We are, however, reasonably certain of two facts: (1) then to covalently attach chemically synthesized Ag or Au
the nanorings are formed from nickel (or nickel oxide) because colloids to the SL PPA template with bifunctional self-assembled
they display magnetic contrast in MFM images and (2) the monolayer (SAM) linkers. Structural characterization of this

5.2 pum
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Figure 4. Schematic illustrations and tapping mode AFM images of
colloid-modified SL PPA sample<D(= 400 nm anddy, = 50 nm).

(A) Unmodified Ag SL PPA, (B) top face only modification of Ag SL
PPA with 13 nm diameter Au colloids, and (C) four face modification
of Ag SL PPA with 13 nm diameter Au colloids.

three-dimensional nanoparticle-linker-SL PPA assembly is af- Figure 5. Schematic of the angle resolved deposition process. (A)
Samples viewed at°0 The interstices in the nanosphere mask are

forded by guantltatlv_e analysis (.)f A.FM line scan da_ta. equally spaced and of equal size. (B) Sample viewed &t Bbe

Two variants of this nanofabrication strategy are illustrated jnterstices in the nanosphere mask follow a pattern including two
schematically in Schemes 1 and 2 of Figure 4. In Scheme 1, different interparticle spacing values, and the interstitial area is smaller.
the PPA nanoparticles are dosed with the SAM linker prior to (C) Sample viewed at 45 The interstices are now closed to line of
nanosphere mask removal, whereas in Scheme 2 the nanosphefight deposition.
mask is removed before exposure of the PPA nanoparticles totransistor$887 single electron transistof8,ultrasmall tunnel
the linker. Following linker dosing and nanosphere removal, junctions8-°Cand optical coating®:
both schemes involve incubating the sample in a solution The size and shape of the three-fold interstices of the
containing 16-15 nm diameter gold or silver colloids. Panels nanosphere mask change relative to the deposition source as a
B and C of Figure 4 show AFM images and line scan data taken function of 64e, and accordingly, the deposited nanoparticles’
from samples fabricated according Schemes 1 and 2, respecshape and size is controlled directly Bye, (Figure 5). As a
tively. The AFM image in Figure 4B clearly shows that the convention,fqep = 0° represents a substrate mounted normal
colloids are predominately attached to the top surface of the to the evaporation beam, and all variationggf, are made by
PPA nanoparticles. This is confirmed by the AFM line scan mounting the substrates on machined aluminum blocks. Figure
(bottom panel, Figure 4B) showing thel0 nm height incre- 5 schematically depicts the effect of angle-resolved deposition
ments corresponding to the attached colloids. This surprising on the interstices of a NSL mask from the top view. It is clear
result implies that the bifunctional SAM linker chemically from this illustration that an increase iflgep Causes the
modified only the top surface of the SL PPA nanoparticles. It projections of the interstices onto the substrate to decrease and
is hypothesized that this anisotropic labeling of the top surface shift. At high values ofd4e, the projections of the interstices
of SL PPA nanopatrticles is a consequence of PPA nanoparticleclose, completely blocking the substrate to line of sight
sidewall shielding by the nanosphere mask and/or highly deposition. There is an analogous decrease in size and shift of
directional diffusion of the SAM linker. Elaboration of this interstitial projections when the DL nanosphere mask is rotated
anisotropic labeling methodology should provide the ability to through nonzer@qep values.
chemically modify the top and the sides of PPA nanoparticles  One very important consequence of AR NSL, beyond the
with different adsorbates. Studies of these bifunctional nano- increased flexibility in nanostructure architecture, lies in the
particles using surface-enhanced Raman spectroscopy (SERS)lecrease in nanopatrticle size. The demand for nanostructures
should yield exciting new insights into the dependence of the in the 1-20 nm size regime is being driven by the ever
surface enhancement factor on adsorbate position. Perhaps thidecreasing feature size requirements of devices in the micro-
approach, or a variant thereof, will permit the visualization of electronics industry and the recognition that molecular connec-
the surface site(s) responsible for the enormous enhancementions may play an important role in the future of this industry.
factors (viz., 16* — 10'9) associated with single molecule An additional driver is the recognition that molecular electronic

SERS83-85 devices and interconnects are likely to play a role in the future
2.5. Angle-Resolved Nanosphere Lithography: Nanoover-  of this industry. Before AR NSL, the only way to fabricate
laps, Nanogaps, and Nanoparticle Chaindn the aforemen- nanoparticles in the-120 nm size regime with NSL required

tioned nanoparticle architectures, all materials were depositedself-assembly of nanospheres with diameters on the order of
from a collimated source along a line perpendicular to the plane 5—100 nm. Self-assembly of such small nanospheres into well-
of the nanosphere mask. A new class of NSL structures hasordered 2D arrays is difficult because of problems with greater
been fabricated by varying the angl&e, between the nano-  polydispersity and, for nanospheres chemically derivitized with
sphere mask and the beam of material being deposited. Thischarged functional groups, greater charge density. However,
technique is hereafter referred to as angle-resolved NSL (AR with AR NSL, increasingfqep from 0° to 20° will halve the
NSL). Control of the deposition angle has been used previously in-plane dimension of both SL and DL PPA nanoparticles,
to produce other nanofabricated surfaces, such as field effecteliminating the difficulty in small nanoparticle preparation.
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Figure 6. Contact mode AFM images of Ag SL PPA nanooverlap Figure 7. Contact mode AFM images of Ag SL PPA nanogap
structures fabricated on mica substrates. All reported line scan valuesstructures fabricated on mica substrates. All reported line scan values
have not been deconvoluted for tip broadening effects. (A) 300<nm  have not been deconvoluted for tip broadening effects. (A) 256<m
300 nm imageP = 542 nm,dyn = 20 nm, Bgep = 0° and 6. (B) 250 250 nm imageD = 542 nm,dn, = 20 nm,f4ep= 0° and 22. (B) 250

nm x 250 nm imageD = 542 nm,dn = 20 nm, fgep = 0° and 10. nm x 250 nm imagep = 542 nm,dn = 20 nm, fgep, = 0° and 23.
(C) 300 nmx 300 nm imageD = 542 nm,dy, = 20 NM, fgep = 0° (C) 250 nmx 250 nm imagepP = 542 nm,dn = 20 NM, Oep = 0°
and 13. (D) 250 nmx 250 nm imagep = 542 nm,dm = 20 NM, Ogep and 24. (D) 250 nmx 250 nm imageD = 542 nm,dn = 20 NM, Oaep
= 0° and 20. = 0° and 26.

Although AR NSL can be used to fabricate nanoparticles of deposition materials in multiple deposition experiments need
varied shape and size by single deposition through SL and DL hot be the same. If one side of the nanogap is insulated from a
masks, additional nanoparticle structural motifs are possible with conductive substrate while the other side of the nanogap is in
multiple depositions of a single material, or multiple materials, contact with a conductive substrate, the conductance of the
through a single nanosphere mask. By varyihg, between junction should be measurable with a scanning tunneling
two depositions, both nanooverlap and nanogap structures carimicroscopy probe. The proposed nanoparticle architecture has
be produced. been fabricated, and results will be presented elsewhere.

2.5.1. Nanooerlap StructuresNanooverlap structures are EXxperiments such as single molecule electrical conductivity are
fabricated by first depositing material through a nanosphere made possible by the advantages of AR NSL including (1) high
mask mounted aflge, = 0° and then depositing a second layer resolution of nanoparticle manipulation, (2) simple geometric

of material at or below an overlap threshold valuedgf, In prediction of nanogap size, (3) parallel creation of millions of
the examples shown here, all samples have Ag metal thermallynanogaps on one substrate, and (4) choice of nanoparticle
evaporated through a nanosphere mask Witk 542 + 7 nm materi_als to_favor the attachment chemistry of each molecule
onto mica substrates. In this case, the amount of nanoparticleto be investigated.

overlap decreases #geis increased from Oto 20°, at which It is possible to quantitate the resolution of nanoparticle
point neither overlap nor gap is visible by AFM investigation manipulation by plotting thégep versus the measured overlap
(Figure 6). or gap in nanometers and fitting a curve to these data points

The most likely application of nanooverlap structures will (Figure 8). With the aforementioned experimental parameters,
focus on the optical properties of these very large aspect ratiothe derivative of the curve at the point where the two
(in-plane width/out-of-plane height) nanoparticles. Section 3.6 nanoparticles are neither overlapped nor separated (in this case,
provides full detail of the increased sensitivity of optical faep = 21.42) is equal to 7.5 nm/degree. The implication of
response as the nanoparticle aspect ratio is increased. Nanoovethis slope is that angle control to the level @fe, = + 0.1°
lap structures allow predictable aspect ratio increases up toyields nanogap fabrication with 0.75 nm resolution.
double the original value. It must be noted that the AFM images of all of the AR NSL

2.5.2. Nanogap StructureNlanogap structures are fabricated samples depicted here have the sample tilt axis aligned with
by first depositing material through a nanosphere mask mountedthe perpendicular bisector of the nanoparticle for the sake of
at fgep = 0° and then depositing a second layer of material at simplicity. Other nanoparticles, within another domain on the
or above a nanogap threshold value tf, With the same same sample, have the tilt axis aligned with the base of the
experimental parameters defined above, the gap between nanotriangular nanoparticle or at intermediate alignments.

particles increases #gepis increased from 2o higher values 2.5.3. Nanoparticle ChainClearly, if two depositions at
(Figure 7) up to thégepvalue at which the interstitial projections  different values of e, extend the range of nanoparticle
are closed to line-of-sight deposition. architectures accessible by AR NSL, three or more depositions

Work is in progress to use the nanogap architecture to will extend it further. An endless number of nanostructures are
measure the electrical conductivity of a single molecule or possible when one combines the ability to vy, and to
nanoparticle. Because NSL is a materials-general technique, theperform multiple material depositions. A simple but potentially
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100— 3. Localized Surface Plasmon Resonance Spectrum of Ag
i Nanoparticles and Its Sensitivity to Structure and
dZ(6),,/d6 = 7.5 nm/degree Nanoenvironment

50
Z(0)s =0, D=542 nm The initial motivation for fabricating surfaces with well-
s + defined, periodic nanostructures was to gain a better understand-
£ ing of the enhancement mechanism(s) of surface-enhanced
£ ] Raman scattering (SER%).°5 The EM enhancement mecha-
N 50 nism proposes that the collective oscillation of conduction
i electrons absorbs and scatters photons meeting the resonance
1004 condition. As a consequence, strongly amplified local EM fields

are generated at the nanoparticle surface. The absorbed and
scattered light from nanoparticle surfaces can be monitored by
-150 T T T T T 1 optical extinction spectroscopy in either transmission or reflec-
tion geometry. In the case of the Ag nanoparticles considered
in this article, the relevant wavelength range of these extinction
Figure 8. Plot of the predicted nanooverlap/nanoga)s., as a spectroscopy experiments can extend from the near-ultraviolet
functlo_n of angle assuming a nanosphere §izequal to 542 nm. At (~300 nm) for Ag nanospheres10 nm in diameter to the mid-
mg Eﬂ'r'\mgiﬁg)fg'?_?,qﬁri'/éigrgza = 21.42), the derivative of infr_ared (w_lO QOO nm) for Ag nanotriangles with large aspect
ratios. Extinction spectroscopy conveniently correlates nano-
particle structure with the readily measurgd LSPR obser_vables.
The simplest theoretical approach available for modeling the
extinction properties of nanopatrticles is the Mie theory estima-
tion of the extinction of a metallic sphere in the dipole limit. In
the following equatioff

0 (degrees)

1.Ag,©=-15" 3.Ag,©=+15

11 14l

247" Nyale,, € -
2.Ag,0=0 41n(10) |_(er + 2¢,)° + €°
E is the extinction which is, in turn, equal to the sum of
absorption and Rayleigh scattering, is the areal density of
— nanoparticlesa is the radius of the metallic nanosphetg,is
Figure 9. Schematic illustration (A) and contact mode AFM image the dielectric constant of the medium surrounding the metallic
(B) of three deposition nanochain structure on micautrbx 1.6um nanosphere (assumed to be wavelength independeistthe
area,D = 542 nm,dn = 10 NM, Ogep = +15°, 0°, and —15°. wavelength of the absorbing radiatienis the imaginary portion

of the metallic nanosphere’s dielectric function, ands the
useful example is presented here. The nanochain motif isreal portion of the metallic nanosphere’s dielectric function.
fabricated with three consecutive depositions. The first deposi- Even in this most primitive model, it is abundantly clear that
tion is done atfgep = 0°, whereas the second and third the experimental extinction spectrum of an isolated metallic
depositions are done e, = 15° (tilted forward) andfgep = nanosphere imbedded in an external dielectric medium will

—15° (tilted backward). An AFM image of the nanochain depend on nanoparticle radis nanoparticle materiale(

structure is shown in Figure 9 and depicts a domain where the@nd €), and the nanoenvironment's dielectric constanf)(
sample tilt axis is aligned with the triangular base of the Furthermore, when the nanoparticles are not spherical, as is

nanoparticles. Possible applications of the nanochain architecturealways the case in real samples, the extinction spectrum will

. : . . : depend on the nanoparticle’s in-plane diameter, out-of-plane
include sub-100 nm near-field optical waveguides, chemical and hei o

. . ; ~ height, and shape. The dependence of the extinction spectrum
b|olog|ca! sensors based on thg LSPR of the_se high aspect rati%n these nanoparticle structural characteristics has also been
nanoparticles, and the fabrication of nanowires. recognized in the form of simplified model calculations such

The work described above demonstrates that NSL, broadly as those for ellipsoidal nanoparticle geometPie addition,
defined to include AR NSL and other variants, is manifestly the samples considered here contain an ensemble of nano-
capable of creating far more than arrays of nanotriangles andparticles that are supported on a substrate. Thus, the extinction
nanodots as was once supposed. In addition we have alluded tgpectrum will also depend on interparticle spacing and substrate
a variety of near-future and far-future applications ranging from dielectric constant. Finally, the nanoparticles under study
chemical and biological sensors to nanooptical devices and MY also possess an intentionally dep_osned_ thin dielectric or
nanoelectronic components. The combination of the diversity molef:ular adsor_bate over_layer. The _dlelectrlc overlayer may
of nanostructures accessible by NSL coupled to its ease Offunc’uon to provide chemical protection for the nanoparticle

implementation. low cost. etc. lead us to conclude that NSL surface or be a molecularly selective permeation layer to control
P . ’ ’ ’ . . molecular access to the surface. Molecular adsorbates may be
has a bright future. In the next section, the ability of NSL to

. ; i ) - physisorbed or chemisorbed and, in the case of surface-enhanced
synth_e3|ze r_nonod_lsperse, s_|ze-tunable nanoparncle_s will _beRaman spectroscopic experiments, are the target of study.
exploited to investigate the size-dependent nanoparticle opticsconsequently, the extinction spectrum will depend on a variety
of the SL PPA structure. LSPR spectroscopy will be used to of parameters such as dielectric overlayer thickness and
probe the size-tunable optical properties of Ag nanoparticles dielectric constant and molecular adsorbate dielectric constant,
and their sensitivity to the local, external dielectric environment thickness, and coverage which will be referred to, collectively,
(viz., the nanoenvironment). as the nanoenvironment.
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image,D = 401 nm,dm = 18 nm; (C) 420 nmx 420 nm imagep = Figure 11. UV—visible extinction spectra of Ag SL PPA on mica
264 nm,dyn = 18 nm; (D) 260 nmx 260 nm imagepP = 165 nm,dq, substrates. Reported spectra are raw, unfiltered data. The oscillatory
= 14 nm; (E) 1200 nmx 1200 nm imageD = 542 nm,dy, = 18 nm; signal superimposed on the LSPR spectrum seen in the data is due to
(F) 1000 nmx 1000 nm imagepP = 401 nm,dm = 18 nm; (G) 670 interference of the probe beam between the front and back faces of the
nm x 670 nm imageP = 264 nm,dn = 18 nm; (H) 410 nmx 410 mica.

nm image D = 165 nm,d, = 0.5 nm.
nanoparticles (for example, with= 830 nm ando = 50 nm)

In the next section, the broad range of materials that have absorb and scatter light in the near-infrared and mid-infrared
been used to fabricate nanoparticles by NSL is discussed.region of the spectrurf?**The smallest DL PPA nanoparticles,
Following this, sections 3:23.8 focus on Ag nanoparticles and  with a= 21 nm ando = 4 nm, contain only 4« 10* atoms and
discuss in substantial detail the dependence of the LSPRallow investigation of surface cluster propertiés.
spectrum, as revealed by extinction spectroscopy, on size, shape, 3.3. Effect of Nanoparticle Shape on the Ag LSPR.
interparticle spacing, substrate, and dielectric nanoenvironment.Nanoparticle shape also has a significant effect onithg of
Such an exhaustive, systematic study was not previously feasiblethe LSPR. When the standard triangular SL PPA nanoparticles
because of a lack of independent experimental control over this are thermally annealed at 30 under vacuum, the nanoparticle
broad parameter space. NSL is the enabling tool that now makesshape is modified, increasing in out-of-plane height and becom-
it possible to independently investigate the dependence of theing ellipsoidal. This structural transition results in a blue shift
LSPR on nanostructure and nanoenvironment. It iS now our of ~200 nm in thedmax of the LSPR. It is often difficult to
position that surface-enhanced Raman spectroscopic data islecouple size and shape effects on the LSPR wavelength, and
difficult, if not impossible, to correctly interpret without so they are considered together as the nanoparticle aspect ratio
understanding the concepts presented herein. (a/b). Large aspect ratio values represent oblate nanoparticles,

3.1. Effect of Nanoparticle Material on the LSPR. Any and aspect ratios with a value of unity represent spheroidal
material that can be deposited from the gas phase can be usedanoparticles.
to form SL and DL PPAs, AR PPAs, nanogap, nanooverlap, or  Figure 11 shows a series of extinction spectra collected from
nanochain architectures. Within the last 10 years, there haveAg SL PPAs of varied shapes and aspect ratios on mica
been examples of NSL structures fabricated from the inorganic substrates. These extinction spectra were recorded in standard
materials Ag, Al, Au, Co, Cr, Cu, Fe, In, KBr, MgFNaCl, transmission geometry using either a Beckman DU-7, Ocean
Ni, Pd, Pt, Rh, SiQ and Zn. The first nanoparticles fabricated Optics SD2000, or an OLIS modified Cary 14 spectrophotom-
from an organic material, cobalt phthalocyanine (CoPc), were eter. Regardless of the instrument used, all macroextinction
also fabricated using the NSL technigtieExperiments are  measurements were recorded using unpolarized light, with a
currently in progress to systematically study the nanoparticle probe beam size of approximately-2 mn?. All parameters,
optics of the many material systems capable of supporting a except those listed explicitly in Figure 11, were held constant
LSPR. However, in the following sections, attention is focused throughout this series of measurements. To identify each
exclusively on the remarkable nanoparticle optics of silver.  parameter’s effect on the LSPR, one must examine three separate

3.2. Effect of Nanoparticle Size on the Ag LSPRThe cases. First, extinction peaks F, G, and H all have the same
relationship between nanopatrticle size and the LSPR extinctionvalue (signifying that the same diameter nanosphere mask was
maximum,Amax has been recognized, though not fully under- used for each sample), but thevalue is varied as the shape is
stood, for many years. As atomic force microscopy, scanning held constant. Note that the LSER shifts to the red as the
electron microscopy, and tunneling electron microscopy have out-of-plane nanoparticle height is decreased, i.e., the aspect
become standard laboratory techniques, nanoparticle dimensionsatio is increased. Second, extinction peaks D, E, and H have
have been determined and electrodynamic theory is helping tovarying a values, very similab values, and a constant shape.
explain the experimental light scattering and absorption trends. In this case, the LSPRyax shifts to the red with increased
NSL is particularly useful in this regard because nanoparticle nanosphere diameter (a largevalue). Again, as the aspect
size is easily varied by changing the nanosphere mask diameterratio increases, the LSPR shifts to longer wavelengths. Finally,
D, and the deposited mass thicknedg, The dimensions of  extinction peaks C and F were measured from the same sample
each nanopatrticle in the SL PPA is defined by two parameters: before and after thermal annealing. Note the slight increase in
(2) the length of the triangle’s perpendicular bise@and (2) nanoparticle heightd) as the annealed nanoparticle dewets the
the measured out-of-plane height As seen earlier, NSL is  mica substrate. The 223 nm blue shift upon annealing is in
particularly useful because both large and small size extremesaccordance with the decreasing nanoparticle aspect ratio as the
are accessible with the NSL technique (Figure 10). Very large nanoparticles transition from oblate to ellipsoidal geometries.
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particle, dielectric constants from Palik, and polarization alongythe
Figure 12. Near/mid infrared extinction spectra of Ag SL PPA on axis. The solid lines are a guide for the eye.
varied substrates. Reported spectra are raw, unfiltered dat® (A)
820+ 15 nm,dn = 20 nm, glass substrate; (B) = 2700+ 70 nm, nm. Therefore, the SL PPA nanostructure is considered to be
tn = 65 nm, silicon substrate; (@) = 1100+ 15 nm,dy, = 25 nm, largely uncoupled. Analogous analysis of the DL PPA nano-
glass substrate; (Dp = 2542 + 80 nm, dy, = 50 nm, germanium - .
substrate. structure indicates an even smaller degree of EM coupling

between nanoparticles.
EM coupling and, accordingly, a red shift in the LSRR«

The range of possible LSPR.axvalues extends beyond those can be explored using AR NSL experiments where the
shown in Figure 11. In factlmax can be tuned continuously  between two nanopatrticles is greatly decreased. Recent experi-
from ~400 to 6000 nm (Figure 12) by choosing the appropriate ments in our laboratory have shown that two deposition nano-
nanoparticle aspect ratio and geoméfhRecent experiments  overlap structures act as one high aspect ratio nanoparticle. It
exploring the sensitivity of the LSPRnax to changes ira and is anticipated that three deposition nanochain structures should
b values support the assertion that it is not always possible to further extend the LSPR red shift.
decouple the in-plane width and out-of-plane height from one  3.5. Effect of the External Dielectric Medium on the Ag
another. Figure 11 demonstrates an in-plane width sensitivity LSPR. Next, the role of the external dielectric medium on the
of AdmafYAa = 4 and an out-of-plane height sensitivity . na optical properties of these surface-confined nanopatrticles is
Ab =7. To further investigate the out-of-plane height sensitivity, considered. Just as it is difficult to decouple the effects of size
a larger data set was collected in thgx= 500—-600 nm region and shape from one another, the dielectric effects of the substrate
using Ag SL PPA masks made frod = 310 + 7 nm and external dielectric medium (i.e., bulk solvent) are inextri-
nanosphere¥.In this case, both the in-plane width and the shape cably coupled because together they describe the entire dielectric
were held constant as the nanoparticle height was varied. Fromenvironment surrounding the SL PPA. The nanoparticles are
this larger data set, the calculated out-of-plane height sensitivity surrounded on one side by the substrate and on the other four
was Alma/Ab = 2. The variance in the twaAnma/Ab values sides by a chosen environment. A systematic study of the
suggests that nanoparticles with smaller in-plane widéhs ( relationship between the LSPR,ax and the external dielectric
90+ 6 nm versusr = 145+ 6 nm) are less sensitive to changes constant on the four non-substrate-bound faces of the nano-
in nanoparticle height. This conclusion supports the relationship particles was done by immersing a series of varied aspect ratio
between nanoparticle aspect ratio and LSPR shift susceptibility SL PPA samples (aspect ratios 3.32, 2.17, and 1.64) in a variety
noted above. of solventsi®? These solvents represent a progression of

3.4. Effect of Interparticle Spacing on the Ag LSPR.EM refractive indices: nitrogen (1.0), acetone (1.36), methylene
coupling between nanoparticles must also be considered in achloride (1.42), cyclohexane (1.43), and pyridine (1.51). Each
well-designed experiment. If two nanoparticles are in close sample was equilibrated in a;Nenvironment before solvent
proximity, the conduction electron oscillation of each nano- treatment. Extinction measurements were made before, during,
particle is affected by its coupling partner, causing the LSPR and after each solvent cycle. With the exception of pyridine,
Amax t0 shift. This coupling can be extensive and complicated. the LSPR peak always shifted back to the \Milue when the
To determine the degree of EM coupling in SL PPAs, a solvent was purged from the sample cell. The measured LSPR
theoretical simulation was done in which thg.x of the LSPR Amax Values progress toward longer wavelengths as the solvent
was calculated as a function of the tip to tip distandg) ( refractive index increases (Figure 14). A plot of solvent
between two triangular nanoparticles (Figure 198)The plot refractive index versus the LSPR.ax shift is linear for all three
shown in Figure 13 represends = 50 nm Ag through & = aspect ratio samples (Figure 15). The highest aspect ratio
400+ 7 nm nanosphere mask. The EM coupling is substantial nanoparticles (most oblate) demonstrate the greatest sensitivity
when the two triangles are within 50 nm of one another. To to a external dielectric environment. In fact, the LSBRx of
apply this theoretical simulation to experimental data, the AFM the 3.32 aspect ratio SL PPA shifts 200 nm per refractive index
measured SL PPA; = 114 nm is explicitly marked by a dashed unit (RIU).
line in Figure 13. This value indicates a very small EM coupling  After completing the aspect ratio/solvent sensitivity experi-
between SL PPA nanoparticles, producing a red shift of only 5 ment, a duplicate of the 2.17 aspect ratio SL PPA sample was
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porous SiQ, and the environment above the gil@yer. SiQ
overlayer thicknesses of 0, 15, 26, and 36 nm were vapor
deposited onto otherwise identical SL PPA samples. The LSPR
Amax red shifted as the ratio of SjQo air increased (Figure
16a), again showing that an increased refractive index decreases
the frequency of electron oscillation. By plotting the $iO
thickness versus the LSPRax peak shift, one concludes that
the LSPR peak linearly shifts 4 nm to the red for every 1 nm
of deposited SiQ(Figure 16b). It was demonstrated in section
3.3 that the LSPRyax can be tuned from-400 to 6000 nm by
0.10- changing the size and shape of the nanoparticle. Now, it is

Nitrogen obvious that dielectric tuning with substrate, solvent, and
. overlayers will also provide a similar range of LSRR values.

3.7. Effect of the Substrate Dielectric Constant on the
LSPR. A systematic study was also done with Ag SL PPA
nanoparticles holding all parameters constant with the exception
of the substraté?? Theoretical predictions suggest that the LSPR
Amax cannot be correctly modeled without accounting for the
effect of the substrate dielectric const&i#The refractive index
of the substrate was systematically varied by using fused silica
(1.46), borosilicate optical glass (1.52), mica (1.6), and specialty
SF-10 glass (1.73). AFM investigation of the Ag nanoparticles
on the four substrates showed that the nanoparticle shape is
100~ ++ Aspect Ratio 332 independent of the s_,ubstrate choice, i.e., the Ag m_etal wets each
| oZAsgect Ratio 2,17 + substrate to approximately the same extent. The importance of

O: Aspect Ratio 1.64 geometric similarity is apparent from previous discussions of
O: Ellipsoidal 2.14 LSPRAmax Sensitivity to nanoparticle size and shape. The LSPR

° AmaxWas measured for each sample in a controlled environment,

and results demonstrated a red shift for increasing substrate
refractive index (Figure 17). When the LSPR.x for each
substrate was plotted versus the refractive index, a straight line
could be fitted to the experimental points, indicating a sensitivity
of 87 nm per substrate RIU.

Earlier, it was demonstrated that high aspect ratio nano-
particles are most sensitive to changes in environmental
refractive index (Figure 15). It was hypothesized that high aspect
ratio nanoparticles would exhibit similarly enhanced sensitivity
to the refractive index of the substrate. This was tested
0 T T T T T 1 by exposing identical SL PPAs deposited on the four afore-

: ’ ) mentioned substrates (fused silica, borosilicate glass, mica, and
Figure 15. LSPR Ama(solvent)— Ama(dry No) versus the refractive SF-lOlgzpemalty glass) to a varl_ety_of refractive index environ-
index of the solvent for unannealed aspect ratios 3.32, 2.17, and 1.64ment5' ] Plots Of_sowem re_fr_qc'“ve index verses the LSRR«
and annealed aspect ratio 2.14 Ag SL PPA samples. peak shift establish sensitivities of 238, 229, 206, and 258 nm/

RIU, respectively (Figure 18). Interestingly, there appears to
thermally annealed. This annealed sample, with an aspect ratio® N0 correlation between substrate refractive index and the
of 2.14, was then subjected to the same series of solventcontribution to solvent sensitivity. Also, the sensitivity gained
treatments and extinction measurements. The resultant solvenby Using the substrate with the highest sensitivity factor
refractive index versus LSPRuaxshift still shows a linear trend ~ (SF-10) versus the substrate with the lowest sensitivity factor
but a significantly decreased sensitivity of 100 nm shift per RIU (Mica) is only a 25% advantage. One concludes that, although
(Figure 15). there is slightly improved sensitivity of the LSPR to the external

3.6. Effect of Thin Film Dielectric Overlayers on the dielectric environment when the Ag nanoparticle is deposited
LSPR. The dielectric environment of the nanoparticles in the ©n @ high refractive index substrate, the advantage is not
aforementioned experiments had two components: substrate orsufficient to justify the use of the expensive SF-10 substrate
one face and solvent orn the other four faces. Clearly, the ~($15/sample) in place of other inexpensive substrates such as
LSPR Amax can be tuned by choosing the refractive index of borosilicate glass ($0.25/sample).
an encapsulating solvent. Another means of controlling the 3.8. Effect of Molecular Adsorbates on the LSPR.The
nanoenvironment is to encapsulate the Ag nanoparticle in a thinconsiderable LSPR sensitivity discovered upon varying the
film dielectric shell. Such a dielectric overlayer could function nanoparticle dielectric environment suggested that Ag nano-
to provide chemical protection for the nanoparticle surface or particles might be capable of acting as a chemical and/or
be a molecularly selective permeation layer to control molecular biological sensor by detecting changes in local refractive index
access to the surface of the nanoparticle. A study of the effectcaused by the chemisorption of molecular adsorbates or the
of nanoparticle encapsulation made use of varying thicknessesbinding of biological molecules to an appropriately surface-
of SiO, overlayers. The SiQoverlayer system presents a more modified nanoparticle. To test this idea, a series of experiments
complex dielectric environment including the substrate, the designed to measure the shift in the LSBRxas a function of
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Figure 14. Extinction spectra of aspect ratio 2.17 Ag SL PPA measured
in various solvents. Spectra have been arbitrarily spaced along the
extinction axis for clarity.
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Figure 17. Effect of substrate refractive index on LSRR.x (A) UV —visible extinction spectra for a Ag SL PP® (= 400 nm andd,, = 25 nm)
on various substrates. (B) LSPRax 0f Ag SL PPA in a N environment versus the refractive index of the substratgsiae Linear regression was
used to fit the data to a line described by the following equatiprs 87x + 483.5.

alkanethiol SAM chain length was initiated. Alkanethiol SAMs 140—

were chosen for this study for three reasons: (1) the sulfur of 1 O SF-10 O
the thiol functionality binds strongly to both Ag and Au surfaces, 1204 + Fused Silica o
(2) SAMs are known to form dense, well ordered films on Ag . O Optical Glass K

and Au thin films, and (3) the alkanethiol headgroup can be
synthetically tailored to capture specific target molecules. Ag =
SL PPA samples were incubated for-124 h in alkanethiol E
solutions of varying alkane chain length (1-hexadecanethiol, —
1-dodecanthiol, 1-decanethiol, 1-octanethiol, 1-hexanethiol, and
1-butanethiol) and then UWVvisible extinction spectra were e
measured for each sampfé.A plot of the alkanethiol chain “*5
length versus the LSPRnyax shift was linear, with a slope <
corresponding to a LSPR shift of 3 nm for every carbon atom <
in the alkanethiol chain (Figure 19). Because the refractive index
of all neat alkanethiols used here is approximately constant, the
linear dependence is attributed entirely to the increased thickness
of the SAM spacer with each additional carbon unit. The ability |
to detect a single CHunit on the alkanethiol molecule further Lo 1.2 1.4 L6
demonstrates the capability to create an LSPR sensor from SL P iomal
PPA samples. In fact, the 40 nm LSPR shift seen with Figure 18. LSPR peak shift from dry Nversus the refractive index
1-hexadecanethiol binding results from only 60 000 molecules of the solventnexema for each of the four substrates. The plotted points
per nanoparticle. A reasonable extrapolation suggests thatrepresent the average shift recorded for several samples of each
optimized experiments on single nanoparticles would have a Substrate. Each data set wa§ fit to a line with the following equaFions:
detection limit of 1500 molecules or 2.5 zmol. fmuﬁ:zd Sﬂcgbﬁ(:_zgc?é-_sgj% bgrcggfa_tezgglss{ 2 2%

3.9. Realization of a Ag Nanoparticle LSPR Biosensor. Y= ’ y= '
The development of a successful biosensor, based on detectinghanges in local refractive index, requires that the output signal
the shift in the LSPRAmax of @ Ag nanoparticle caused by must be (1) large enough, (2) measurable in an aqueous buffer
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Figure 20. Ag nanoparticle sensitivity to bulk solvent. Spectral peak
shifts were calculated by subtracting the measuigg for the
nanoparticles in solvents @fyema ranging from 1.33 (methanol) to
1.51 (benzene) from that of azNenvironment exerna = 1.0). Plots
display representative measurements from several experiments. (A)
Unmodified nanoparticles. The slope of the linear fit shows that
the LSPR spectral sensitivity @xemaiS 191 nm per RIU. (B) Nano-
particles modified with 1-HDT. The slope of the linear fit is reduced
by 20% to 150 nm per RIU.

environment, (3) reversible for an actual biological binding
event, and (4) insensitive to nonspecific binding. The alkanethiol
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Figure 21. LSPR detected absorption/desorption of PL to 11-MUA/
1-OT mixed SAM. (A) PL adsorption. 1. Extinction spectrum of
11-MUA/1-OT modified Ag nanoparticlesD{ = 400 nm anddm
50 nm) in 5 mM phosphate buffer, pe 8.5; Amax = 744.6 nm. 2.
Extinction spectrum after incubation with PL (1 mM in lysiné);ax

= 749.8 nm. (B) PL desorption. 1. Extinction spectrum of 11-MUA/
1-OT modified Ag nanoparticles with adsorbed PL in 5 mM phosphate
buffer, pH = 8.5; Amax = 749.8 nm. 2. Extinction spectrum after
introducing high ionic strength buffer (20 mM phosphate buffered
saline; 278 mM NaCl; 5.7 mM KCl)dmax = 744.9 nm.

the refractive index of the solvent. From the slopes of the linear
fits, sensitivity factors of 191 nm/RIU and 150 nm/RIU are
extracted from the unmodified and 1-hexadecanethiol modified
Ag nanoparticles, respectively. Thus, the presence of the thickest
SAM diminishes the LSPRyax shift sensitivity to the refractive
index by approximately 20%. Although the sensitivity is
diminished with the SAM spacer, bulk solvent induced shifts
are still easily detected, reinforcing the concept that the EM
fields extend from the nanoparticle beyond the SAM/bulk liquid
interface.

A proof-of-concept experiment was designed and carried out

chain length study discussed in section 3.8 demonstrates thato demonstrate a reversible output signal for an actual biological

the first condition is fulfilled.

Successful operation of the LSPR nanobiosensor in a solution
environment was demonstrated by measuring the sensitivity to
changes in local refractive index that occur at the SAM/bulk
liquid interface. A decrease in LSPR,ax shift sensitivity was
anticipated because the strength of the locally enhanced EM
fields are known to decay over a length scale~&f0 nm105
To investigate the attenuation of LSPRax shift sensitivity
by the SAM, the LSPR.hax shift was monitored as changes in
the refractive index of the bulk liquid were produced by
exposing the unmodified and SAM modified Ag nanoparticles

binding event. The LSPRnax shift of Ag SL PPA nanopatrticles
dosed with a mixed monolayer of 11-mercaptoundecanoic acid
(11-MUA) and 1-octanethiol (1-OT) was monitored to detect
the binding of the multiply charged polypeptide, poly-(L)-lysine
(PL). In this well-characterized model system, the positively
charged ammonium groups of the lysine residues electro-
statically bind to the negatively charged surface provided by
the deprotonated carboxylic acid groups of the 11-MWaLo7
Upon flowing the PL into the presence of the 1:3 11-MUA/
1-OT coated SL PPA, the LSPRax shifted 5 nm to the red
(Figure 21A). To examine the reversibility of this nanosensor,

to methanol, acetone, ethanol, methylene chloride, and benzendigh ionic strength buffer was flowed into the PL/SAM/SL PPA
(Figure 20). These measurements were made in a previouslysystem. The high ionic strength buffer was expected to screen

described macroextinction flow céf* For both cases, the
sensitivity to the external environment is linearly dependent on

the ammonium-carboxylate ion pair formation, causing the PL
to desorb from the SAM/bulk liquid interface. In fact, the LSPR
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Amax Shifts the expected 5 nm to the blue, demonstrating that LSPRAmaxShifts 3 optical nanometers to the red for each carbon
the nanoparticle sensor can be regenerated after each sensinig an adsorbed alkanethiol molecule, and (7) the Ag SL PPA
event. acts as a reversible nanobiosensor. The size, shape, and
At first, it seemed that the 5 nm shift due to PL binding was dielectric-dependent nanoparticle optical properties reported here
rather small. Upon subsequent analysis, it was found to be theare likely to have significant impact in conventional and single
correct order of magnitude. The LSPR shift caused by changesmolecule SERS, near-field optical microscopy, nanoscopic
in the refractive index of the local environment during the object manipulation, chemical and biological sensing, and energy
binding and release of PL can be estimated using the following transport in nanoscopic optical devices.
equationto4
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wherem s slope from Figure 20BAAmaxd ANexternai= 150 nm/
RIU, np_ is the refractive index of PL (1.52)n,0 is the
refractive index of HO (1.33),tp_ is the thickness of the PL
shell on the Ag nanoparticle, aiglis the characteristic decay
length of the LSPR 20 nm). Assuming thatp. < lg, this
equation yields a predicteiAmax Of 1.4 nm, a factor of 3 to 4
smaller than the measuréd.nax This discrepancy is most likely WP b o 2000 406, 1023-1026
due to uncertainties in the estimationtgf andly values. Further eercy, P. SNature o )
experimentz_al and theoretical Wor_k will r_efin_e the quantitat_ive Ed.;(’f/)CCHIusa%r"ssﬁgrds:Cc,\’lllec\’,'vdi;fniggf%rysg%fA‘ppl'Cat'ormhm'd’ G
understanding of the LSPR shift. This simple estimation, (3) Steigerwald, M. L.; Brus, L. EAcc. Chem. Re<499Q 23, 183
however, yields an important conclusion: the LSPR shift is 188.

; Ve (4) Brus, L. E.; Trautman, J. KPhilos. Trans. R. Soc. London, Ser. A
attributable to refractive index changes on the length scale of 1005 353 313.301.

lo, @ very short length scale of 20 nm or less according to Mie " (5) ajivisatos, A. P.J. Phys. Cheml996 100, 13226-13239.

theory estimations. (6) Alivisatos, A. P.Sciencel996 271, 933-937. _
Although reversibility is an important characteristic, practical A g) Regd, M. /i\-: Klﬂg W-gNanogguitggiS and Mesoscopic Systems
H cademic Fress, Inc.. sSan Diego, , .

biosensors must respond only to the selected target molecule: (8) Sundaram, M.; Chalmers, S. A.; Hopkins, P. F.; Gossard, A. C.

To verify that the LSPRimax Shift was not due to nonspecific  science1991, 254 1326-1335.
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