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ABSTRACT

We present an experimental optical darkfield microscope study of the dependence of the plasmon resonance spectrum of individual silver
nanoparticles on the local index of refraction. We systematically characterize the position of the resonance peaks associated with the same
set of individual silver nanoparticles embedded sequentially in index oils with increasing refractive index. This technique effectively allows the
local refractive index to be stepped in increments of 0.04. As the local index is increased, the spectrum from each of the nanoparticles
generally undergoes a very regular and reproducible red shift; however, we find that the amount of red shift per index increase varies depending
on the shape of the nanoparticle and the mode of excitation. In particular, we find that the spectral peak that occurs in triangular nanoparticles
exhibits a noticeably larger red shift than that associated with the dipole mode corresponding to spherical nanoparticles. Our results are
consistent with experiments performed on ensembles of similar nanoparticles and suggest that individual nanoparticles may be utilized in
biosensing applications where currently ensembles are being investigated.

The exceptional optical properties of surface plasmons The metallic film in the SPR case is not intrinsically resonant,
coupled electronic and electromagnetic excitatioase but rather depends on the excitation of surface plasmons
increasingly being appreciated for their potential application which act as a damping mechanism on a reflected or
to highly efficient and miniaturized optical devices.There transmitted optical beam with relatively sharp wavelength
has been considerable interest recently in gold and silverand angular dependence, which is highly dependent on the
plasmon resonant structures, made by colloidal cherfiistry  refractive index of the adsorbed molecules. The optical
or lithographic techniques;* for their fascinating optical  response of gold and silver plasmon resonant particles (PRPs)
properties, and potential biological labeling and diagnostic can also be expected to exhibit significant sensitivity to their
applications.*** One example of a device based on the |ocal refractive index, but in this case exhibiting a shift in
excitation of surface plasmons is the film surface plasmon the peak of the elastic scattering resonance. Given their
resonance (SPR) biosensém which the optical scattering  confined volume and enhanced optical response, PRPs offer
from a thin gold or silver film is used as a sensitive indicator he possibility of a new class of miniatured biosensors based
of the changes in refractive index due to molecular surface upon the local index-induced plasmon resonance peak shift.
binding events. The SPR biosensor achieves its highest .. Lo . -

L o ” Since individual plasmon resonant nanopatrticles exhibit
sensitivity at the wavelength and angle of incidence condition . . )

. S . enhanced scattering behavior, one might expect that the

where coupling of the incident light to local surface plasmon . o .

: e ! . replacement of the thin metallic film by a patterned film of
modes in the metallic film is substantial and changes rapidly lasmon resonant particles could result in an even hiaher
with molecular binding. Commercially viable detectors have pasmor b L : g

sensitivity to local index of refraction in SPR biosensing

been produced [Biacore]. . . ) . .
P [ ] devices. An alternative to the technique of SPR is to engineer

Surface plasmon (SP) modes can also be excited inf'l dof al ¢ h K " ‘
nanoparticles. When the patrticle size (typically-4@0 nm lims composed of a layer 0 PRP_S' T € pea posmon_o
the plasmon resonance of the particles is affected by slight

diameter) is significantly smaller than a wavelength, a . ) . A _
resonance condition can be satisfied, enhancing both the locafN@nges in the local index in a manner that is similar to, if

and scattered fields at wavelengths corresponding to dipolar"Ot more sensitive than, the traditional SPR fiffis? Van
and multipolar modes. Note that this resonance is very Duyne et al. have devised a clever nanosphere lithography

different in origin than that used in the film SPR biosensors. t€chniqué”2 for creating an array of triangular shaped
nanoparticles, which they suggest may be more sensitive to
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to the particle shape dependence of the plasmon resonanceSiO, than another identical one, it may have a different
Van Duyne et al. have made extensive measurements of theshifted resonance after first applying the index oil. We will
plasmon resonance shift on layers of triangular nanoparticlesreturn to this idea to help explain the variation from particle
caused by a variety of solvents of differing dielectrics, as to particle, in their initial shift from air to 1.44 index oil,
well as by binding DNA and protein molecular monolayers that is observed.

to the surfaces. The resulting sensitivity suggests that an  The silver colloids were prepared by nucleating silver salts
ensemble of plasmon resonant nanoparticles can be used agsilver enhancement kit, BBI International) on 5 nm gold
an effective biosensor. These experiménts utilize a UV/ nuclei (BBI International). The typical protocol is as fol-
vis spectrophotometer in transmission mode to measure theows: 20uL of 5 nm gold nuclei, 15QL initiator from the
extinction cross-section, which includes both light that is silver enhancement kit, and 8@ enhancer from the kit are
scattered as well as light that is absorbed by the array of added (in that order) to 20 mL of DD#. The average size
plasmon resonant particles. Conversely, we use a darkfieldof the silver colloid can be controlled by varying the amount
microscope to measure only the scattered component of lightof enhancer added to the solution, which takes approximately
from the plasmon resonant particles. Mie theory calculations one minute to reach completion. For this experiment, we
indicate that the extinction cross-section is dominated by the chose to make “medium” sized PRPs with an average
scattering cross-section for plasmon resonant nanoparticlegliameter~70 nm. PRPs are immobilized on polylysine-
in the size range of our study, therefore the results of the treated silicon wafers (having100 nm SiQ top layer which
two techniques can be directly compared. However, by insulates the PRPs from the conductive silicon), at low
measuring just the scattered light, signal-to-noise is increasedjensity, by placing a drop (56600ul) of the colloidal
and individual particles can be more easily studied. Here solution onto the wafer for-1 min, followed by a rinse in
we will present data suggesting that individual PRPs can be DDH,O and ethanol. The polylysine treatment firmly im-
characterized and then monitored to detect local dielectric mobilizes the colloidal silver nanoparticles to the substrate
changes, albeit with some sensitivity variation from particle surface. We shall refer to particles in this initial state as “air-
to particle. dried”.

Since spectroscopic techniques have been developed that The samples are examined by an optical darkfield micro-
charcaterize individual PRPs?12142%25 we are motivated  scope system modified for single-particle spectroscopy, and
here to study the plasmon resonance peak shifts due to indexve employ a mapping technique similar to that used in a
changes in the neighborhood of individual PRPs. Theory and prior publication to correlate the size and shape of individual
previous experimental work have shown that the shape of ananoparticles to their plasmon resonance spéditkoptical
nanoparticle has a strong influence on its plasmon resonancemaging is performed with a Nikon Labophot microscope
spectrum, as does the size and composkith?221232628 with CF Plan BD 100X, 0.8 numerical-aperture objective
It follows that the shift of the plasmon resonance spectral lens. To obtain a plasmon resonance curve from individual
peak as a function of the change in the local refractive index silver colloids, light from a 100 W Xe source is directed on
may also be different for nanoparticles of different shape. the sample area by darkfield illumination, and light back-

We present here a controlled study of the plasmon scattered by the particles is collected by the objective and
resonance spectrum from individual PRPs, initially produced directed to an adjustable image plane aperture, which is used
by colloidal methods and then bound to a Sigh silicon to select an individual particle and remove scattered light
surface, as a function of the refractive index of a covering from other sources in the sample area. An ocular focused
liquid. Using the darkfield microscope system we have on the aperture enables the operator to view and position
developed to study individual nanoparticfesg first char- the (diffraction limited) image from a single colloidal
acterize the spectrum from many individual bound nanopar- nanoparticle into the center of the aperture (0.2 mm diam-
ticles selected in a field-of-view, and then measure the eter). Light from this single nanoparticle is then passed into
spectral changes corresponding to the index of the coveringa SPEX 270M grating spectrometer using a mirror and
liquid. In this report we employ index oils to systematically focusing lenses, to which a MicroMax CCD camera (Prince-
vary the local index of the nanoparticles from 1.44 to 1.56. ton Instruments/Roper Scientific) is mounted for collection.
Analogously, one could perform similar experiments, using The wavelength dependence of the source, optics, and CCD
the plasmon resonance effect to monitor the change of theis removed by normalizing the measured spectrum to that
local index of a single nanoparticle caused by binding a obtained from a broadband light-scattering target (Labsphere,
sufficient number of specific molecules to its surface. We New Hampshire). Before applying the normalization proce-
have chosen the index oils used both for their availability dure, a spectrum is first collected from a particle, and then
and for their effect of nearly matching thel.56 dielectric ~ from an empty region of the SiOwafer close to that
of the SiQ (100 nm film) on the silicon wafer to which the  particle’s location, but positioned so that the particle is
particles are bound. Without the index oils, the individual outside of the aperture selected area. This corresponding
particles are sitting on a dielectric interface in a local background substrate spectrum has been subtracted from each
configuration which is uncertain and difficult to model, and particle spectrum in all of the data presented.
which we suggest results in significant spectral variations To have a reproducible spatial map of the relative locations
from particle to particle. If, for example, one particle has of the particles on the SiIBi wafer for reanalyzing after
more of its surface actually in contact with the high dielectric an index oil treatment and wash, we employ a motorized
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Figure 1. Typical field of silver nanoparticles immobilized on Si@afer and imaged under darkfield illumination with 0@bjective.

Color images taken with Nikon Coolpix 995. (A) Before oil. (B) With 1.44 index oil spread over particles. (C) After removal of 1.44 index
oil with the described protocol. (D) Spectra taken of an individual blue (roughly spherical) particle (labeled 1): (a) before, (b) during, and
(c) after exposure to thin film of 1.44 index oil. Note: We have included the actual pixilated spectral data for the blue particle in oil (b),
for comparison with the smoothed curve fits as used for all other spectra in this paper. (E) Spectra taken of typical red (triangle) particle
(labeled 2): (a) before and (b) during exposure to thin film of 1.44 index oil. Note the enhancement and shift of the péaldgritified

as the quadrupole mode in the text.

stage (Prior) and obtain coordinates of the region of interest nanoparticles. To produce a roughly uniform coating of the
using the corner of the wafer as the origin. Then a wide view oil, a droplet of ~2 uL in volume is spread (using
image containing approximately 100 particles is recorded. compressed air) ovaa 1 cn? area. After application of the
This image is subsequently used as a simple pattern recognioil we observe a significant color change in each of the
tion template during reanalysis in order to locate and correlate plasmon resonant particles (Figure 1B). The thickness of the
the spectrum of each individual particle to changes of the oil layer is much greater than the dimensions of any of the
index oil. nanoparticles and can be considered to form an infinite
Observing the silver nanoparticles under darkfield il- medium above the SiGsurface. Note that particles initially
lumination, immobilized on a local dielectric interface of air blue in color shift to the green/yellow while particles initially
and SiQ, we see that a typical region contains particles red in color would appear to shift to the blue/green, when
displaying a variety of plasmon resonant colors (Figure 1A). comparing Figure 1A and Figure 1B. By rinsing the same
We have determined previously in detailed mapping studies sample in xylene for 5 min, then in ethanol for 1 min, and
comparing optical and transmission electron microscope finally blowing dry (with compressed clean air), the oil can
images that blue particles (scattering light betweet00 be satisfactorily removed from the substrate and the plasmon
nm to 480 nm) are roughly spherical (diametert0—90 resonance spectra of the particles shift back to their original
nm), green particles{500—550 nm) are typically hexagonal color (Figure 1C). A graph showing the initial spectrum (a)
(longest dimensior 60—105 nm), and red particles-600— and then the red-shifted spectrum (b) of a typical blue
700 nm) have a triangular cross section (longest dimension(roughly spherical) particle, labeled 1 in Figure 1A, is
= 55-120 nm), varying in thickness from platelets to displayed in Figure 1D. Also shown is the spectrum (c) of
tetrahedron8.Therefore, when we refer to blue particles we that same particle after removal of the spectral shifting oil.
consider them to be roughly spherical, and when we refer From Figure 1B, it would appear that the red (triangular
to red particles we consider them to have a triangular crossshaped) particle, labeled 2 in Figure 1A, has blue shifted;
section. We have not done electron microscope analysis ofhowever, as can be seen from the spectra in Figure 1E, it is
the individual nanoparticles used in this study. evident that the main red plasmon resonance peak (a) of the
We first established the spectra for the selected patrticlesparticle is red-shifted out of the visible spectrum (b), and
in the air-dried state. Then index oil is applied to the top the apparent shift to the blue green is actually a result of a
surface of the SiglSi wafer containing the immobilized second peak (q) that is intensified and red shifted into the
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predictable and regular incremental index and spectral shift.
In Figure 2B we have plotted the peak plasmon resonance
wavelength versus the index oil value for all of the blue
particles studied. It is evident that there is a roughly linear
relationship between the local index and the plasmon
resonance peak of each particle. Based on the average of
linear fits to each of these data sets, we have determined the
average red shift fo the blue particles to be 1.6 nm (varying
from 1 to 2 nm for the 12 particles studied) per a change of
0.01 in index.

Mie theory for a spherical silver nanoparticle predicts a
linear relationship between the dielectric of the medium and
the peak plasmon resonance. Malinsky et al. (ref 21, Figure

' ' 10A) have calculated that for a 60 nm diameter particle
550 600 . . . .
Wavelength (nm) surrounded by a uniform dielectric medium the peak plasmon
resonance wavelength will shift 2.1 nm per 0.01 index
change. This is a little higher than the average 1.6 nm per
0.01 index change that we found experimentally but, unlike
the theory, our particles are sitting on a i@ = 1.56)
N dielectric medium, and we expect the proximity of the SiO
. to cause a reduction in the sensitivity of the plasmon
550 | & . resonance peak to changes of the index of the covering oil.
. This reduction is illustrated by the calculated red shifts for
o g a 60 nm sphere pre-embedded in a dielectric shell (2 nm
s00 |- ¥ —— » thick, n = 1.42) prior to changing the surrounding dielectric
. & v (ref 21, Figure 10B), which predicts a 1.68 nm per 0.01
40 | . change in index. Although this is not an accurate representa-
v M tion of our nanoparticle sitting on SDthe comparison
i - reassures us that the experimental data closely resemble
144 146 148 15 152 1s4 156 predictions made by Mie theory for similar systems.
Index of Oil The nature (but not the values) of the shift of the plasmon
Figure 2. Spectral shift for individual blue (roughly spherical) resonance. with external index can be. analyzed via an
silver nanoparticles. (A) Typical blue particle spectrum as it is eleCtrosFat'C mOdeI yvhen the Wavelength is much larger than
shifted from (a) air to (b) 1.44 index oil, and successive oil the particle dimensions. The induced dipole moment for a

treatments in 0.04 index incremental increases. (B) Peak spectralparticle of arbitrary shape embedded in a uniform index has
position vs index of oil applied to 12 individual blue (roughly  the general forrf

spherical) particles studied. The average slope of the linear fit to

these curves suggests a 1.6 nm red shift per 0.01 index increase.

Scattered Light (normalized)

w
—

]

3

Peak Resonance Wavelength (nm)
[ ]
*

460

P~ €(A) — €med )
visible spectrum (¢ on addition of the oil. We suggest this €med T d(€(4) — €med

second peak corresponds to a quadrupole rbde.

Blue (roughly spherical) particles are shifted by an average In eq 1,d is the depolarization factor. Plasmon resonances
of 52 nm by spreading a layer of 1.44 index oil over them, occur for those values e{/) for which the denominator of
based on a mapping of twelve nanoparticles. Note: there iseq 1 vanishes, or when
a large deviation (from 21 to 90 nm) from particle to particle
for this initial shift. As mentioned earlier, we attribute the 1
variation of this initial shift to the complexity of the actual €)= (1 - a)emedz ~ Bémed @)
local dielectric interface that the PRPs are initially sitting
on. As we suggested, some may have more surface contac,
with the SiQ, or they may have high dielectric local

cc;]ntammantsa Lhuts;] reflﬂngl tr;‘?tamounr':'of t.hetr:nltlal shift to the familiar condition that a surface plasmon resonance
when covered by the 1.44 oll. Alter washing In In€ manner .., where(1) = —2¢n,. Differentiating eq 2, using the

described, we find that successive spectra taken in pmgres'ciepolarization factor for a sphere, and the relatiga? =
sively higher index oils, such as those shown in Figure 2A, . ’
. . . . . €med we flﬂd
display an incremental red shift, which is very regular. We
suggest that, once immersed in any of the index oils, the q q
particles are in a more uniform medium with similar de(4) _ _o€med —4 Mmed 3)

IS

dielectric below and above, thereby resulting in a more d4, d4, dA,

It:or a sphere, only pure dipole resonances couple to the field,
and the depolarization factords= 1/3; this value ofl leads
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With published values for the(1) of silver® used to
determine the derivative on the left-hand side of eq 3, we
would expect a change in resonant frequency with index shift
of roughly 0.7 nm per change in index of 0.01, near a
wavelength of 500 nm. This is considerably smaller than
what was observed; however, the lack of agreement is not
surprising, given that effects due to retardation, including
radiative damping, become significant for particles of this
size.

The visible color of red-shifted red (triangular) particles
is dominated by a secondary peak) (q the 1.44 and higher
index oils, as shown in Figure 1E. Previous work on
nanopatrticles of similar morphology has shown that this peak
likely corresponds to a higher order mode, identified as a
quadrupole in referenc@.We will adopt this term here.
Because the quadrupole peak appeared within an optical

Z

Scattered Light (normalized)

400 450 500 550 600
Wavelength (nm)

range convenient for us to study with our apparatus, we B)sz0 N
performed a similar study on the behavior of this resonance  §
peak as a function of the surrounding index. The quadrupole  §

. . . @ 520 S
peak is shifted by an average of 48 nm (varying from 33 to z .
60 nm for the 10 particles studied) upon application of the %
1.44 index oil. As successively higher index oils are applied g °* & * ; o
to the sample, the plasmon resonance peak displays an § ' %
incremental red shift, as shown in Figure 3A, though by an e 500 . = =
amount less than that of the dipole plasmon resonance peak § . °

: : £ v z . A

of the blue particles. Peak plasmon resonance vs index of @ 4% - = i .
oil is plotted in Figure 3B. Based on the average of linear E . .
fits to each of these data sets, we have determined the average  § 450

shift for the quadrupole mode of the red particles is 1.2 nm *
(varying from 0.6 nm to 1.77 nm for the 10 particles studied)
per a change of 0.01 in index of the surrounding medium.
This red shift is~3/4 that of the blue particle dipole plasmon

resonance red shift. Figure 3. Spectral shift data for quadrupole resonance of individual

) : P red (triangular) silver nanoparticles. (A) Typical red particle
Although we find that the electrostatic theory significantly " d(rupolge spgctrum asitis E‘,hifte p fror(n )(q) Z\ﬁ 6 @44 inpdex
underestimates the shift of the plasmon resonance wavelengtly - and successive oil treatments in 0.04 index incremental
for a changing dielectric, it is useful for understanding the increases. (B) Peak quadrupole spectral position vs index of oil
relationship between the dipole and the quadrupole resonancepplied to red (triangular) silver nanoparticles, for 10 individual
modes. A reduced sensitivity to changes in external index red (triangle) particles studied. The average slope of the linear fit

for the resonance wavelength for a quadrupole mode rnightto these curves suggests a 1.2 nm red shift per 0.01 index increase.

be expected on the basis of the electrostatic model. Thegne of the red particles is shown in Figure 4. We found that
condition for a quadrupole resonance can be determined fromhe average initial shift of the dipole resonance from air into
eq 2, usings = 3/2 [ref 30] rather thaif = 2, whichwould  the 1.44 oil was 94 nm (varying from 83 to 110 nm for 8
suggest the quadrupole resonance wavelength shift wouldred particles studied). This suggests a greater sensitivity to

be three-quarters that of a dipole resonance. This estimatgne change in index than the blue (spherical) particles, which
is consistent with the observed relative shifts between the on average shifted only 52 nm from air into the 1.44 index

dipole and quadrupole modes; however, this comparison isoijl. Furthermore, the average shift from 1.44 index oil to
based entirely on spherical particles and may not be directly 1 48 index oil was 14 nm (varying from 10 nm to 23 nm for
applicable to the triangular particles studied here. 4 red particles), which would correspond to a 3.5 nm per

Because the dipole plasmon resonance of the red (trian-0.01 index increase. Clearly, there is a greater shift for the
gular) particles is shifted out of the visible spectrum as the red (triangular) particle dipole plasmon resonance than either
index of the surrounding medium is raised beyond 1.44, we the blue (spherical) particle dipole plasmon resonance or the
were generally unable to study the spectra under successivelyyuadrupole resonance of the red (triangular) particles. Based
higher index oils. The spectral detection capabilities of our on these observations, it is evident that a biosensor based
instrument taper off above 800 nm. However, for some of on the detection of the plasmon resonance peak shift would
the red particles studied which had an initial plasmon have greater sensitivity using triangular shaped nanopatrticles,
resonant peak less thar680 nm, we were able to acquire rather than spherical ones; however, the extent of the
spectra of the particles covered by 1.44 and 1.48 index oils. difference will, of course, depend strongly on the dispersive
An example of the dipole plasmon resonance spectra fromproperties of the dielectric function.

1.44 1.46 1.48 1.5 1.52 1.54 1.56
Index Of Surrounding Medium
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Figure 4. Spectral shift for dipole resonance of typical red

(triangular) silver nanoparticle. Spectrum is red shifted from (a)
air into (b) 1.44 index oil and further into (c) 1.48 index oil. Further

increase in oil index caused the dipole mode spectra to shift out of

our detection range for the majority of red (triangle) particles

studied. Based on the shift of the dipole resonance of the red particle

from 1.44 to 1.48 index ail, for the 4 particles still characterizable

(3) Ditlbacher, H.; Krenn, J. R.; Schider, G.; Leitner, A.; Aussenegg, F.
R. Two-dimensional optics with surface plasmon polaritohBL
2002 81, 1762-1764.

(4) Chicanne, C.; David, T.; Quidant, R.; Weeber, J. C.; Lacroute, Y.;
Bourillot, E.; Dereux, A.; Colas des Francs, G.; Girard, C. Imaging
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88, 097402-1.
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plasmon-polariton modes in Au nanopatrticle chain waveguides of
different lengths: Estimation of waveguide loggpl. Phys. Lett.
2002 81, 1714-1716.

(6) Mock, J. J.; Barbic, M.; Smith, D.; Schultz, D.; Schultz, S. 2002.
Shape Effects in Plasmon Resonance of Individual Colloidal Silver
NanoparticlesJ. Chem. Phys2002 116(15), 6755-6759.

(7) Stnichsen, C.; Franzl, T.; Wilk, T.; von Plessen, G.; Feldmann, J.
Drastic Reduction of Plasmon Damping in Gold Nanordekys.
Rev. Lett 2002 88, 77402-1.

(8) Tamaru, H.; Kuwata, H.; Miyazaki, H. T.; Miyano, K. Resonant light
scattering from individual Ag nanoparticles and particle pahiBL
2002 80(10), 1826-1828.

(9) Chen, S.; Carroll, D. L. Synthesis and Characterization of Truncated
Triangular Silver NanoplatefNano Lett.2002 2, 1003-1007.

(10) Pastoriza-Santos, |.; Liz-Marzan, L. M. Synthesis of Silver Nano-
prisms in DMF.Nano Lett.2002 2, 903-905.

(11) Mallin, M. P.; Murphy, C. J. Solution-Phase Synthesis of Sub-10
nm Au—Ag Alloy NanoparticlesNano Lett.2002 2, 1235-1237.

(12) Krenn, J. R.; Schider, G.; Rechberger, W.; Lamprecht, B.; Leitner,
A.; Aussenegg, F. R. Design of multipolar plasmon excitations in
silver nanoparticlesAPL 200Q 77, 3379-3381.

over this range, we have determined that the average red shift is (13) Gotschy, W.; Vonmetz, K.; Leitner, A.; Aussenegg, F. R. Optical

3.5 nm per 0.01 index increase.

In conclusion, we have demonstrated a practical technique
for studying the effect of local index on the plasmon resonant

scattering spectra of individual silver nanoparticles. The

plasmon resonance of each individual silver nanoparticle is
highly sensitive to small changes in the local refractive index,
which we have systematically characterized. We have also
demonstrated that the shape and resonance mode of the
nanoparticle affects the sensitivity to these changes. Devel-
oping a nanoscale biosensor based on single nanoparticles
may be possible, but would be subject to the particle-to-
particle variations we have observed affecting the plasmon

resonance peak shift from the air/ Sidterface into the
more uniform high dielectric medium of the index oils.
Rapidly advancing knowledge of the optical properties of

individual and collective plasmon resonant nanopatrticles of
a variety of shapes and configurations under a variety of (21)

local environments will enable consideration of a wide
variety of applications including but not limited to biosensing.
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