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Phase-sensitive near-field imaging of metal nanoparticles
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We report on the near-field imaging of silver nanoparticles using an aperture-type near-field
microscope operated in illumination mode. The nanoparticles are imaged as interference patterns,
due to far-field superposition of the optical fields emitted from the tip and elastically scattered from
localized surface plasmoriSP. Aperture-type probe can thus be used to obtain information on the
phase shift associated with localized SP coupling at the illumination wavelength2002
American Institute of Physics[DOI: 10.1063/1.1516249

I. INTRODUCTION In this article we show how the relative phase-sl#ft
can be qualitatively visualized using an aperture NSOM.
Small metal particles possess unique optical propertiegingle silver nanoparticles or small particle clusters are im-
due to collective electron resonances, so-called localized SUfged as circular interference patterns, with the relative inten-
face plasmongSP.* When the wavelength of an incident sty of the central peak varying witth. Although the spatial
electromagnetic field\, coincides with a SP resonance resolution is much worse than what can be obtained in a
wavelength\ g, the scattering cross section of the particle . NsOM setup, the advantages are that the present technique
increases tremendously and amplified electric fields are inggn pe easily adapted to surface-enhanced spectroscopy mea-

duced near the particle surface. This effect has been heavilyrements of individual nanoparticles or clusters and that the
exploited in various surface-enhanced spectroscopyontrast mechanism is relatively simple.

experimentg:® An associated phenomenon, that has received

considerably less attention, is the phase shift induced by SP

coupling, i.e., the phase differenek between the incident

field and the field scattered by the excited particle. In a firsf!- EXPERIMENT

approximation, one expects that the phase shift should We used a commercial NSOM scannéKanonics
change fromp=0 to = if A, passes\s, from longer 0 NgOM-100 and Cr—Al coated bent near-field probes with
shorter wavelengths. Thls effect cannot be observed in enrog nm apertures obtained from the same manufacturer.
semble averaged far-field measurements because each pagme puilt electronics and software were used for experi-
ticle has different scattering properties and their random spgpent control and data acquisition. Figure 1 gives a schematic
fual po_smon makes interferometric phase measurementSia\y of the experimental setup. The output from a He—Ne
impossible. _ _ laser (Melles Griot, \=633 nm) or an Af laser(Spectra-

SP resonance spectra of single gold nanoparticles, megysics \ =514, 496, or 488 ninis coupled into the optical
sured with aperture-type near-field scanning El)ptlcal MICrOSfiher, The NSOM aperture then serves as a subwavelength
copy (NSOM), have been reported by Klat al.” The type  |ight source. The distance between the aperture and the sur-
of information obtained in this measurement was, in prin-t5.e is controlled by a normal force feedback systefime
ciple, similar to a conventional ultraviolet-visib&V-VIS)  yrone oscillates perpendicularly to the sample surface at the
spectrum, alt.hough Fhe superior spat|a| rgsqluuon allowedasonance frequency, with a 90%—-10% drop in oscillation
for mterro_gaﬂon of s_lngle nanoparticles. Slmllarly,_ Benrez'amplitude within 25 nm of sample movement towards the
zaket al, in a scattering-type NSON6-NSOM experiment, i "The set point was kept at 50% of the free oscillation
investigated how the elastic scattering from gold ”a”Oparamplitude, which from a simple mechanical model corre-
ticles varies with particle size and illumination wavelength. sponds to an average probe to surface distance of around 25
The near-field spectroscopic properties of Ag particle aggrepm The elastically scattered light from the nanoparticles,
gates have also been studied by Markeal. using a collec-  515ng with the emission from the tip, is collected in the far
tion mode NSOM Only recently has the phase of the in- field by a microscope objectivilikon 40x, NA=0.4), and
duced electric fields at the surface of metal particles beefqaiacted by an avalanche photodidd®D). An interference
studied. Hillenbrand and Keilmann used a $-NSOM.gier plocks the light from the diode laser used for distance
equipped with an interferometric detection system, to simulyeqjation. The sample was scanned at a constant speed of 1
taneously obtain intensity, phase and topography of indi, /s in the lateral direction. The silver sol was prepared

vidual metal nanoparticles. using a modified citrate reduction protocol, following Lee
and Meisef The average particle diameter wa®0 nm, as

dElectronic mail: prikulis@fy.chalmers.se determined by transmission electron microsc¢pgM) and
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FIG. 1. Schematic view of NSOM setup. ) ] o
a result of an interference between the far-field emission

from the tapered fiber and the elastically scattered light from
UV-VIS spectroscopy. The patrticles were then immobilizedthe particles on the sample surface. As the sample is scanned
on a polymer coated cover glass according to Freemaim the x-y plane the recorded NSOM image allows us to
et allf compare the particle specific phase shifts induced by the SP
coupling to the incident radiation. The absolute intensity is
different for different NSOM probes due to variations of the
throughput of the taper. We therefore define a dimensionless

Figures 2a) and 2b) show typical atomic force micros- ye|ative optical signal= (1 —I,)/1,, wherel is the measured

copy (AFM) and NSOM images of colloidal silver particles intensity, and , is the intensity in absence of any particles on
prepared with the above technique. The detected intensity ige surface. The key observation is that single particles and

small aggregates appear as symmetric ring structures with

dark (I<0) or bright >0) centers in the NSOM images.
The distance between successive rings corresponds to ap-
proximately\o/2. The NSOM images are not artifact fre,
however the artifacts are easily identified. The sharp feature
on the right from the central maximum in the NSOM image
[inset in Fig. Zc)] is clearly a topographic artifact since it
has the same position and shape as the topography in the
AFM image of the same particlgnset in Fig. 2d)]. From

the optical profilg Fig. 2(c)] we estimate that the resolution

Ill. RESULTS AND DISCUSSION

5 03 of our NSOM is around 250 nm for this type of experiment.
k) The lateral dimensions of the silver particles are enlarged in
% 024 the topography image due to tip convolution. We therefore
-% o use the height of the particles to characterize their [dfig.
2 2(d)]. In Fig. 3 we plot the center intensity versus particle
-.E l% height. Obviously; particles with similar height can have
K} very different central intensity. The reason for this is most
R probably the irregular shape of the particles, as seen in the
100 TEM image(inset in Fig. 3 and discussed below.
T 89 A quantitative analysis of the recorded images would
£ 50 require an elaborate description of the fields emitted from the
£ aperture, including tip-particle coupling effects. Fortunately,
2 401 the contrast mechanism can be qualitatively understood from
N 2% a very simple mode[Fig. 4a@)]. In a first approximation,
light emitted from the tapered fiber can be divided into a
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propagating wave and an exponentially decaying near field,
which causes dipole excitations in particles in the vicinity of

FIG. 2. Simultaneously recorded) AFM and (b) NSOM images of colloi- the aperture. We approximate the NSOM probe with a point

dal Ag particles. The illumination wavelength was 633 nm. Zheinge of source
the AFM image is around 300 nm. The relative optical signal in the NSOM

image varies between= — 0.6 (dark) andT = + 0.6 (bright). Note that posi-

tive values ofl mean that the far-field output of the NSOM probe is in-

creased by the probe-nanoparticle interactiohOptical profile and NSOM . . .
image (inset of a single Ag particle(d) Height profile and AFM image 1 N€ constanté\ andB define the amplitudes of the far-field

(inseb of the same particle. and near-field contributions, respectivetyjs the distance

Eip(r) = exdi(kr—ot)] %'FBGXF(_T/?]) . (D)
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FIG. 4. () Model geometry for contrast formatiomot in scale. (b,0 400 450 500 550 600 650 700 750 800
Simulation results from the simple dipole model with- 633 nm, distance Wavelength (nm)

between the aperture and the samipte25 nm, »=\/4, A=1, B=100, ¢

=3cm, |a|=1.32x10"34 Cn? V1, which corresponds to electrostatic di- FIG. 5. (a) Measured ensemble-averaged extinction spectrum of silver par-

pole polarizability of a Ag sphere with 10 nm radius)t633 nm, in the ticles deposited on cover glagb) Amplitude and phase of the polarizability

two extreme case$=0 and¢= 7. a calculated in the electrostatic approximation for an Ag sphere and an
ellipsoid with aspect ratio 1.5 in a dielectric surrounding medium with re-
fractive indexn=1.3.

from the light sourcek is the wave numbeuy is the angular  gation of the particle causes a significant redgHfify. 5(b)].
frequency, andy is the near-field decay length. Choosing the The same effect has been observed by Gotsthgl. in ex-
ratio B/A=100, and ignoring the heat dissipation of the in-tinction measurements on arrays of nano-fabricated
cident intensity in the NSOM probe, corresponds to a tapegllipsoids'® Small particles with diameter less than 60 nm
throughput of approximatelf=10"*. A dipole momentP  always appear bright in the NSOM images, because their
= aEp(r) is induced in the particle. The oscillating dipole resonance wavelength is much shorter than the illumination
emits scattered wave€(r,)~Zk? (4mikr;)dP/dt exp  wavelength, as can be seen in Fig. 3. This is also in agree-
(—ikry) which superimpose with the far-field emission from ment with observations by Emory, Haskins, and Witor

the fiber at the detector. Heg is the free space impedance. samples similar to ours, which showed that smaller particles
The measured intensity is thus approximately given by have shorter optimal excitation wavelengths for surface en-

hanced Raman scattering.
|MJZW/wR[Etip(€)+Es(rl)]zdt’ ) NS(-I)r:\Ao.rder to verify the model, we recorded a series of
images of the same area at different wavelengths
(Fig. 6). At 633 nm illumination wavelength almost all par-
whereR denotes the real part ardis the distance between ticles appear with bright centers, surrounded by distinctive
the light source and the detector. The phase of the complex
nanoparticle polarizabilityr=|«|e'? determines whether the
particle appears with a dark or a bright center in the NSOM
image, as shown in Figs(id) and 4c).

Figure 5a) demonstrates that the ensemble averaged far-
field extinction spectrum of the silver nanoparticles exhibits
surface-plasmon peaks over a broad region, approximately
centered at the He—Ne measurement wavelength. However,
Mie theory calculations for small silver spherg®t shown
here produce SP resonances in the blue-green region. The
obvious redshift of the extinction spectrum in this particular
case, compared to what is expected for spherical Ag par-
ticles, indicates that elongated particles or nanoparticle ag-
gregates, give a dominant contribution to the far-field extinc-
tion. The huge variation of the optical signal for particles
with similar height(Fig. 3) also indicates that the shape of s o :
the particles or clusters determines the phase of the near-field £ e :
SP coupling at the measurement wavelength. This is also o ;

supported _by polari_zabil_ity calt_:ulations for ellipsoids in the Fig. 6. NSOM images of Ag particles recorded at different wavelengths.
electrostatic approximatiotf,which shows that a small elon- The image area is 20mx 20 um.
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