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Summary:Illumination of metal nanoparticles at the plasmon
resonance produces enhanced evanescent fields on the nano-
particles’ surfaces. The unusual strength of the field makes it
a target for exploring photoinduced phenomena at the nano-
scale, if efficient functionalization or coating of the nanopar-
ticle surface with appropriate chromophores is possible. One
direction is to use cyanine dyes that form monolayers of J-ag-
gregates on the surface of noble metal nanoparticle colloids.
The unique, collective electronic properties of J-aggregates
produce excitons with enormous extinction coefficients that
are of interest for their efficient energy transfer, electron trans-
fer, and nonlinear optical properties. In that vein, we report our
results on time-resolved spectroscopy and near-field scanning
optical microscopy (NSOM) of J-aggregate exciton dynam-
ics on Ag andAu nanoparticle colloids. Ultrafast transient ab-
sorption studies show that J-aggregate exciton lifetimes on
Ag nanoparticles are much longer than on Au nanoparticles,
with a 300 ps lifetime that is two orders of magnitude longer
than the electronic processes in the nanoparticles themselves.
Complementary NSOM studies of the colloids show that flu-
orescence from the J-aggregates on the Ag nanoparticles is
induced by the scanning probe. These results may be signifi-
cant for improving the nanophotonic performance of hybrid
materials for nanoscale applications.

Key words:plasmonics, nanoparticles, exciton, J-aggregates,
nanophotonics

Introduction

Nanometer-sized metallic particles are of interest for var-
ious optical based applications, such as for chemical sensors
(Elghanian et al. 1997) or photonic structures (Krenn et al.
1999, Quinten et al. 1998). Their ability to show markedlocal
field enhancement of the incident electromagnetic field due
to plasmon excitation, as well as the sensitivity of this behav-
iorto the particle shape and surrounding physicochemical pro-
perties, make metal nanoparticles particularly suited for these
applications. Furthermore, metallic nanoparticles are used
extensively in optical spectroscopies where they trigger non-
linear effects, as in surface-enhanced Raman spectroscopy
(SERS), where signal enhancement from adsorbed species

ofmany orders of magnitude (typically 104) is known to occur
(Jackson et al. 2003, Moskovits 1985). To gain an understand-
ing of the origin of effects like SERS, it is of primary impor-
tance to characterize optical fields produced by nanostructured
objects. This will allow us to comprehend, control, manipulate,
and eventually design devices or efficiently implement experi-
ments based upon near-field interactions. Dramatic demon-
strations of the uniqueness of these interactions are exemplified
by the recent discovery that well-defined arrays of nanopar-
ticles can show strong localization of electromagnetic modes
or support controlled propagation of light below the diffrac-
tion limit (Drachev et al. 2001; Krenn et al. 1999; Maier etal.
2001, 2002, 2003).

We describe here our recent efforts to use far-field and near-
field spectroscopies and microscopies to characterize metal
and hybrid organic-metal nanoparticle systems of photochem-
ical and photophysical interest. To pursue this, we used both
bare metal (Ag and Au) nanoparticles and hybrid organic-metal
“core-shell” nanoparticles. Although the unusual strength of
the plasmon-induced evanescent fields on metal nanoparticles
make them a target for exploring photoinduced phenomena
at the nanoscale, efficient functionalization or coating of the
surface of the nanoparticle with appropriate chromophores
is necessary for optimizing the strength of the core shell inter-
action. One direction is to use cyanine dyes that form mono-
layers of J-aggregates on the surface of noble metal nanoparticle
colloids (Kometani et al. 2001, Sato et al. 2001). J-aggregates
are characterized by a red shifted and sharp absorption band
relative to the monomer band, a result of exciton delocalization
over the molecular building blocks of the aggregate (Fukumoto
and Yonezawa 1998, Higgins et al. 1996, Jelley 1936, Scheibe
1936). In addition to their use as photographic sensitizers,
the large oscillator strength and fast electronic response of J-
aggregates are of interest in many fields, such as modeling
energy transfer in photosynthetic reaction center antenna,
nonlinear optics related to superfluorescence, and solar pho-
tochemical energy conversion (Eachus et al. 1999, Fidder et al.
1991, Fukumoto and Yonezawa 1998, Furuki et al. 1999,
Gagel and Gadonas 1994, Higgins et al. 1996, Minoshima
et al. 1994, Misawa and Kobayashi 1999, Sanchez et al. 1999,
Spano and Mukamel 1989, Sundstrom et al. 1988, Yamazaki
et al. 1988). Since organics frequently possess enhanced
optical properties on metal surfaces (Moskovits 1985), the
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exciton dynamics of J-aggregates near bulk metal surfaces
have been explored (Saito 1999). In general, dipole-dipole
coupling of the exciton to the plasmon of the metal leads only
to ultrafast quenching of the exciton and its fluorescence (Saito
1999). We show here through ultrafast pump-probe experi-
ments that photoexcitation of the plasmon in Ag nanoparti-
cles coated with J-aggregates leads to exciton dynamics that
are much different than those for J-aggregate monolayers on
bulk metal surfaces. Specifically, charge separated states with
a lifetime of ~300 ps between the J-aggregate and Ag colloid
are formed.

While most studies of metal nanoparticles are performed
using conventional far-field techniques, the fundamental in-
teractions occur in the vicinity of the particles and are there-
fore governed by the near-field response of the particles.
To gain an understanding of these interactions, several groups
are using near-field scanning optical microscopy (NSOM)
(Krenn et al. 1999, Salomon et al. 2002). This technique has
been developed in the past 10 years to overcome the spatial
resolution limitations of conventional optical microscopes.
These microscopes, classified as scanning probe microscopes,
have since proven their utility in various nanoscopic applica-
tions. Although their first purpose is to characterize electro-
magnetic fields or modify matter at subwavelength di-
mensions, they also represent a unique way to understand the
interactions between objects and fields on the nanometric scale.
We report the characterization of the J-aggregates adsorbed
onto silver (Ag) nanoparticles using apertureless NSOM.
Special attention is paid to the optical interaction between the
particle and the J-aggregates. By comparing results obtained
on both bare and J-aggregate-coated particles, we show that
the near-field contrast for the hybrid nanoparticles is due to
fluorescence from the J-aggregates induced by the presence
of the near-field probe. This leads to a possible means to use
near-field optics with plasmonic systems to “address” partic-
ular nanoparticles in a larger array, as this may be useful for
redirecting energy flow in arrays of nanoparticles.

Materials and Methods

The dye used was a cyanine derivative, 5,5′-dichloro-3,3′-
disulfopropylthiacyanine sodium salt (TC, Hayashibara Bio-
chemical Laboratories, Japan). The silver nanoparticles were
prepared through the reduction of metallic Ag ions by NaBH4
in aqueous media to produce a relatively narrow size distribu-
tion of particles (Kometani et al. 2001, Vukovic and Nedeljkovic
1993b). We followed the procedure described by Kometani
et al. to prepare the J-aggregate-coated Ag nanoparticles, using
a TC concentration of 5 × 10−6 M and a silver nanoparticle
concentration of 4 × 10−9 M (Kometani et al. 2001). The mor-
phology of the TC aggregate is such that the thiacyanine
chromophore is adsorbed on the particle and the SO3- groups
extend away from the nanoparticle to provide solubility (Sato
et al. 2001). Previous scanning tunneling microscopy (STM)
studies indicate that homogeneous coverage is obtained on
nanoparticle surfaces (Sato et al. 2001).

Colloidal Ag particles were obtained by reducing silver
nitrate with sodium borohydride in aqueous solution, as de-
scribed by Vukovich and Nedeljkovic, and by using sodium
polyphosphate as a stabilizing agent (Vukovic and Nedeljkovic
1993a). Similarly, the colloidal Au particles were obtained by
reducing potassium gold tetrachloride with sodium borohy-
dride in aqueous solution (Kometani et al. 2001). The concen-
tration of gold salt was doubled in order to shift the size
distribution to larger particles that proved to be more suited for
our study. The ground state absorption spectra of the colloidal
solutions featured the absorption of the plasmon dipole mode
at 400 and 525 nm for Ag and Au, respectively. After spin coat-
ing on a microscope coverslip for the near-field experiments,
atomic force microscopy (AFM) images revealed particles
with an average diameter of 30 nm in the region of interest for
both types of particles. Note that the spin-coating process pro-
duces a degree of size selection as smaller particles are located
near the center of the substrate while the larger particles are
located at the outer edge of the substrate.

Transient absorption spectra and kinetics were taken with
an amplified Ti:sapphire laser system described previously
(Greenfield and Wasielewski 1995). The pump wavelength
was at 417 nm. For Ag nanoparticles, this photon energy is
resonant with the nanoparticle plasmon. For gold, 417 nm
lies in the 5d to 6sp interband transition region, but prior stud-
ies show that electron–electron scattering in Au nanoparti-
cles produces an equilibration of conduction band electrons
that occurs on a ~100 fs timescale. The result is a hot electron
distribution that lowers the extinction coefficient of the plas-
mon due to decreased collective electron oscillation (Hodak
et al. 2000). This produces a transient bleach of the plasmon
band that is faster than the time resolution of the apparatus.
Thus, we can consider the observed photoinduced processes
in both Ag and Au to be initiated by the electromagnetic near-
field produced by the plasmon excitation. Transient absorp-
tion spectra were taken with variable optical delays at probe
wavelengths of 450 to 750 nm. The spectra were collected in
a chirp-free manner by moving the probe delay line by an
amount equal to the measured chirp.

A diagram of the NSOM used for this study is illustrated in
Figure 1. For the near-field measurements, the sample is cou-
pled to a dove prism using immersion oil. The particles are
far-field illuminated by an evanescent wave obtained by a
slightly focused 10 mW laser beam (Krypton Ion Innova
302C, Coherent) undergoing total internal reflection at the
sample/air interface (incidence angle θi = 50°). The results
presented here were obtained for an excitation wavelength of
415.4 nm. A half-wave plate controls the incident polariza-
tion; the polarization ratio was measured to be about 400:1 at
the prism entrance facet. In these conditions, we measured aca.
100 nm penetration depth of the evanescent wave above the
sample. The 10−4 cm2 illuminated area results in a 100W/cm2

power density on the sample surface.
The optical near-field distribution was probed using a com-

mercially available silicon tip (NCH-W) (Nanosensors, GmbH
& Co. KG, Wetzlar-Blankenfeld, Germany). An atomic force
feedback loop (Multimode/Nanoscope IIIa controller, Digital
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Instruments, Veeco Metrology Group, Santa Barbara, Calif.,
USA) ensured a constant probe-to-sample distance regula-
tion in the intermittent contact (tapping) mode. A microscope
objective (0.28 NA, 33 mm working distance) collects the
field diffracted by the probe-to-sample interaction at an angle
of 75°from the probe axis in the backscattering direction with
respect to the incident wave vector (see Fig. 1). The polariza-
tion of the resulting collimated beam is then analyzed and sub-
sequently focused onto an optical fiber (0.2 NA, 100 µm core
diameter) with a 3 cm focal length lens. This confocal-type
configuration allows us to isolate spatially a ca. 30 µm di-
ameter area from the focal plane of the microscope objec-
tive and thus dedicate the dynamic of our light sensor to the
region where the probe is interacting with the sample. The
output of the fiber is incident on a photomultiplier tube
(Hamamatsu H5773–01, Hamamatsu, Shizuoka, Japan) via
an interference filter centered at 400 nm and is lock-in demo-
dulated to provide the NSOM signal. The results presented in
this paper were obtained for a probe vibration amplitude of
50 nm and lock-in detection at the probe vibration frequency
of ca. 330 kHz. We also restrict our present analysis to the
near-field contrast associated with the intensity of the normal
component of the scattered electric field, that is, the compo-
nent of the field polarized perpendicular to the substrate plane
(refer to Fig.1).

Results and Discussion

Near-Field Microscopy of Isolated Nanoparticles

We begin by comparing the near-field distribution for both
Ag and Au nanoparticles excited in transverse magnetic (TM)
polarization. At the wavelength of 415.4 nm, Ag exhibits a
strong absorption due to the resonant excitation of the par-
ticle’s localized plasmon mode (Wurtz et al. 2002). This ab-
sorption results in a strong local enhancement of thescattered
near-field for Ag that does not take place for itsAu counter-

part at this wavelength (Hamann et al. 2001, Kottmann and
Martin 2001, Richard 2000, Wurtz et al. 2002). Figure 2
presents the AFM as well as the NSOM contrasts for both
Ag (Fig. 2a and b) and Au nanoparticles (Fig. 2c and d). The
size of the particles is given by their height in the AFM meas-
urements, and we chose particles that illustrated a relatively
large NSOM signal. We assume that the particles keep roughly
their spherical shape upon deposition on the glass substrate,
giving an average diameter of 30 nm. For the particular par-
ticles studied, a diameter of 40 nm for the Ag particle from
Figure 2a and 25 nm for the Au particle from Figure 2c was
estimated. A similar response is observed for particles with
sizes in the range of 20 to 45 nm. The corresponding NSOM
images clearly show that an enhancement along with a spa-
tial confinement is present in the near-field diffracted by the
Ag particle (Fig. 2b), while a broader response is observed
for Au (Fig. 2d). These results are in agreement with our pre-
vious findings concerning the contribution of the plasmon
resonance to the field scattered by Ag particles in similar il-
lumination conditions (Wurtz et al. 2002). It must be noted,
however, that Figure 2 b and d only relates to the normal com-
ponent of the field presented in Kottmann and Martin (2001),

FIG. 1 The experimental configuration is shown. PMT = photo-
multiplier tube.

FIG. 2 (a) and (b) correspond to the atomic force microscopy
(AFM) and near-field scanning optical microscopy (NSOM) con-
trasts of an Ag nanoparticle illuminated in total internal reflection at
415.4 nm on a glass substrate. The illumination polarization is trans-
verse magnetic (TM) and the near-field optical (NFO) image repre-
sents the field polarized parallel to the plane of incidence. Figure 2
(c) and (d) corresponds to the respective AFM and NSOM contrasts
of a 25 nm diameter Au nanoparticle illuminated in total internal re-
flection at 415.4 nm on a glass substrate. Scan sizes are 3.6 µm.
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where no specific confinement was demonstrated in the in-
tensity of the total electric field.

Further efforts to characterize the field of Ag nanoparticles
are shown in Figure 3. The on-resonance response from the
particle is shown in (a) and (b) for λ = 415 nm illumination
with TM and transmitted electron (TE) polarizations, respec-
tively. A strong spatial confinement of the scattered field po-
larized perpendicular to the sample surface in both TM (b)
and TE (c) illuminations is observed. On the other hand, the
off-resonance response from the particle is shown in (c) and
(d) for λ = 488 nm illumination with TM and TE polariza-
tions, respectively. The diffracted field expands primarily in
the forward direction, and the near-field measurements be-
come sensitive to mesoscopic contributions to the scattered
field. These results also show that the incident TM polarized
field is partially scattered away from the surface in a radiative
order of identical polarization.

Time-Resolved Studies of J-Aggregates on Metal
Nanoparticles

The ground state absorption spectrum of the Ag/TC solu-
tion is illustrated in Figure 4, along with the spectra for the
silver nanoparticles and TC alone in solution. The new ab-
sorption band at 481 nm is the J-aggregate. The morphology
of the TC aggregate is such that the thiacyanine chromophore
is adsorbed on the particle and the SO3

− groups extend away
from the nanoparticle to provide solubility (Sato et al. 2001).
As reported by Kometani et al. (2001), no J-aggregates form

at this TC concentration in the absence of metal nanopar-
ticles. Previous STM studies indicate that a homogeneous
coverage is obtained on nanoparticle surfaces (Sato et al.
2001). The inset illustrates the absorbance of TC solution
at 3 × 10−3 M, which is the concentration that shows signif-
icant J-aggregation in the absence of metal nanoparticles.
There is a shift of the J-aggregate absorption band to 464 nm.

The pump wavelength was 417 nm so as to be resonant with
the Ag nanoparticle plasmon and not the J-aggregate. In this
way, an evanescent field is created that optically excites the
nanoparticle, that is, the laser pulse does not directly excite
the J-aggregates. Transient absorption spectra were taken with
variable optical delays at probe wavelengths of 450 to 700 nm.
Figure 5 illustrates the transient absorption spectra for the

FIG. 3 The on-resonance response from the particle is shown in
(a) and (b) for λ = 415 nm for TM and TE polarizations, res-
pectively. The off-resonance response from the particle is shown
in (c) and (d) for λ = 488 nm for TM and TE polarizations, res-
pectively. Abbreviations as in Figure 2.

FIG. 4 The ground state absorption spectra of the Ag nanoparti-
cle/TC J-aggregate solution is shown, along with the spectra for the
original solutions of Ag nanoparticles and TC.

FIG. 5 Transient absorption spectra for the Ag nanoparticle/TC J-
aggregate are shown. The inset illustrates the different dependence
of ∆A versus pulse energy for the Ag plasmon and J-aggregate.
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a 3.1 ps transient absorption decay attributed to hot electron
relaxation. A weaker, long time signal is due to lattice expan-
sion that decays over several tens of ps. A similar time constant
of 2.6 ps for the Ag/TC solution is observed. It is important
to note from the transient absorption spectra in Figure 5 that
the magnitude of the J-aggregate bleach is complete even at the
earliest times. The “rise-time” of the bleach is due to the nano-
particle hot-electron decay and not the J-aggregate bleach
formation. The J-aggregate solution alone consists of a tran-
sient bleach at 464 nm dominated by a 600 fs (1/e) decay
whose magnitude and temporal response is strongly inten-
sity dependent. This is typical of most previous studies of
J-aggregate photophysics, where the ultrashort excited state
lifetime and superfluorescence are due to exciton-exciton
annihilation. This fast response is due to the annihilation
processes within the J-aggregate domain over which the ex-
citation is coherent, usually a few tens of molecules (Higgins
et al. 1996, Fukumoto and Yonezawa 1998).

The Ag nanoparticle/J-aggregate systems discussed here
are remarkably different in many ways from all inorganic or
organic systems, and an appreciation for this is necessary
before the intensity dependence in the inset of Figure 6 can be

FIG. 6 J-aggregate coated Ag particle illuminated in total internal reflection on a glass substrate (as illustrated in Fig. 1). (a) corresponds
to the AFM contrast of a 40 nm diameter coated nanoparticle. (b)–(d) correspond to the near-field optical response of this particle for iden-
tical excitation but different detection conditions. The illumination wavelength is 415.4 nm and the polarization is TM. The NSOM images
represent the field polarized parallel to the plane of incidence. (b) has been recorded in the same conditions as Figure 2(b): the optical and
AFM signals modulated at the probe vibration frequency f are shown. (c) represents the second harmonic (2f) contribution to the optical
signal modulated by the probe. (d) represents the emission from the J-aggregates at ca. 475 nm. A white dotted outline in (b) and (c) indi-
cates the location of the particle, as obtained from the corresponding AFM images not shown here. Scan sizes are 3.34 µm for (a) and (b),
2.8 for (c), and 3.22 µm for (d). Abbreviations as in Figure 2.

Ag nanoparticle/TC solution. A strong bleaching of the J-
aggregate absorption band is observed within the 140 fs time
resolution of the instrument. As observed on bulk metal sur-
faces, the fluorescence is entirely quenched and is normally
attributed to efficient coupling of dipoles of the plasmon and
J-aggregate exciton (Saito 1999). However, in the case of the
Ag nanoparticles, we also find that the bleach remains for
nearly 300 ps (1/e lifetime), as illustrated by the transient ki-
netics probed at 475 nm (Fig. 5). The 475 nm probe wave-
length was chosen slightly off resonance with the J-aggregate
bleach for easy correlation of the amplitude of the Ag nano-
particle transient absorption feature and the J-aggregate bleach
in the same kinetic scan, plotted in the inset to Figure 6.

The transient absorption kinetics on Ag/TC solutions, and
two control systems consisting of the Ag nanoparticle solution
alone probed at 475 nm and the highly concentrated J-aggre-
gate solution without Ag nanoparticles, probed at 464 nm,
strongly support the extended lifetime of the J-aggregate
exciton when on Ag nanoparticles. The silver nanoparticle
solution without TC illustrates similar behavior to previously
reported ultrafast pump-probe studies of bare nanoparticles
(Hodak et al. 1998). Specifically, the signal is dominated by
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understood. First, the number of photons absorbed per nano-
particle per pulse is approximately 80 at the lowest pump en-
ergy used (75 nJ). This is calculated using the number of
photons per pulse as 1.6 × 1011, an optical density of 0.6 at
417 nm for a 0.5 cm thick cell, a spot size of 400 µm diame-
ter, and 1.5 × 109nanoparticles in the illumination volume. The
inset of Figure 5 shows the ∆A signal due to the plasmon
photoexcitation, taken at the earliest time of maximum ∆A,
to be linear in the pump power as expected (Hodak et al.
1998), that is, the number of photons absorbed by the nano-
particle is linear in this region. However, the amplitude of the
J-aggregate signal, monitored at the minimum ∆A at 10 ps,
reaches a maximum ∆A at approximately 300 nJ/pulse, or
300 ± 50 photons absorbed per nanoparticle (gs).

We have shown that the fluorescence from the TC J-ag-
gregate hybrid is quenched on silver nanoparticles, that the
J-aggregate absorption is bleached on a pulse width limited
time-scale, that the lifetime of the photoinduced state is ~300
ps, that many more than one photon per hybridized nanopar-
ticle are absorbed, and that the J-aggregate ∆A saturates at
low pump intensity while the plasmon ∆A increases linearly
with intensity. This is a different set of observations than
those previously described for J-aggregates on bulk metal
surfaces, which report only an ultrafast quenching of the ex-
citon due to coupling with the plasmon (Saito 1999). Given
this set of observations, it is very likely that the J-aggregate
exciton is strongly coupled to the nanoparticle plasmon and
possesses enhanced charge transfer characteristics that lead
to an instantaneous electron transfer to the nanoparticle upon
photoexcitation of the plasmon resonance. If the long-lived
state were due to isolated excitons within the J-aggregate,
fluorescence would be observed. Furthermore, the leveling
off of the J-aggregate bleach at approximately 300 photons
absorbed/nanoparticle correlates well with electrochemical
reduction measurement of colloidal silver, which shows that
similarly synthesized Ag nanoparticles can accept and store
hundreds or more electrons (Henglein and Lilie 1981, Ung
et al. 1997). Furthermore, a saturation of the J-aggregate
bleach was not observed in the TC solution without nanopar-
ticles, a possibility in molecular aggregates (Furuki et al.
1999). However, in the presence of the large fields near the
surface of the particles, it is possible that the J-aggregate
bleach is saturated and may also limit the number of elec-
trons that can be transferred. There is also ample driving
force for charge separation given the plasmon resonance
peak at 3.1 eV, with the Fermi potential for surface modi-
fied Ag nanoparticles estimated to be −0.4 V (Vukovic and
Nedeljkovic 1993a). The TC monomer oxidation potential is
approximately 1.4 V versus SCE and electrochemical meas-
urements of J-aggregates themselves reveal that they are
easier to oxidize by ~0.2 eV than the monomers (Kawasaki
and Sato 2001). As a further control experiment, we also
tried the identical J-aggregate experiment with Au nanopar-
ticles, and found no 300 ps bleach, only ultrafast quenching
of the exciton. Since the Au nanoparticle plasmon lies lower
in energy (520 nm) than the exciton, no charge separation is
observed.

The above experiments show that a reversible, photoinduced
charge transfer reaction occurs in Ag nanoparticle/J-aggregate
hybrid colloids. The observation is different from that for J-
aggregates on the surface of bulk Ag, where only an ultrafast
exciton quenching is observed.

Near-Field Optical Studies of J-Aggregate-Coated Metal
Nanoparticles

For more complete understanding of the interaction of J-
aggregates with Ag nanoparticles, we pursued near-field op-
tical studies of the isolated, hybrid nanoparticles. We found
contrasting changes to both Figure 2b and the far-field results
obtained on the coated nanoparticles when characterizing the
NSOM response of the coated nanoparticles. Briefly, we will
show that (1) the evanescent field scattered by the bare Ag par-
ticle is absorbed by the J-aggregates, and (2) near-field opti-
cal images provide strong evidence for the occurrence of a
nonradiative photoprocess, such as photoinduced charge
separation between the J-aggregates and the nanoparticle.

Figure 6a represents the AFM contrast for a 40 nm diam-
eter coated nanoparticle and Figure 6b–d shows the corre-
sponding NSOM images obtained under different detection
conditions. For conditions identical to Figure 2b, the NSOM
distribution for the coated nanoparticles loses the character-
istic features of Figure 2b, as a much weaker and more com-
plicated contrast is observed in Figure 6b. Although both
Figures 2b and 6b relate to highly absorbing objects, this ab-
sorption leads to an intense evanescent near-field scattering
only for the bare particle (Fig. 2b). This observation is sup-
ported by the far-field transient spectroscopy experiments
showing that the J-aggregates absorb the field scattered by
the particle plasmon oscillation; photoinduced charge sep-
aration provides the subsequent relaxation pathway for the
energy absorbed by the coated nanoparticles (Hranisavljevic
et al. 2002).

Recording the coated nanoparticles’ near-field response
at the harmonics nf (n integer >1) of the probe vibration fre-
quency f supports the occurrence of energy transfer between
the Ag particle and its J-aggregate coating (Knoll and Keilmann
2000, Wurtz et al. 1999). In appropriate working conditions,
the harmonics of the scattered field carry stronger near-field
components than the first harmonic and can also reveal the
nature of the near-field coupling. Indeed, the coated nanopar-
ticle shows very similar NSOM contrasts up to 4f; Figure 6c
obtained at 2f illustrates such a contrast. This image shows
that a highly spatially confined field is present in the vicin-
ity of the coated nanoparticles, and the existence of similar
contrasts for higher harmonics underlines this confinement
(Walford et al. 2001). In fact, the appearance of nonlinear-
ities in coated nanoparticles’near-field modulation demon-
strates the severe local nature of the interaction between the
probe and the coated nanoparticles. This observation along
with the far-field results showing a quenching of the fluo-
rescence suggests that the coated nanoparticles are emitting
light upon strong interaction with the probe, that is, the
vicinity of the probe opens a radiative relaxation channel for
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the coated nanoparticles. In Figure 6c, elastic scattering
originating directly from the plasmon scattering and medi-
ated by the J-aggregate coating is taking place; however, the
distinction of the two scattering mechanisms is difficult to
rule out at this point.

To gain more insight into these results, we collected the emis-
sion from the J-aggregates expected around 475 nm. For this
purpose, the resonant excitation of the coated nanoparticles’
plasmon oscillation is preserved at 415.4 nm while a band-
pass filter centered at 450 nm is inserted in the collection sys-
tem to collect the emission of interest. Figure 6d represents
the near-field optical (NFO) contrast obtained under these
conditions, in which emission is observed only at the loca-
tion of the coated nanoparticles. As opposed to spontaneous
emission, for which light is usually detected at some distance
from the emitting object (Hamann et al. 2001), the spatial
confinement of the source in Figure 6c supports the above-
mentioned interpretation, suggesting that the probe provides
the radiative relaxation channel for the coated nanoparticles
and the emission of light by the J-aggregates.

From this point, we are actively pursuing the far-field and
near-field characterization of bare and coated nanoparticle
arrays created through electron beam lithography. A typical
array is shown in Figure 7. We find strong evidence for col-
lective effects, particularly as they relate to the launching of
acoustic waves in the substrate by the rapidly expanding metal
nanoparticles when photoexcited.

Conclusions

We have performed far-field time-resolved spectroscopies
and NSOM studies of bare and J-aggregate-coated noble metal
nanoparticles. Our near-field results show that the J-aggregates
adsorbed on the Ag nanoparticles absorb the light scattered
in the near field by the resonantly excited plasmon oscilla-
tion in the coated nanoparticles. The transient pump-probe
results clearly show a long-lived bleach of the J-aggregate
exciton on Ag nanoparticles that has a lifetime much longer
than that of the electronic processes of the nanoparticles, while
the J-aggregate excitons on Au nanoparticles show a decay of

FIG. 7 Scanning electron microscopy images of two-dimen-
sional (a) and one-dimensional (b) Ag nanoparticle arrays created
through electron beam lithography. The nanoparticles are 100 nm
in diameter and 40 nm high, spaced by 200 nm center-to-center.

the same time scale as the nanoparticles. The long lifetime
and nonradiative decay of the photoexcited exciton strongly
support charge separation between the aggregate and the
nanoparticle. Studies by NSOM show that a new radiative re-
laxation channel is opened by the presence of the probe near
the coated nanoparticles, as evidenced by the high anhar-
monicity in the light modulated by the probe vibration. Hence,
analyzing the near-field images at the harmonics of the probe
vibration frequency enabled us to observe photoinduced
charge transfer occurring between the Ag core and J-aggre-
gates in the coated nanoparticles. Evidence of fluorescence
from the J-aggregates during the NSOM study further sup-
ports this observation.
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Summary:Mesoscopic properties of J-aggregates of water-
soluble [tetrakis(4-sulfonatophenyl)porphyrin] and water-
insoluble [tetrakis(4-methoxyphenyl)porphyrin and tetra-
phenylporphyrin] tetraphenylporphyrin derivatives in thin
films have been investigated by scanning near-field optical
microscopy. From surface topography, the sample films were
found to be composed of planar J-aggregate microcrystal-
lines. The transmittance spectra of the water-insoluble sam-
ples are site specific, while those of the water-soluble samples
are not. This observation might reflect the spatial inhomo-
geneity of the thin films in mesoscopic scales and is related
to the broad J-bands of water-insoluble samples. Excited state
lifetimes, obtained from time-resolved, pump-probe meas-
urements in small domains, were in the 30–70 ps range for
4-methoxy substituted and in the 40–100 ps range for un-
substituted tetraphenylporphyrin, which are of the same order
as the reported far-field results for 4-sulfonated compound in
water.

Key words: scanning near-field optical microscopy, time-
resolved spectroscopy, J-aggregates

PACS: 07.79.Fc, 78.47. +p, 82.80.Ch

Introduction

Recent developments in ultra-short pulsed lasers have made
ultrafast spectroscopy a mature technology for analyzing dy-
namics of molecular systems. On the other hand, near-field
optical microscopy, which enables spatial resolution beyond

the diffraction limit, has shown remarkable progress in recent
years. Combination of these advanced optical technologies
may offer direct information of ultrafast dynamics in meso-
scopic systems. It may bring an essential and basic knowledge
for analyzing origins of characteristic features and function-
alities of mesophase systems.

In this study we have explored mesoscopic structures and
spatially resolved photophysical properties of J-aggregates
of porphyrins. J-aggregates of dye molecules, classified as
low-dimensional or quasi-one-dimensional systems, are at-
tracting the interest of many scientists, not only for their pe-
culiar properties such as large optical nonlinearity, but also
for their potential application in photonics and opto-electron-
ics. In this connection, Furuki, Kawashima, and co-workers
studied thin film of squarylium dye aggregates consisting of
nanometer-sized crystals by time-resolved near-field optical
microscopy and found fast decay of absorption saturation in
less than a few hundreds of femtoseconds, as well as discrep-
ancy between far-field and near-field response, which may
be due to the inhomogeneity (Furuki et al. 1999, Kawashima
et al. 2000). As mentioned in their papers, one of important
tasks that near-field microscopy can undertake is to study spa-
tial inhomogeneity.

It has been reported recently (Okada and Segawa 2003)
that J-aggregates of water-insoluble porphyrins give rela-
tively broad absorption bands in comparison with those of
water-soluble tetrakis(4-sulfonatophenyl)porphyrin (TSPP),
and that the bandwidths are dependent on sample prepara-
tion conditions. Such broad absorption bandwidths may be
partly due to the homogeneous width, but inhomogeneous
broadening effects are probably the major origin of the band-
width. The inhomogeneous broadening may be due to dis-
tributions of size, structure, and chemical environments of
J-aggregate microcrystals in mesoscopic scales. From these
viewpoints, we examined the mesoscopic structures and spa-
tial inhomogeneities of J-aggregate of water-insoluble tetra-
kis(4-methoxyphenyl)porphyrin (TMeOPP) in thin film by
scanning near-field optical microscopy (SNOM) (Nagahara
et al. 2003). The results obtained were as follows: (1) Thin
film consists of bundles of long and planer microcrystalline
structures; (2) site-specific transmittance spectra might re-
flect spatial inhomogeneity of the sample, which may be a
major origin of the broad J-bands in the far-field spectrum
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compared with that of TSPP; (3) excited-state lifetimes ob-
tained by near-field pump-probe experiments are of the same
order as the fluorescence lifetime reported for TSPP in water
(Maiti et al. 1995). However, influence of substituent groups
on the spatial inhomogeneities has not been well investigated.
In the present study, we have measured the transmittance spec-
trum and the time-resolved transmission correlation in the
near field and studied the mesoscopic structure and optical
properties of J-aggregates of tetraphenylporphyrins with dif-
ferent substituent groups (unsubstituted, 4-methoxy substi-
tuted, and 4-sulfonated).

Materials and Methods

Sample Preparation

Tetrakis(4-sulfonatophenyl)porphyrin (TSPP) (reagent
grade, Dojin Chemicals, Kumamoto, Japan), tetrakis(4-me-
thoxyphenyl)porphyrin (TMeOPP) (Aldrich, Milwaukee,
Wisc., USA), tetraphenylporphyrin (TPP) (Acros Organics,
Geel, Belgium), sulfuric acid (reagent grade, Wako Pure
Chemicals, Osaka, Japan), and dichloromethane (spectro-
photometric grade, Wako Pure Chemicals) were used with-
out further purification. Water was purified to the resistivity
of ~18 MΩ cm by a water purification system (Milli-Q, Milli-
pore, Billerica, Mass., USA).

Sample thin films of water-soluble TSPP J-aggregates were
prepared by casting acidified solution in water on a cover-
slip (0.12–0.17 mm thick, Matsunami Glass, Osaka, Japan),
whereas those of water-insoluble porphyrins, TMeOPP and
TPP, were prepared by a method reported previously (Nagahara
et al. 2003, Okada and Segawa 2003). Briefly, drops of por-
phyrin solution in dichloromethane were added to aqueous
sulfuric acid [~10 % (w/w)] to form an emulsion with aggre-
gates of N-protonated diacid. After an appropriate period of
time, the thin film formed onto the liquid surface was trans-
ferred onto a coverslip, dried, and used for experiments.

Measurements

The details of the experimental setup are described else-
where (Nagahara et al. 2003). The apparatus consists of ex-
citation light sources, a home-built SNOM comprising a
closed-loop x-y-z stage (nPoint, Madison, Wisc., USA), mi-
croscope objectives (N.A. 0.85, Nikon, Tokyo, Japan), and
detection systems. The near-field apertured probe used was
a chemically etched, gold-coated probe (aperture ~100 nm,
NPS-102B, JASCO, Tokyo, Japan) made of a single-mode
optical fiber. All SNOM experiments were performed by ap-
plying illumination (transmission) mode configuration. The
distance between the apertured tip and the sample surface is
regulated by shear force feedback method. The feedback
signal also gives the topographic image of the sample. The
image of the surface topography thus obtained was found to
give structures similar to those observed by a scanning elec-
tron microscope (SEM) (S-900, Hitachi, Tokyo, Japan).

For spectral measurements, a xenon arc-discharge lamp
(500 W, UXL500D, Ushio, Tokyo, Japan) was used as the
light source. The light from the probe, transmitted through
the sample, passed through a polarization analyzer and was
detected by a polychromator (25 cm, CT-25TP, JASCO,
Tokyo, Japan)/CCD (1024 × 128 pixels, DV401-FI, Andor
Technology, Belfast, Northern Ireland) combination. From
transmission spectra (I) taken at every point of the raster scan
of the sample, transmittance difference (∆T) at each posi-
tion was calculated by the following equation:

∆T = (I − Iref)/Iref. (1)

Here, Iref is an average of I over all the observed positions.
For pump-probe measurements in the near field, an equal-

pulse transmission correlation arrangement (Smith et al.
1998) was adopted. Pulses from a femtosecond Ti:Sapphire
laser (Mai Tai, Spectra-Physics, Mountain View, Calif., USA)
were used as the light source. Wavelengths, pulse duration,
and repetition rate of the light pulses were 750 (for TPP
sample) or 780 nm (for TMeOPP), < 100 fs, and 80 MHz,
respectively. The beam was split into two parts (pump and
probe) and the split beams were simultaneously modulated
at different frequencies by a light chopper (Model 300, Palo
Alto Research, Palo Alto, Calif., USA). Pump and probe
beams were passed through variable optical delay lines and
were collinearly combined again. After compensating group
delay dispersion, the beam was coupled to the cleaved end
of the fiber. To avoid damage to the apertured tip, the av-
eraged optical power of the laser was limited to ~1 mW.
Polarization of the light pulses at the tip is elliptical and its
direction is not specified. The optical beam that passed
through the sample was directed to a Si PIN photodiode
(S2216–01, Hamamatsu Photonics, Shizuoka, Japan) and
the photocurrent was detected by a lock-in amplifier (SR-
830, Stanford Research Systems, Sunnyvale, Calif., USA)
at the difference of the chopping frequencies for the pump
and probe beams. Instrumental response in the near field was
determined to be 100 fs full width at half maximum.

Results and Discussion

Site-Specific Transmittance Spectrum

Far-field absorption and fluorescence spectra of the sam-
ples are shown in Figure 1. Intense red-shifted excitonic ab-
sorption bands, which are good indications of J-aggregate
formation, are observed. The bandwidths of the TPP sample
as well as TMeOPP are much broader than those of TSPP, sug-
gesting serious contributions of inhomogeneous broadening.

In the surface topography shown in Figure 2a, the film of
TSPP J-aggregate is composed of long and planar micro-
crystals with lengths of ~1 µm, widths of ~100 nm, and 
5–10 nm heights, which is similar to those reported previ-
ously (Miura et al. 2001). As shown in Figure 3a, similar
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FIG. 1 Absorption (solid curves) and fluorescence (dashed curves)
spectra of J-aggregates measured in the far-field. TSPP = tetrakis(4-
sulfonatophenyl) porphyrin, TMeOPP = tetrakis(4-methoxyphenyl)
porphyrin, TPP = tetraphenylporphyrin.

FIG. 2 Results of near-field spectral measurements for a thin film
sample of TSPP. (a) Surface topography of the sample. (b) Transmit-
tance difference spectra in the near field at positions indicated in (a).
For clarity, spectrum “B” is  slightly shifted downward. (c),(d) Maps
of ∆T at 710 nm. Scan range for (a), (c), and (d): 2 × 2 µm. Arrows in-
dicate polarization directions.

FIG. 3 Results of near-field spectral measurements for a thin film
sample of TMeOPP. (a) Surface topography of the sample. (b)
Transmittance difference spectra in the near field at positions in-
dicated in (a). (c), (d) Mapped images of spatial distribution of an
assumed spectral component of sharp J-band. See the text for de-
tails. Scan range for (a), (c), and (d): 5 × 5 µm. Arrows indicate po-
larization directions.

long and narrow microcrystals are also observed in the sur-
face topography of the TMeOPP sample, while that of TPP
shows stacks of planer (~20 nm heights, 300~600 nm × 300~
600 nm) microcrystalline structures (Fig. 4a). Individual

FIG. 4 Results of near-field spectral measurements for a thin film
sample of TPP. (a) Surface topography of the sample. (b) Transmit-
tance difference spectra in the near field at positions indicated in
(a). For clarity, spectrum “C” is slightly shifted downward. (c),(d)
Mapped images of spatial distribution of an assumed spectral com-
ponent of sharp J-band. See text for details. Scan range for (a), (c),
and (d): 5 × 5 µm. Arrows indicate polarization directions.
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microcrystallines in the TPP sample are found to be planer
rhomboid structures by SEM observations, although they
are not clearly resolved in the surface topography. Such
morphologic differences are probably due to microscopic dif-
ferences in aggregate structures. In connection with this,
substituent-dependent slipping distance of slipped-deck ag-
gregate structure was proposed (Okada and Segawa 2003).

Transmittance spectra of the TSPP sample observed at
points indicated “A,” “B,” and “C” are shown in Figure 2b.
Transmittance spectra obtained are almost identical. In Fig-
ure 2c and d, ∆Ts at 710 nm for horizontal and vertical po-
larization, respectively, are mapped. The bright and dark
parts in the images correspond to negative and positive val-
ues of ∆T, respectively. These two images correspond well
with the surface topography shown in Figure 2a, and at the
same time are definitely different from each other. From
these polarization-dependent images, it becomes apparent
that the long axes of the crystalline structures are oriented
to the observing polarization directions, indicating a large
transition moment parallel to their long crystalline axis. This
observation is in good agreement with previous results ob-
tained by flow-induced linear dichroism measurement in
water (Ohno et al. 1993).

The near-field transmittance spectra of TMeOPP sample
(Fig. 3b) observed, on the other hand, are site specific and are
distinct from those observed in the far field. A broad strong
absorption band centered at 760 nm is seen in the far field,
whereas a band with narrower bandwidth in the 700–800 nm
region and several small peaks are observed in the near field.
As shown in Figure 4b, such spatial inhomogeneities in the
transmittance spectra are also observed in the TPP sample.
The differences between the far-field and near-field spectra
can be ascribed to spatial inhomogeneities. The origin of
the broad absorption band observed in the far field (Fig. 1)
can be thus explained, at least partly, by the distribution of 
peak positions in the near-field spectra shown in Figures 3b
and 4b.

For further visualization of spatial inhomogeneities in the
sets of observed transmittance spectra for TMeOPP and TPP
samples, we tried the following numerical treatment. We first
assumed that there exists a spectral component that gives a
sharp J-band at far-field absorption maxima. The component
spectra were prepared by shifting the sharp transmittance
spectrum of TSPP J-aggregate to red to give a peak at far-field
absorption maxima, that is, 760 and 720 nm for TMeOPP
and TPP, respectively. Then we calculated spectral correla-
tions between the observed polarized near-field transmittance
spectra and the assumed spectral component. The details of
the method based on singular value decomposition has been
described elsewhere (Nagahara et al. 2003).

Spectral correlations thus calculated for horizontal and ver-
tical polarization directions (shown as arrows) are mapped in
Figure 3c, d and Figure 4c, d for TMeOPP and TPP samples,
respectively. The bright and dark parts in the images indicate
that the spectra at the position have strong and weak correla-
tions with the assumed spectral component. The images show
structures that have some correlations with the topography.

In the correlation images of TMeOPP, it seems that the
longaxes of the finer structures tend to be oriented to the polar-
ization directions, indicating a large transition moment par-
allel to their long crystalline axes. Not all of the fine crystalline
structures in the topography are observable in the mapped
images, although some of them can be definitely recognized.
These results suggest that the assumed spectral component
is probably relevant to a certain physical substance, which is
buried in the inhomogeneously broadened spectrum. Since
we obtained these images from the spectral correlation analy-
sis rather than from the transmission intensity, artifacts due 
to coupling of topography to the SNOM images, as a result
ofedge scattering, may be minimized (Valaskovic et al. 1995).

In the case of TPP, such an analysis was not effective. This
may be due to the difference in inhomogeneity between
TMeOPP and TPP samples and/or inadequacy of the as-
sumed spectral component for the correlation analysis. The
microscopic differences in aggregate structures, which are
believed to be the origin of morphologic differences between
TSPP (or TMeOPP) and TPP, may be one of the possible
reasons why the spectrum of TSPP is not used successfully
for the correlation analysis.

Time-Resolved Pump-Probe Measurements

The pump-probe, equal-pulse correlation signal should
be expressed, in principle, as a convolution of the instrumen-
tal response function and a symmetric double-sided decaying
function, where the decay is attributed to the excited-state pop-
ulation decrease. Typical pump-probe signals of TMeOPP at
780 nm and of TPP at 750 nm are shown in Figures 5a and 6a,
respectively. The decays of the signal intensities have been ob-
served in both positive and negative time regions, except for
the region around the origin of the delay time, where it shows
an interferometric pattern. After summing up these twowings,
the signals are fitted to single exponential decaying functions.
Since time resolution of our apparatus is high enough, decon-
volution of instrumental response is not necessary. It should
be noted that such an exponential decay was not observed on
a bare glass surface of a coverslip, indicating that the signal
obtained was undoubtedly from the microcrystal.

Excited-state lifetimes are thus obtained at positions in-
dicated in the topography (Figs. 5b, c, and 6b, c for TMeOPP
and TPP, respectively). From the time constants obtained at
various positions, the lifetimes for TMeOPP are in the 30–70 ps
range, while those for TPP at 750 nm seem to be some-
what longer, in the 40–100 ps range. These values are of the
same order as the reported fluorescence lifetime (50 ps) of
J-aggregate of TSPP/H2O in the far field and are distinct
from those of monomeric TSPP (3.87 ns) (Maiti et al. 1995).
The variation in the obtained time constants are probably
due to the site-specific (i.e., inhomogeneous) lifetimes, but
this is not clear at the present stage; precise investigations
may be needed to clarify this point. In the case of TSPP, the
pump-probe experiment was not successful due to low ab-
sorbance in the tuning range of our Ti:Sapphire laser. However,
it is reasonable to expect that the excited-state lifetime of
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FIG. 6 Near-field time-resolved measurements for a thin film
sample of TPP. (a) Equal-pulse transmission correlation signal in-
tensity as a function of delay time, obtained at position “A” in (b).
(b), (c) Surface topography of TPP sample. Scan range: (b) 5 × 5 ×
0.9 µm; (c) 5 × 5 × 0.2 µm. Lifetimes obtained at positions indi-
cated are: (A) τ = (40 ± 20) ps; (B) τ = (65 ± 17) ps; (C) τ = (67 ±
22) ps; and (D) τ = (105 ± 37) ps.

FIG. 5 Near-field time-resolved measurements for a thin film
sample of TMeOPP. (a) Equal-pulse transmission correlation sig-
nal intensity as a function of delay time, obtained at position “A”
in (b). (b), (c) Surface topography of TMeOPP sample. Scan range:
(b) 10 × 10 × 0.85 µm; (c) 5 × 5 × 0.68 µm. Lifetimes obtained at
positions indicated are: (A) τ = (34 ± 5) ps; (B) τ = (60 ± 20) ps;
and (C) τ = (57 ± 15) ps.
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TSPP J-aggregate on a coverslip is of the same order as that
reported in water, since microcrystals in both phases are al-
most structurally and spectrally analogous.

Conclusion

We have studied mesoscopic structures and spatially re-
solved photophysical properties of the J-aggregates of water-
soluble (TSPP) and water-insoluble porphyrins (TMeOPP
and TPP) in thin film, by means of illumination (transmission)
mode SNOM.

The transmittance spectra obtained for water-insoluble
porphyrins are site specific. This observation might reflect
spatial inhomogeneity of the sample, which may be a major
origin of the broad J-bands in the far-field spectrum com-
pared with that of TSPP. To analyze the spatial inhomogene-
ity, we have calculated spatial distribution of an assumed
spectral component of a sharp J-band. The images thus ob-
tained for TMeOPP seem to show oriented J-aggregate mi-
crocrystals. Such an analysis was not effective in the TPP
case, possibly because the assumed component was not
appropriate.

From space- and time-resolved experiments, we have ob-
tained lifetimes in the range of 30–70 ps and 40–100 ps for
TMeOPP and TPP, respectively. The variations in the time
constants are probably due to the site specificity.
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Summary: We present the localization of surface plasmon
using a metal-coated axicon prism and its application to flu-
orescence scanning microscopy. The cone angle of the axi-
con prism is designed such that a plane wave incident on the
prism can excite surface plasmon on the side surface of the
prism. Since the surface plasmon propagates toward the apex
of the prism, an extremely high enhancement of the electric
field is expected. The proposed technique can overcome the
trade-off between the field-enhancement factor of surface plas-
mon and the resolution limit due to the propagation of surface
plasmon. The experimental result obtained with the localized
surface plasmon is also demonstrated.

Key words: surface plasmon, scanning microscopy, near-
field microscopy, field enhancement, fluorescence microscopy

PACS: 07.79.Fc, 68.37.Uv, 68.37.-d, 68.37.Ps, 78.67.-n

Introduction

Surface plasmon resonance (SPR) on metal surfaces has
been applied to optical microscopy by many researchers.1–4

Surface plasmon resonance microscopes are superior for ob-
serving fluorescent materials because SPR greatly enhances
the electric field of excitation light. These microscopes also
have the advantage that single molecule layers can be ob-
served with high contrast because the excitation condition of
SPR is strongly dependent on the refractive index of the film
near the metal surface.1 Surface plasmon resonance micro-
scopes can also be applied to immunoassay sensors, chemical
sensors, biological sensors, and so forth,4–8 and for the ob-
servation of Langmuir-Blodgett (LB) monolayers.

The spatial resolution of SPR microscopy is determined
by the propagation length of SPR.1 It is necessary to shorten
the propagation length of SPR to achieve high spatial resolu-
tion. Short propagation length, however, causes low enhance-
ment of the electric field of light. As a result, the higher spatial
resolution of SPR microscopy yields a lower enhancement of
the electric field; this is an essential trade-off problem in SPR
microscopy. To improve the spatial resolution of SPR micro-
scopy, Fischer and Pohl9 demonstrated the use of local plas-
mon as a probe in near-field microscopy and Ferber et al. pro-
posed a tetrahedral shaped tip.10

We present the localization of SPR using a metal-coated
axicon prism. In this technique, the spatial resolution of the
microscope is determined by the sharpness of the apex of the
axicon prism. The excited SPR on the side surface of the cone
propagates toward the apex of the prism, and this propagation
leads to a great enhancement of the electric field at the apexof
the prism. Longer propagation of SPR causes ahigher enhance-
ment of the electric field at the apex. Thus, we can overcome
the trade-off problem between the electric field enhance-
ment and the high spatial resolution in SPR microscopy.

Localization of Surface Plasmon by Using an Axicon
Prism

Figure 1a shows the principle of the Kretchmann configu-
ration for SPR excitation.11 In this configuration, the base sur-
face of the triangular prism is coated with a thin film of metal.
A plane beam of light is incident on the metal–prism interface
at an angle θsp, which is determined by the refractive indices
of the prism np, the metal film ng, and the outer medium of the
metal film nm. If the component of the wave-number parallel
to the prism–metal interface coincides with the wave vector
of SPR propagation, SPR occurs at the interface between the
metal film and the medium. Since even a slight change in the
refractive index of the sample strongly affects the wave vector
of the SPR, the refractive index of the sample can be detected
by the condition of resonance between the SPR and the inci-
dent light. To excite SPR, the incident angle θsp should satisfy
the equation: ksp = npk0sin θsp, where npand k0are the refractive
indices of the prism and the wave vector of the excitation light
in vacuum, respectively. Since the electric field on the metal
surface is highly enhanced and localized within a region of
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approximately one wavelength from the metal surface by the
excitation of SPR,12 this technique is very useful for exciting
fluorescent materials.

Figure 1b shows the principle of SPR localization by using
a metal-coated axicon prism. The axicon prism is a cone-
shaped prism. The cone angle θc is designed to match the
angle of incident of light with the SPR excitation angle θsp on
the side surface of the prism. The cone angle should be se-
lected as θc = π – 2θsp. The plane wave incident on the prism
excites SPR on the side surface of the prism. The excited SPR
propagates toward the apex of the prism, and the SPR from
all directions are superimposed at the apex of the prism. As
a result, by the localization of SPR, an extremely high elec-
tric field can be produced at the apex of the axicon prism.

Experimental Verification of Plasmon Localization

We designed the shape of the axicon prism using the light pro-
pagation analysis of multilayered media.13 We selected glass
and gold as the materials for the prism and metal thin film, re-
spectively. Although silver is a much better material to excite
SPR, it is easily oxidized and unstable. The wavelength of ex-
citation light was selected to be 514.5 nm. The refractive in-
dices of the glass and the gold were 1.51 and 0.2038 + 3.318i,
respectively.14 From the absorption dip in the reflection coef-
ficient of the multilayered structure, the optimum thickness of
the metal film was 50 nm and the SPR excitation angle θsp was
43.8°. As a result, we designed the cone angle as θc = 92.4°.

Figure 2a and b shows the side and top views of a metal-
coated axicon prism in the millimeter scale, respectively. The

FIG. 1 (a) Kretchmann configuration for the excitation of surface
plasmon resonance (SPR) and (b) localization of SPR with a metal-
coated axicon prism.

FIG. 2 Fabricated axicon prism: (a) side and (b) top views with a scale in millimeters; (c) apex of the metal-coated axicon prism.
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say the surface plasmon is excited at the side surface of the
axicon prism.

Figure 4 shows the optical setup of the SPR fluorescence
microscope using a metal-coated axicon prism. An argon
ion (Ar+) laser with 514.5 nm wavelength was used as the
light source to excite SPR. The axicon prism was mounted
on a one-dimensional translation stage to control the distance
between prism apex and fluorescent sample. The excited flu-
orescence was collected with an objective lens of 0.6 NA
and detected with a photomultiplier tube (PMT: H5784–01,
Hamamatsu Photonics K. K., Shizuoka Pref., Japan). An in-
terference filter and a color glass filter were used for the elim-
ination of stray light. Fluorescence materials were mounted
on a three-axes translation stage in order to scan the samples.
The stage was controlled with a computer.

The axicon prism-to-sample distance was monitored by a
change in the scattering intensity of the evanescent field as
shown in the inset of Figure 4. The evanescent field was exci-
ted at the sample surface with a prism coupler. A helium-neon
(He-Ne) laser was used as a light source of the monitoring sys-
tem. The scattering light of the evanescent field increases ex-
ponentially as the axicon prism approaches the sample. We
know the prism-to-sample distance by detection of the scat-
tered light intensity. This distance monitoring can be applied
either to very thin or completely flat samples.

Before we started the sample scanning, we shifted the axi-
con prism slowly near to the sample to prevent destructionof
the apex. After touching the sample, the monitoring laser was

FIG. 3 Intensity distribution of the reflected light from a metal-
coated axicon prism for (a) horizontally polarized light and (b) ver-
tically polarized light.

prism was made of glass and the 50 nm gold thin film was
coated on it. To get good adhesion of the gold film to the glass,
the prism was first coated with a chrominum thin film and then
with gold. The diameter of the bottom plane of the prism was
1 cm. Figure2c shows the magnified image of the prism apex.
A scale of 5 µm is indicated in Figure 2c. We can recognize
that the radius of the apex is <1 µm.

Figure 3 shows the intensity distribution of light reflected
from the axicon prism. A linearly polarized light was incide-
nt on the prism. Figure 3a and b shows the horizontally and
vertically polarized light, respectively. Since SPR can be
excited with only p-polarized light, there is no light reflec-
tion in the horizontal direction in Figure 3a. The interfer-
ence fringe is produced along radial directions from the
center of the reflected image. However, for vertically po-
larized light, the dark region was produced in the vertical
direction, because the light incident on the prism in the ver-
tical direction becomes p-polarized light. As a result, we may

FIG. 4 Optical setup of a developed scanning surface plasmon
resonance fluorescent microscope. The inset shows the distance
control between the prism apex and fluorescent films.
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FIG. 5 (a) Sample structure and (b) transmission microscope image.

turned off and the sample was scanned two-dimensionally.
The detection corresponds to the constant height scanning.

Figure 5 shows a sample structure for the verification of the
SPR microscope. A fluorescent thin film was spin coated on a
glass substrate with 1 µm thickness. The fluorescent material
is rhodamine-6G and is doped in polymethylmethacrylate
(PMMA) matrix.

On the fluorescent film, aluminum is evaporated to form
a thickness of 50 nm. To make metal islands on the film, we
put a mesh on the film. The spacing between the metal is-
lands was 10 µm. Figure 5b shows the image of the fabri-
cated sample observed with a conventional transmission-
type optical microscope. The dark regions represent the metal
islands.

Figure 6a shows the result with the developed SPR mi-
croscope and Figure 6b shows the same result observed with
an objective lens instead of the metal-coated axicon prism
for comparison purpose. We recognize that the SPR micro-
scope gives much higher contrast.

Figure 6c shows the intensity distribution along the line
shown in Figure 6a and b and hence indicates the contrast of
the images. The solid line shows the result with the SPR mi-
croscope and the gray line shows the result with an objective
lens. The signal with SPR microscopy is about three times en-
hanced compared with that obtained with an objective lens.
By the localization of SPR at the axicon apex, the SPR micro-
scope greatly enhances the fluorescent signal. The resolution
of the microscope is about 1 µm. Some noise was observed in
Figure 6a; we believe that it was due to the vibration of the
axicon prism during the scanning.

FIG. 6 Observed image (a) with surface plasmon resonance mi-
croscope using a metal-coated axicon prism and (b) with a scanning
microscope with an ordinary objective lens. (c) Light intensity dis-
tribution in the observed image along cross sections between the
points A and B indicated in the figures.

Summary and Discussions

We proposed a new technique to localize the surface plas-
mon for microscopy by using a metal-coated axicon prism.
It is possible to overcome the trade-off between the field en-
hancement and the resolution limit of SPR microscopy, both
of which are caused by the great propagation length. In our
technique, the resolution is determined by the radius of the
prism apex; therefore, the longer distance of SPR is much
preferable to achieve high field enhancement. Since all SPR
excited on the side surface of the cone propagates toward the
apex, an extremely high efficiency of SPR can be expected
at the prism apex.

Localization of surface plasmon at the edge of metal tips
or small metal particles has been discussed by many re-
searchers.15–20 Our research corresponds to the intermediate
region and connects the concepts of the SPR at the film sur-
face and the local plasmon at the probe edge or small metal
particles. The proposed technique can convert SPR on metal
film to local plasmon with high efficiency, because the SPR
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condition is always satisfied. Fischer and Pohl also conver-
ted the surface propagating SPR to local plasmon by scatter-
ing SPR with small particles.9

The enhancement factor in our experimental result was
limited. We used green light in order to excite a fluorescent
material. The propagation length of the excited plasmon with
green light is limited, so the enhancement factor is low. For
high resolution, it is necessary to sharpen the apex of the axi-
con prism. A micromachining technology is promising for
the fabrication of fully metal-coated SiO2 tips.21

An analysis and a numerical calculation technique are re-
quired to evaluate the field enhancement factor of our pro-
posed technique. We have started a numerical calculation
using the fine domain time difference method. The compar-
ison of our technique with field enhancement at an apex of
an apertureless tip15 is an interesting issue which should be
investigated in detail.

The combination of our system with the two-photon pro-
cess is a most promising application in SPR fluorescent micro-
scopy.22–24In the two-photon process we can use near-infrared
light for the excitation of fluorescent materials. Infrared light
generates a much longer propagation length of SPR, there-
fore we can expect an extremely high enhancement of the
electric field of light at the axicon apex. The enhancement of
the electric fields lead to high efficiency of the two-photon
excitation process. This is a synergetic effect between the two-
process and surface plasmon. Higher spatial resolution is also
expected with the two-photon process.
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Summary: By using scanning near-field optical micro-
scopy (SNOM), we have observed the polarization phenom-
ena of carbon nanotubes (CNTs), which were synthesized by
pyrolysis of a metal phthalocyanine method. Using SNOM,
an area of about 100 nm in the thin part of the honeycomblike
aligned CNT can be investigated, where the CNTs are nearly
parallel or cross aligned with only a few layers. Transmission
intensity of the light absorption with constant height scan
identified the thickness of the nanotube layers. By changing
the linear polarization of the incident light, the dependence
of transmission versus polarization angle was recorded. The
observed different polarization cannot be explained by using
the model of optical absorption of continuum medium. We
have proposed a model of discrete polarization absorption,
which can be used to identify the number of layers of CNTs
and their relative orientations. The combination of SNOM
technique and our model can be used for optical polariza-
tion of carbon nanotubes of discrete medium.

Key words: near-field optics, carbon nanotube, polariza-
tion, absorption
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Introduction

The optical microscope is one of the most important tools
in modern science, but because of the diffraction barrier, the
optical resolution is limited to the wavelength of radiation.
To overcome this limitation, in the 1980s, the scanning near-
field optical microscope (SNOM) was invented with a res-
olution of 30 nm (Pohl et al. 1984). Aperture SNOM uses a
tapered fiber tip with a subwavelength aperture which per-
forms a raster scan in the near-field of the surface, where the
tip can be a light antenna or a point illuminating source. Be-
cause its resolution is higher than that of the conventional
microscope, SNOM has been widely used in the researching
areas of quantum dots, single molecular fluorescence detec-
tion, optical high density storage, and so forth (Ohtsu 1998).

Carbon nanotubes (CNTs) are macromolecules, which
have found a broad application in field emission (Fan et al.
1999), hydrogen storage (Liu et al. 1999), single electron tran-
sistors (Tans et al. 1998), gas sensors (Kong et al. 2000), and
nanomechanical devices (Kim and Lieber 1999). For these
potential applications, many efforts have been made to study
the special physical properties of CNTs as a quasi one-di-
mensional material. Carbon nanotube yarns with a length of
about tens of centimeters have been reported, and the polar-
ization effect of such bundles of parallel aligned CNT yarns
has been demonstrated (Jiang et al. 2002). Duesberg et al.
reported the polarized Raman spectrum of single isolated
CNT. In the sense of optical polarization, Li et al. (2001)
have reported the polarized optical absorption spectrum of
parallel aligned CNTs and provided the relationship of the
absorption coefficient with the polarization angle of the
CNT array. The polarization properties have been observed
at macroscopic scale where a large amount of CNTs is in-
volved. The microscopic polarization of CNTs has not yet
been reported.

In this article, we use the SNOM as a confined light source
to study the local absorption properties of CNTs in submi-
cron range. The effect of single- or multilayered CNT arrays
is presented. A discrete polarization model is proposed toex-
plain the polarization phenomena of CNTs in the nanometer
scale.
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Experimental

The CNT specimen used in this investigation was synthe-
sized by pyrolysis of nickel-cobalt phthalocyanine (Ni-CoPc)
method (Wang et al. 2000) on quartz substrate, which was de-
veloped by Wang et al. This method is different from the chem-
ical vapor deposition or pyrolysis methods and can be used for
large-scale synthesis of CNTs (up to several square centime-
ters) aligned in a direction normal to the substrate surface. By
roasting mixtures of metal salts, phthalandione, urea, and am-
monium molybdate, large-scale honeycomb-like CNTs can be
formed. The sample we used is an exception to the above prod-
ucts, that is, the CNTs are aligned on the surface of the quartz
substrate inside the honeycomb-cells. Figure 1 is a scanning
electron microscope (SEM) micrograph of the specimen. The
size of each cell is about 20 µm, the average diameter of the
multiwall CNTs is about 50 nm. Carbon nanotubes are like
spokes lying closely in the honeycombs. A typical honeycomb
is hollow at the center, and the thickness of the CNT layers
grows linearly from the center to the edge. This will be proved
in the following text. Since we are interested in the area where
only a few layers of CNTs are present, we focused on the hol-
low center of the honeycomb, where the CNT layer is very thin.
In the scale of a few hundreds of nanometers, the CNTs are ex-
pected to be aligned parallel, or cross parallel, as denoted by
the letters a and b of Figure 1, respectively.

The SNOM system used was our recently constructed
near-field optics-near-field spectroscopy-conventional op-
tics combination system (Xu et al. 2001, Zhu et al. 1999),
which consists of a scanner NSOM-100 from (Nanonics Co.,
Jerusalem, Israel) and a controlling system SPM-100 from
RHK Co. (Troy, Mich., USA). The scanner is situated on the
sample stage of an inverted optical microscope Olympus

IX70 (Olympus, Tokyo, Japan). The illumination source is
from the mercury burner of the microscope with four main
wavelengths of 404, 435, 546, and 577 nm. The near-field
tips used in this experiment are Al coated, cantilever-shaped,
tapered optical fibers with an apex diameter of about 100 nm,
provided by Nanonics Co. We did not use the superfine tips
of the apex diameter < 50 nm, because we intended to col-
lect light from an area about 100 nm. The near-field optical
signal collected by the fiber probe is sent to a photon counter
(Avalanche Photon Detector-APD, Model. SPCM-AQR-14,
EG&G) [EG&G Canada Ltd., Quebec, Canada]. The setup
of our SNOM is illustrated in Figure 2.

The illumination light from the mercury burner was fo-
cused by a 10 × condenser with a numerical aperture NA =
0.30. The light transmitted through the sample was collected
by the tapered optical probe via the APD, which converted the
photon counts into digital signals to the computer. The image
size was 256 × 256 pixels. A band pass filter (340 ~ 600 nm)
was used to prevent the controlling laser light of 670 nm from
entering the detector.

Results and Discussion

The experiment was divided into two steps. The first step
was to find a position near the center of a honeycomb cell
where the CNT layer was thin, and to move the tip there. The
second step was to investigate the transmission flux with dif-
ferent polarized illuminations.

In Step 1, the transmission intensity of a whole honeycomb
was imaged at first by using the constant height mode of the
SNOM, as illustrated in Figure 3a. There are several isolated
bright spots in it, which represent the hollow center of the hon-

FIG. 1 Scanning electron microscope image of one honeycomb-
like cell of the aligned carbon nanotubes (CNTs) in a 40 × 30 µarea.
(a) Denotes the parallel-aligned CNTs, (b) the cross-aligned CNTs.

FIG. 2 The schematic of the scanning near-field optical microscope
(SNOM) setup. PSD = position-sensitive detector, APD = avalanche
photon detector.
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eycomb-like cells. If Itrans denotes the transmission flux of the
CNT layer which is illuminated by a flux I0, α and ρ denote
the absorption coefficient and thickness, respectively, then
Itrans = I0e

–αρ, and it can be rewritten as ln(I0/Itrans) = αρ (in
literature, αρ is defined as the optical density—OD). The
transmission flux at the center of the honeycomb is equal to
I0, because there are no CNTs. By using this equation, Figure3a
is transformed to Figure 3c, which is the αρ image. Figure 3d
is the cross section diagram of the line in Figure 3c; it shows
that the thickness of the CNT layer grows linearly from the
center to the edge of the honeycomb. Therefore, we movedthe
tip near the hollow center of the honeycomb-like cell where
there were only a few CNT layers.

In Step 2, a polarizer was put into the light way. By chang-
ing the polarized direction of the incident light (the increment
is 10°), the dependence of transmission versus polarization
angle was recorded. Two different polarization responses
were recorded, as shown in Figure 4a and b.

Figure 4a shows that the CNTs behave like a good polar-
izer, with high absorption for light polarized parallel to the
CNTs’direction (E //c) and high transparency for the E�c po-
larization (Jiang 2002); E is the electric field and c is the di-
rection of the CNTs. This is because the CNTs are quasi
one-dimension materials in which electrons are restricted to
the direction perpendicular to the CNTs and cannot absorb
the visible light, which has been proven by Li et al.(2001). In

FIG. 3 The scanning near-field optical microscope scan over a honeycomb cell. (a) Transmission flux image, size 30 × 30 µm. (b) Transmission
intensity across the line in (a). (c) Linear absorption coefficient αρ image of the sample in (a). (d) Cross-section diagram of the line in (c).

FIG. 4 Transmission flux versus polarization angle. (a) The transmission flux-polarization angle curve behaves like a good polarizer and has
one maximum and minimum transmission direction. Circles are the experimental data, the dotted line is the fitting result of Eq. (1), and the
solid line that of Eq. (2). (b) Transmission flux-polarization angle curve. It does not behave like a common polarizer and has two maximum
and minimum transmission directions. Circles are the experimental data, the dotted line is the fitting result of Eq. (5), and the solid line that of
Eq. (4).



their work, the absorption spectrum of a bulk of parallel
aligned CNTs in different polarized configurations were in-
vestigated, and the absorption coefficients were well fitted
by a cos2θ line shape in the visible spectral range, where θ
is the polarization angle. So the transmission flux of a lin-
ear polarized light with a visible wavelength through paral-
lel aligned CNTs can be described by

(1)

In the experiments, we investigated the total transmission
flux of all the visible spectral lines of mercury, since Eq. (1)
does not relate with the wavelength.

Fitting the experimental data with Eq. (1), it was observed
that the errors are large near the high transparency and high
absorption direction, as shown in Figure 4a. Equation (1) hy-
pothesizes that the specimen is a bulk of continuous absorp-
tive medium, which cannot be used to describe this experiment,
since the SNOM observed only a few CNTs under the tip.
Figure 5a shows that the CNTs lie nearly parallel, uniform,
and compact near the center of a honeycomb in a 100 nm
square area, and Figure 5b demonstrates that only the absorp-
tion of the CNTs under the tip can be detected by the SNOM,
typically 2–3 in one layer, if the diameter of CNTs is 40–70nm.
According to this, we hypothesize that the alignment of the

Itrans =
 
I0 exp(�α0 ρ cos2 (θ � θ0))

CNTs underneath the tip is parallel, compact, and uniform as
demonstrated in Figure 5c. In such an alignment, the CNTs
absorb the illumination layer by layer, and each layer absorbs
α0cos2θof the flux. Therefore, after n layers of CNTs, the trans-
mission flux should have the form

(2)

Equation (2) fits the experimental data much better than
Eq. (1) near the high transparency and high absorption di-
rections, as illustrated in Figure 4a. The fitting parametersare
I0 = 278.8, α0 = 0.58, θ0 = 129.2, especially, n = 1.98 ≈ 2,
which satisfies the hypothesis that n is an integer and so the
model is proved. If the CNTs are very thin and α0 → 0 and
tightly aligned, the model becomes the continuum medium,
and Eq. (2) returns to the form of Eq. (1) as shown below:

(3)

In Figure 4b, unlike the common polarizer, the transmis-
sion flux reaches maximum in two polarization directions.
Careful observation of Figure 5a shows cross-aligned CNTs
in addition to the parallel alignment. So we believe that the

lim
α0→0

In =
 
I0 limα0→0

(1 � α0 cos2θ)�n =
  

I0 exp(�α0n cos2 θ)

In =
 
In�1 (1�α0 cos2 (θ �θ0)) = I0 (1� α0 cos2 (θ �θ0))n
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FIG. 5 Discrete absorption model. (a) Scanning electron microscope image of a few carbon nanotubes (CNTs) near the hollow center of a
honeycomb-like cell with an area 1 × 1 µm. (b) Sketch of the size and position between the CNTs and the tip. (c) Proposed model, in which the
CNTs are aligned parallel and uniformly.
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abnormal polarization phenomenon results from the cross
alignment. The upper model can be extended to the multi-
directional-aligned CNTs. If θ1, θ2, θ3...denote the different
orientations, and n1, n2, n3...denote the numbers of layers of
each CNTs direction, transmission flux can be written as

(4)

Corresponding to this discrete condition, the continuous
one can be written as:

(5)

Applying Eq. (5) for two-directional aligned CNTs to fit
the experimental data in Figure 4b, the result shows only two
peaks (dashed line); on the other hand, if one applies Eq. (4)
for fitting, the result is satisfactory, as illustrated in Figure
4b (solid line). In this case, the fitting parameters are I0 =
301.3, α1 = 0.81, α2 = 0.72, θ1 = 91.8, θ2 = 188.6, n1 =
0.69, and n2 = 0.67. Though n1 and n2 are not integers, as
one expects, due to the hypothesis of the uniform alignment
in the model shown in Figure 5c, it implies the cross align-
ment in the sample. However, the present model can de-
scribe the four peak polarization property in Figure 4b well;
and this abnormal polarization absorption phenomenon is
the direct indication of the discrete absorption of a few
CNTs. As reported by Jiang et al. (2002) and Li et al. (2001),
when the light beam passes through the CNT polarizer, pho-
tons having a polarization direction parallel to the CNTs’
axis have the strongest absorption, and by increasing the po-
larization angle to the perpendicular configuration, the nan-
otube is nearly transparent in the energy range of 0.5–3.5eV,
which is consistent with our case. Since the intrinsic diam-
eter of the CNT is on the order of tens of nanometers, such
a polarizer can be used in the ultraviolet region.

Conclusion

We report the polarization absorption of discrete carbon
nanotubes in the scale of 100 nm; parallel aligned and cross
aligned nanotubes show a different polarization effect due
to the different orientations. The observed phenomena can-
not be explained by the conventional linear absorption the-
ory of continuous medium. We proposed a model to describe
the discrete polarization absorption property of CNTs. The

Itrans =
 
I0 exp(�∑

i
αi hi cos2 (θ � θi))

Itrans =
 
I0 ∏

i
(1 � αi cos2 (θ � θi))n1

relationship of transmitted light intensity versus polariza-
tion angle can be explained well with the model, which has
not been reported elsewhere. Our results show that by using
SNOM as a nanometer scale optical measurement tech-
nique, the local polarization of a few CNTs can be detected
in detail, and the number of CNT layers and their relative
orientations can be deduced by using our model. This tech-
nique can be extended to other local optical techniques, such
as laser confocal microscopy, to identify the relative orien-
tation of the nanoobject, although the resolution of confo-
cal will not be as good as that with SNOM. Further study is
being carrying out in the direction of the scattering or po-
larization of a single carbon nanotube by improving the res-
olution of the detection of our SNOM system.
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Summary:This article summarizes the near-field optical tech-
nique applied for investigating the characteristics of polymer
fiber and waveguide structures. The near-field optical tech-
nique is used to analyze multimode interference structures of
fiber. The localized fluctuation of the transmission caused
by fractal cluster is carried out in Nd3+- and Eu3+-doped poly-
mer fiber and film by means of a scanning near-field optical
microscopy. The near-field optical spectrum of Nd3+-doped
polymer fiber is investigated. The topography and near-field
intensity images of Azo-polymer liquid crystal film for wave-
guide are obtained simultaneously.

Key words: scanning near-field optical microscopy, fiber and
waveguide devices, polymer

PACS: 68.37Uv, 42.81Gs, 42.79Gn, 78.40Me

Introduction

The scanning near-field optical microscope (SNOM) over-
comes the traditional diffraction limit and provides ultrahigh
special resolution measurement of the structure and character-
istics of doped fiber and waveguide. The results of our studies
on near-field optical measurements of the evanescent field of

integrated optical waveguides and fiber Bragg grating- the wave-
guide structures of directional fiber couplers, and the semicon-
ductor optical channel waveguide have been reported. Images
of the spatial distribution of the evanescent field intensities have
illuminated, that is, with subwavelength spatial resolution, the
local behavior of light propagation in these structures.

Polymer optical fibers (POF) have clear technical advan-
tages over glass fibers for local area networks, datalinks, opti-
cal sensors, and so forth, because of their flexibility, easy
processing, handling, low cost, and large diameter, allowing for
high efficiencies of fiber coupling and beam insertion.1 More-
over, the combination of flexibility and toughness of the opti-
cal polymer makes it suitable for vertical integration to realize
three-dimensional (3-D) and even all-polymer integrated op-
tics. Therefore, it is necessary to develop a POF and waveguide
(POW) device, including passive and active devices.

Here we are interested in using a near-field technique to an-
alyze multimode interference structures compared with a far-
field optical method. The localized fluctuation of the trans-
mission caused by fractal cluster is carried out in Nd3+- and
Eu3+-doped polymer fiber and film by means of an SNOM.
The near-field optical spectrum and near-field fluorescence of
doped polymer fiber and waveguide are investigated. The to-
pography and near-field intensity images of Azo-polymer liq-
uid crystal film for waveguide are obtained simultaneously.

Materials and Methods

Optical Fiber Mode Structures

Mode structures are one of the main properties of optical
fibers and waveguides.2 They correlate fiber refractive index
profile, light coupling, and mode translating features. There are
several methods for the analysis of fiber mode structures, such
as transverse offset,3 one-dimensional and two-dimensional
far-field scanning,4, 5 and so forth. Most of these methods are
based on far-field measurement, utilizing the microscope
objective image-forming process, which is a spatial resolution
that is limited to a well-known diffraction limitand often needs
complex calculation of analysis.5, 6 Furthermore, most of these
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FIG. 1 Mode-field pattern from the exit face of multimode step-index optical fiber by a scanning near-field optical microscope: (a) LP11
mode, (b) LP21 mode; and the normalized discrepancy ratio by image forming: (c) LP11 mode, (d) LP21 mode. A.U. = arbitrary unit.

methods are not practicable either for nonsymmetry fiber index
profile or for complex mode structures such as high order struc-
tures of multimode fiber. As a matter of fact, the fiber mode-
field distribution may not be identical to the theoretical one. It
could be very complicated because of a combination of differ-
ent modes as a result of a coupling condition or fiber bending.
The SNOM can provide sufficient spatial resolution measure-
ment of mode structures of optical waveguide and fiber.7–12The
distribution by SNOM can be as small as the scale of the probe
aperture size, even if the distribution itself is not of subwave-
length. Here, we measure the high order fiber modes and the
polarization reserved fiber modes using the collection mode
SNOM.13 The scan head is a Nanonics commercial SPM Scan
Head NSOM-100 (Nanonics Imaging Ltd., Jerusalem, Israel),
controlled by RHK SPM-100 (RHK Technology, Troy, Mich.,
USA), combined with AFM-100 and Inchworm electronic
control units. The measured results are shown in Figure 1: (a)
is the LP11 mode; (b) is the LP21 mode. They are found to be
consistent with the standard fiber LP patterns, according to
weakly guiding optical waveguide theory.14

Furthermore, we focus on the mode-field distortion during
the far-field measurement by scalar diffraction theory.15 The
modes distributions of the LP11 and LP21 in far-field are calcu-

lated and the discrepancy between far-field and near-field is
evaluated. The normalized discrepancy ratios shown in Figure 1c
and d correspond to LP11 and LP21 modes, and we find that the
maximum distortions may reach as high as 5.1 and 6.2%, re-
spectively. This shows that the method of using the SNOM is
more accurate than the far-field measurement method, espe-
cially for high-order mode structures of optical fibers.

Birefringence Grating and Surface Grating

Stable birefringence can be optically induced in azoben-
zene polymer liquid-crystal (Azo-PLC) films.16–19The bire-
fringence grating had been preserved at room temperature
for more than 2 years, and it was found that there is no de-
crease of contrast in our laboratory. The potential applica-
tion of this property is in the creation of plane waveguide
devices and local holographic gratings, and it may be used in
three-dimensional (3-D) optical integrated circuits. Figure 2
shows the birefringence grating induced in the azo-doped
polymer fiber, which may be applied in the polarization dis-
persion compensation of fiber communication.20 The bire-
fringence grating in azo-polymer films has been studied
extensively20–24 and the topographic image of the grating
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FIG. 2 Fiber grating induced by birefringence.

has also been observed.24–27The mechanism responsible for
the formation of the surface grating is not well understood.
Mass diffusion and polarization are two of the most impor-
tant aspects.28, 29 In the present work, the birefringence grat-
ing and surface grating in azo-PLC films are studied by using
an SNOM, since the near-field transmittance image and the
sinusoidal topographic image of the grating can both be
obtained simultaneously by SNOM. It is shown that stable
grating can be written not only by the optically induced bire-
fringence, but also by optically altering the topographic image
of the films. The dynamic process of the grating formation
is studied. The grating formation mechanism is analyzed by
investigation of the diffraction efficiency change with irra-
diation time. Mass diffusion responsible for the formationof
the surface grating resulting from the rise in temperature at
the irradiated area is analyzed.

The sample was made on poly[2-(4-(4-cyanophenyl) di-
azenyl phenyloxy) ethoxyl methacrylate] (CN2) which con-
tains a common azobenzene moiety in the side chain. The
thin films are prepared by casting dilute solutions of the azo-
polymer in tetrahydrofuran onto freshly cleaned glass sub-
strates and then removing the solvent.

The gratings are recorded by two-beam interference with
s-polarization.30A 532 nm CW Nd:YVO4 double frequency
laser is chosen as the writing light source. The angular sep-
aration of the two writing beams is about 40°, and the azo-
benzene moieties of the molecules at bright fringesarealigned
along the direction perpendicular to the electric field of the
writing light due to the trans-cis-trans isomerization circle.
To study the formation mechanism of the grating, we meas-
ured the first-order diffraction efficiencies during irradia-
tion at three different writing power densitives, namely,
36.4, 65.0, and 124.8 mW/cm2. A 650 nm diode laser is
used as probe light, before which a polarizer is placed to ad-
just its polarization direction. The power of the probe light
is 2 mW.

The near-field transmittance image, as shown in Figure3a,
indicates the photo-induced phase distribution of the photo-
induced grating. By Fresnel’s formula, the phase modulation
results from the change of the refractive index. The distri-
bution of the refractive index is due to the photo-induced bire-
fringence. Before irradiation, the index is uniform throughout
the film; with the generation of birefringence due to align-
ment of the azobenzene moieties, an ellipsoid of refractive
index is formed. The azobenzene moieties are aligned along
the direction perpendicular to the polarization direction of the
writing light. When the polarization directions of the record-
ing and the probe light are orthogonal, the polarization di-
rection of the probe light is along the long axis of the
refractive index ellipsoid. The diffractive efficiency reaches a
maximum value of 0.8%. This measurement was taken when
grating was recorded at a power density of 124.8 mW/cm2

for only 10 s and no topographic image was formed yet.
Here the slight index change, caused by the density of the
molecule with the alignment of the azobenzene moieties, is
negligible.

The sinusoidal topographic image of the grating is shown
in Figure 3b; this means that a surface grating was formed. The
grating period and the peak-to-peak value of the sinusoidal
profile are about 0.8 µm and 40 nm, respectively. The topo-
graphic image is related to the light intensity in a very complex
way. The intensity distribution results in a temperature distri-
bution which is as high as 40°.18 The mass of the polymer at
the high-intensity area expands, diffuses, and deposits above
the low-intensity area due to the increase in internal stress. For
a sinusoidal varying intensity, this would result in a sinusoidal
height profile 180° out-of-phase with the intensity distribu-
tion. The notch forms at the high-intensity area and heave oc-
curs at the low-intensity area, which corresponds to the dark
and bright lines in Figure 3b, respectively.

When the exposure time is short, the heat effect is not an
important factor; birefringence grating is more intense than

FIG. 3 (a) Transmittance image of the waveguide grating scanned
by scanning near-field optical microscope (SNOM); the bright area
indicates high transmittance. (b)The sinusoidal topographic image
of the grating measured by SNOM; the notch forms at the high-
intensity area and heave occurs at the low-intensity area.
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FIG. 4 Scanning near-field optical microscope images 16 × 16 µm of local fields in POF with different near-field optical analysis (Nd3+

octanoate) concentration (a), (b), and (c); (d) are the local fluorescence spectra according to (a), (b), and (c), respectively.

that of surface grating. On the other hand, when the exposure
time is long, the surface grating induced by the heat effect
plays the main role. The saturated refractive index change
along the long axis and ∆n can be calculated. From our ex-
perimental results, we find this value to be 0.07.

Cluster Analysis of Eu3+- and Nd3+-Doped Polymer Fiber
and Waveguide

To develop the polymer optical network system, the corre-
sponding polymer laser and amplifier are necessary. Doped
POF and POW are appropriate materials of laser and ampli-
fierof fiber and waveguide. The existence of clusters in higher-
doped POF and POW will introduce a harmful effect to
polymer laser and amplifier.31–33 In this connection, SNOM is
used to investigate the cluster characteristics of POF and
POW doped with Eu3+ and Nd3+ ions. On the other hand, we
also explored the topography and near-field fluorescence to
obtain the scattering loss and amplifying possibility of the
Eu3+-doped polymer waveguide.

The near-field optical experimental work for the local-
ized fluctuation of the transmission caused by fractal clus-
ters is carried out in the Nd3+- and the Eu3+-doped polymer
fibers.34An argon-ion laser is coupled to the optical fiber tip.
The near-field light from the tip illuminates the sample and
the transmitted light intensity is detected in the far field.
With increasing concentration of the doped ions, we can
find more and more cluster macula in the images, as shown
in Figure 4: (a) NOA = 15.72 mg, acrylic acid = 0.360 ml,
catalyst = 16.17 mg, MMA = 10 ml, 12-alkyl sulfate = 0.060
ml; (b): NOA = 20.14 mg, acrylic acid = 0.420 ml, catalyst=
16.32 mg, MMA = 10 ml, 12-alkyl sulfate = 0.060 ml; (c):

NOA = 26.47 mg, acrylic acid = 0.540 ml, catalyst = 16.92
mg, MMA = 10 ml, 12-alkyl sulfate = 0.060 ml. On the
other hand, the bigger the fractal cluster, the lighter the
shadow, which is quite consistent with the theoretical ana-
lysis and the numerical simulation of the fractal clusters
method.

Fractal clusters will also introduce a harmful effect to wave-
guide laser and amplifier.35, 36 To decrease the cluster effect,
1000 ppm Eu3+-doped polymethylmethacrylate (PMMA)
film is studied by SNOM. Eu(DBM)3Phen was synthesized
according to the procedure reported previously. The central
Eu3+ ion is bound to three dibenzoylmethane (DBM) ligands
and one phenanthroline (Phen) ligand. The Eu(DBM)3Phen-
doped PMMA was fabricated using the mixed MMA, 2,2-
Azoisobutyronitrile(AIBN) and Eu(DBM)3Phen by thermal
polymerization technique, developed in our laboratory.37The
1 µm thick film is deposited on a glass substrate. The topo-
graphy is so even that the transmitted light intensity is not af-
fected by the fluctuation of the film surface. The cluster
characteristic is indicated in Figure 5.

Moreover, we also investigated the near-field fluorescence
spectra of the Nd3+-doped PMMA fiber by means of SNOM
and studied the localized influence of fractal clusters on the
fluorescence of the Nd3+-doped PMMA,38 as shown in Fig-
ure 4d. In Figure 4d, the fluorescence spectral line a, b, and c
corresponds to the different fractal clusters shown in Figure4a,
b, and c, respectively. The fluorescent peak is near 430 nm,
which corresponds to the energy level 4P1/2 of Nd3+ ion. With
increasing concentration of the doped rare earth ions, the flu-
orescent intensity became weaker. According to the near-field
image of fractal clusters, the higher the concentration of the
doped rare earth ions, the more fractal clusters are seen in the
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FIG. 5 Near-field topography and transmitted light intensity of 1000 ppm Eu3+-doped polymethylmethacrylate film by scanning near-
field optical microscopy.

FIG. 6 Mode structure of multimode waveguide. a.u. = arbitrary unit.

POF. Therefore, the weakened fluorescent intensities result
from the fractal clusters in POF.

Finally, the 10000 ppm Eu3+-doped polymer planar wave-
guide without clusters is explored by using SNOM. The
mode structure is shown in Figure 6 and is measured using

the setup of m-line. Then we can obtain the film thickness
and refractive index h = 1.48 µm,n1 = 1.58, respectively.
This is a multimode waveguide. The topography obtained
by SNOM is shown in Figure 7a. From this figure it can be
seen that the film is compact and homogeneous. It has no
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obvious flaw except for the deficiency on the upper right cor-
ner, which is caused by the SNOM working mode. Because
SNOM used here is refitted by AFM, the near-field condition
of AFM is controlled by Vander Waals’ force. This makes
it easy for the probe to touch the sample and damage the
soft sample at the starting point. To know the possibility of
waveguide amplifying, the near-field 613 nm fluorescence
of 10000 ppm Eu3+-doped polymer materials pumped by
a 470 nm Ar+ ion laser was measured and is shown in Fig-
ure 7b. This indicates that the luminescence of Eu3+ ions is

very strong, and that the superfluorescence of fiber has been
found.

Conclusions

In this article, the near-field optical technique is used to
analyze multimode interference structures of fiber. The lo-
calized fluctuation of the transmission caused by fractal
cluster is examined in Nd3+- and Eu3+-doped polymer fiber
and film by means of SNOM. The near-field optical spec-
trum of Nd3+-doped polymer fiber is studied. The topogra-
phy and near-field intensity images of azo-polymer liquid
crystal film for waveguide are obtained simultaneously.
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Summary: Using a local oxidation process with a probe tip
of a scanning near-field optical microscope (SNOM), anti-
mony oxide structures with a pattern width of several 100 nm
were fabricated on antimony thin films. We also investigated
the characteristics of the oxidation process using the transmis-
sion mode SNOM. Although slight topographic changes due
to oxidation were observed by atomic force microscopy, an
increase in transmission due to the phase change of the metal
to transparent oxide was observed. The depth of the oxide em-
bedded in the antimony film was estimated from the change
of the transmission intensity without destroying the sample.
This fabrication method is appropriate for making a proto-
type of future nano-optical devices and for trimming them in
order to optimize their functions on demand.

Key words: anodic oxidation, scanning near-field optical
microscope, nanofabrication, antimony oxide, optical trans-
mittance

PACS: 07.79.-v, 07.79.Fe

Introduction

For innovation of optical information technology (IT) de-
vices such as optical circuits consisting of quantum dots
(Ohtsu et al. 2002), and data storages (Tominaga 2003), and
for bio/chemical technology such as single molecular sens-
ing (Futamata 2002), nanometer-scale fabrication and meas-
urement techniques are necessary. Anodic oxidation using
a probe tip of a scanning probe microscope (SPM) is a fab-
rication method that can make nanometer-size oxide pat-
terns on metal and semiconductor surfaces. This method
has been applied for the transcription of patterns designed
for mesoscopic physics (Matsumoto et al. 2000). The oxide
qualities have been evaluated by surface analysis techniques
such as transmission electron microscopy (TEM) (Morimoto
et al. 1997), some photoelectron spectroscopy methods
(Lazzarino et al. 2002), and SPM measurement (Dagata
et al. 1998). Recently, the authors proposed the study of the
oxidation process and the optical properties of the oxides
using a scanning near-field optical microscope (SNOM) and
applied it to various materials such as Ti and Ag films and

their multilayer composite films (Onuki et al. 2002a). For a
practical example of this method, we produced the proto-
types of optical nanowaveguides with a transparent TiO2core
on a metal clad (Onuki et al. 2002b). In this structure, sur-
face plasmon polariton (SPP) was applied because it can be
excited and confined in metallic nanostructures, which are
smaller than the optical wavelength (Onuki et al. 2003). This
application is appropriate for our method because a small
oxide core can be embedded in metals. The other advantages
of the method are easy excitation of SPP by near-field light
and spatial analysis of the optical field in waveguides using
the SNOM function. Furthermore, the simultaneous obser-
vation of the oxidation process with SNOM is useful for
analysis of the oxidation mechanism and for control of the
process (Onuki et al. 2002a). The in situ measurements of
the topography (atomic force microscopy [AFM] signal)
and the transmission (SNOM signal) during the oxidation
show the sequence of the oxide growth, which is useful for
improving the accuracy of the size control. These unique
characteristics of the nanofabrication technique using the
SNOM probe tip would be suitable for making a prototype
of optical nanodevices, and for nanoscale trimming for op-
timization of their functions.

In this paper, we report the demonstration of this nanofab-
rication method using the SNOM probe tip and the observa-
tion of high-resolution transmission using the same SNOM
configuration. We found a peculiar property of the fabrica-
tion on Sb film, namely, that the topographical change by the
oxidation was too small to be recognized in AFM observa-
tion but that the transmission change was conspicuous. From
the transmission measurements, we estimated the depth of
the oxide embedded in Sb film without destroying the sam-
ple using transmission measurements. These results indicate
the significance of the transmission measurements during
the oxidation processes.

Experimental

Figure 1 shows a photograph of our experimental setup. The
SNOM probe tip was made of a glass fiber that was tapered by
conventional heat and pull method and was covered with Al
(50 nm in thickness) and Au (50 nm) by vacuum evaporation.
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The diameter of the apex of the probe tip was 200 nm, which
was measured by scanning electron microscopy (SEM). The
sample was an antimony (Sb) thin film deposited on a glass
substrate by vacuum evaporation. The probe tip was brought
near the sample surface and a constant distance was main-
tained using the AFM feedback system (Tokizaki et al. 1999).
In this condition, the apex of the probe tip comes in contact
with an adsorbed water layer (in general ~10 nm in thickness)
on the sample surface, and a water bridge with a capillary shape
was formed between the tip and the sample (Dagata et al. 1998).
Applying a bias voltage to the probe tip-sample junction, an
antimony oxide structure partially embedded in Sb surface was
produced under the tip by the anodic oxidation process. The
lateral size of the oxide is governed by the distribution of the
electric field, which depends on the curvature of the apex of
the tip (Abouris et al. 1997). On the other hand, the thickness
can be easily controlled by changing the bias voltage. In the
experiments, the topographical change (AFM signal) was ob-
tained from the AFM feedback signal. For optical measure-
ments, laser light with a wavelength of 532 nm was used for
illumination-mode SNOM. The transmission light (SNOM
signal) through the sample was collected by a multimode op-
tical fiber that was placed on the reverse side of the sample
(Onuki et al. 2002a). The SNOM signal was found to increase
with the oxide growth because the Sb film becomes thinner due
to the oxidation, as illustrated in the inset of Figure 1. Before
and after the oxidation process, AFM and SNOM images were
observed and compared. In our experiments, the temporal
changes of the AFM and SNOM signals during the oxidation,
that is, in situ measurement, were also observed and discussed.

Results and Discussion

Figure 2a–d shows the AFM images and the SNOM im-
ages before and after oxidation. The dot-like oxide structure

was fabricated with a maximum bias voltage of 35 V for 60s.
Comparing the AFM images before (a) and after oxidation
(c), we could not distinguish any artificial structure even
when the bias voltage was sufficient to oxidize the other ma-
terials such as Ti (Onuki et al. 2002a), while these figures
were corrected by no advanced image filtering except for the
tilt correction. Figure 2e shows the profiles of the AFM images
(a) and (c) along the dashed lines over the oxidized region.
Since the difference is comparable with the surface rough-
ness of the sample, the height change is estimated to be the
maximum of the order of 10 nm. This value is much smaller
than that of 54 nm for Ti under the same bias condition
(Onuki et al. 2002a). The crosses and the open circles in
Figure 3 show the in situ measurements of the AFM and the
SNOM signals, respectively. The bias was increased at the
rate of 1V/s from 0 V to the maximum bias of 35 V and was
maintained for 60 s. Since the height change is as small as
the fluctuation of the AFM signal at any time, we conclude
that the evaluation of the oxidation of Sb is much more dif-
ficult using the AFM observation.

On the other hand, comparing the SNOM images of Figure
2b and d, we could find the obvious transmission increase
at the oxidized region. The transmission change is evaluated
by the factor ∆T/T0 = (T − T0)/T0, where T and T0 are the
transmittances at the oxidized and unoxidized region, res-
pectively. Since the transmission at the unoxidized region
has fluctuated due to the roughness, as shown in Figure 2b,
the averaged value in the region is used as T0. From Figure2d
we obtained ∆T/T0 as 1.0, that is, twice the transmittance at
the unoxidized region. From the in situ measurements of
∆T/T0 we found that the transmission increased monotoni-
cally during the positive bias and was stopped by the bias
turning to 0 V. The result suggests that the oxide of Sb is
transparent and that the anodic oxidation progresses on an
Sb film. The threshold voltage of the oxidation was also
obtained to be ~10 V from the transmission change and is

FIG. 1 A close-up photograph around the probe tip in the experimental setup. The inset shows the schematic of anodic oxidation and scan-
ning near-field optical microscope measurement.
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FIG. 2 (a) and (c) atomic force (AFM) images, (b) (d) scanning near-field microscope images of the Sb film. (a), (b), and (c), (d) are im-
ages before and after oxidation with maximum bias of 35 V, respectively. (e) Cross-sectional profiles of the AFM image over the oxidized
region are shown by the dashed lines in (a) and (c).

significant for discussing the surface condition of the sam-
ple, such as the native oxide layer, the hydrophilicity, and the
chemical properties.

Figure 4 shows (a) the AFM and (b) the SNOM image of
four oxide structures fabricated with maximum bias of 30,
35, 40, and 45 V, respectively. Although no apparent up-
heaved oxide structure could be found in the AFM image
even for the highest bias of 45 V, the rate of the height in-
crease against the bias was estimated to be 0 ~0.4 nm/V. On
the other hand, the increase in the transmission at each oxide
was determined from the SNOM image, and ∆T/T0 was
found to increase with the bias voltage. This behavior indi-
cates the progress of oxidation into the Sb film, and the depth
of the oxide structure embedded in the Sb film can be esti-

mated. The open circles in Figure 5 show the bias voltage de-
pendence of ∆T/T0. The dashed curve is the calculation of
∆T/T0using modified Beer’s law (Onuki et al. 2002a). Then the
value of ∆T/T0 can be expressed by the following formula,

∆T/ T0 = A [exp(α D Vb − Vth) − 1],
(1)

where α = 0.102 nm−1 is the equivalent absorption coeffi-
cient of Sb at λ = 532 nm, Vb and Vth are the applied bias
and the threshold voltage of 7 V, respectively. Here, the ab-
sorption by the oxide is neglected and the near-field effects,
such as the illumination from the point light source, are in-
cluded in the coefficient of A. In this case, we used 0.05 as
the value of A, which was used in the previous analysis of
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FIG. 3 Results of in situ measurement of the height (crosses) and
the transmission (open circles) against the bias (dashed line) with a
maximum voltage of 35 V.

FIG. 4 (a) Atomic force microscope images and (b) scanning near-
field microscope images of four dot-like antimony oxides on Sb film
fabricated with bias voltages of 30 V, 35 V, 40 V, and 45 V, respectively.

FIG. 5 Bias voltage dependence of the transmission observed in
Figure 4b (open circles) and fitted curve. The formula of the fitted
function is described in the body.

Ti (Onuki et al. 2002a). The parameter D expresses the in-
crease rate of the depth of the oxide structure against the
bias, and the value of D was estimated to be 0.9 nm/V by

the fitting, as indicated by the solid line in Figure 5. Then the
depth of the oxide extends up to 34 nm for the bias of 45 V,
so that the bottom of the oxide may reach to the bottom of the
Sb film. Using the value of D and the increased rate of the
height (0 ~ 0.4 nm/V), we can discuss the shape of the oxide,
and the ratio of the height to the depth of the oxide was esti-
mated to be 0 ~ 0.44. Using this value we can also obtain the
volume expansion factor due to oxidation, which is calcu-
lated by (height + depth)/depth, and the estimated value was
0 ~ 1.44.

Well-known antimony oxides such as Sb2O3 or Sb2O4 are
candidates for the oxide species. The volume expansion fac-
tors are 1.5 for Sb2O3 (28.1 cm3/mol) and 1.1 for Sb2O4 (20.5
cm3/mol) using the mole volume of 18.2 cm3/mol for Sb. These
values almost agree with the experimental result, hence the
produced oxides correspond to these species or the compos-
ites. This agreement also supports the validity of the assump-
tion ofabsorption by the antimony oxide, which is transparent
to visible light in the bulk phase. It suggests that optical meas-
urements are useful for studying oxide structures embedded
in a sample without destroying the sample, and it also does not
involve any complicated sample preparations, such as TEM ob-
servation (Morimoto et al. 1997) and selective etching (Fontaine
et al. 1998).

Finally, we discuss the merits of this fabrication method
using SNOM. Compared with the other nanoscale fabrica-
tion methods using lithography or ion beams, our method is
carried out in conventional atmospheric conditions, and the
process is controlled not only by the AFM signal but also by
the SNOM signal. Since the AFM signal gives information
of only the sample surface, the optical signal is significant
for extracting the inner information of the oxide. These
properties satisfy the needs for application in the fabrication
of optical nanodevices and for the trimming of the devices
for optimization on demand. The application of this method
can be extended to many materials in addition to conven-
tional metals, noble metals, and semiconductors.

Conclusions

We have demonstrated a practical application of the trans-
mission observation during the oxidation process using
SNOM. In the case of Sb samples, we could investigate the
sequence of the oxidation processes using transmission
observations, even though slight topographic changes of the
oxides were observed in AFM observation. The depths of
the oxides embedded in antimony were estimated by the
transmission changes without destroying the sample. These
results using the oxidizing process with the transmission
measurement indicate the merits of the application for
making prototypes of optical nanodevices and nanoscale
trimming for optimization of their functions. Consequen-
tly, this method might contribute to the frontiers of various
applicable regions, such as optical integrated circuit pro-
duction and medical/ecological studies as nano-optical
sensing instruments.
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Summary:Optical polarization anisotropy on the surface of
subwavelength air-dielectric structures was studied by polari-
zation-modulation near-field optical microscopy. A large de-
gree of polarization anisotropy was measured in the higher
topographic region of transparent gratings. In two-dimensional
air-hole arrays, the larger polarization anisotropy occurs in the
dielectric regions. Both dielectric and air regions have a 90°
difference in the directions of maximum transmission. From
calculations with the finite-difference time-domain method,
we verified that diffracted light from the mesoscale topogra-
phic edges contributes to polarization anisotropy and direc-
tional differences.

Key words: near-field scanning microscopy, polarization,
mesoscale structure

PACS: 07.79.Fe, 73.23.-b

Introduction

Subwavelength air-dielectric structures play a key role in
modern optical devices. For example, diffraction gratings and
photonic crystal devices (Joannopoulos et al. 1997) have air
gaps smaller than the operational wavelength. In diffraction
structures, optical field distributions are generally calculated
using the scalar diffraction theory, with the polarization effect
neglected. However, topographic boundaries become impor-
tant when the structural size becomes smaller than the wave-

length of incident light. Boundary condition differences for
transverse electric (TE) and transverse magnetic (TM) waves
produce polarization anisotropy that needs to be considered
in the measurement of subwavelength structures. Previous
investigations on the polarization anisotropy in the far field
were carried out in metrology systems. These investigations
include optical linewidth measurements (Barakat 1990) that
use crossed polarizers, sensitive height variation measure-
ments of diffraction structures (Marx and Psaltis 1997) by
polarization quadrature detection, and phase-shifting polar-
ization interferometry (Totzeck and Tiziani 1999) to meas-
ure linewidth of steep microstructures. However, the spatial
information of a subwavelength structure cannot propagate
to the far field. The relationship between the polarization ani-
sotropy and the geometry of subwavelength structures needs
further investigation. In this paper, we present the first meas-
ured and calculated results of polarization anisotropy in the
near field of subwavelength air-dielectric structures. By using
a polarization-modulation near-field scanning optical micro-
scope (PM-NSOM), we measured a large degree of polar-
ization anisotropy in the dielectric regions of subwavelength
gratings. Moreover, polarization direction for maximum tran-
smission had a 90° difference between air and dielectric
regions.

The PM-NSOM is a combination of polarization-modu-
lated incident light and near-field scanning optical micro-
scopy (NSOM). It can simultaneously obtain topographic,
dichroic (or birefringence), and orientation images of ani-
sotropic domains. The PM-NSOM system is often operated
in the illumination mode (Higgins et al. 1996, McDaniel
et al. 1998), in which case a polarization-modulated point
light source scans the sample in close proximity. Since the
point source is much smaller than the feature size of sub-
wavelength structures, diffraction at topographic edges has
little effect on near-field optical images. The NSOM can
also be operated in the collection mode (Betzig and Trautman
1992, Wei et al. 2002), wherein the focused light illumi-
nates the sample and a near-field optical probe collects op-
tical intensity near the sample surface. Light diffraction from
topographic edges cannot be neglected, because the focused
spot is far larger than the subwavelength structure. For most
subwavelength devices, focused light illuminates the struc-
tures; hence, it is better to use collection-mode PM-NSOM
to investigate the polarization anisotropy in subwavelength
structures.
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Experiment and Results

For studying polarization anisotropy in subwavelength
air-dielectric structures, we prepared submicron-patterned
polymethylmethacrylate (PMMA) thin film on a glass sub-
strate; PMMA is transparent and amorphous. The absorp-
tion and crystallization in the sample can be neglected. The
PMMA thin film was prepared by casting solution on glass.
The submicron pattern is fabricated by electron beam li-
thography. The setup for the collection mode PM-NSOM
is shown in Figure 1. The light source was a 75 W xenon
lamp. Central wavelength and bandwidth (10 nm) of incident
light were chosen by a monochromator. Two glass slides
were used to eliminate the polarization effect in the mono-
chromator. The incident light was linearly polarized and its
polarization direction was modulated by a rotating linear
polarizer. The polarization rotating light was focused on
the sample surface. A gold-coated, wet-etched fiber probe
(Stöckle et al. 1999) collected near-field intensity on the
sample surface. The tip size for the uncoated fiber probe was
~80 nm as examined by a scanning electron microscope.
The coated metallic film was 70 nm thick. The whole aperture
diameter was 220 nm. It may be noted that geometries of
probe tip/sample surface and difference in refractive index
(Campillo et al. 2002) will cause some artifacts in the near-
field coupling. Since the tip size (~220 nm) is smaller than

the feature size of our samples (400 and 500 nm), the geomet-
ric artifacts can be ignored in flat topographic areas. Further-
more, the refractive index of PMMA (~ 1.5) being very close
to that of glass, the contrast coming from mismatch of refra-
ctive index is ruled out. The distance between the fiber tip
and sample surface was regulated using a tuning fork-based
shear-force feedback system (Karrai and Grober 1995). The
dithering amplitude was ~8 nm and its direction was along
the y direction of the scanning head. A photomultiplier tube
(PMT) converted optical intensity into an electrical signal. A
lock-in amplifier was used to read ac and phase signals at
frequencies, twice that of the rotating frequency. The scanning
probe microscopic system recorded the topography, ac, dc,
and phase signals and rendered four images simultaneously.

The basic working principle for measuring mesoscale cry-
stallization by a PM-NSOM is that optical absorption is
dependent on the difference in direction between polarization
of light and the axis of crystalline domain. Minimum and max-
imum transmissions occur when polarization is parallel and
perpendicular to the major axis of the crystalline domain,
respectively. In the PM-NSOM, a rotating polarization light
is used. When it interacts with the crystalline domain, there
is a sinusoidal modulation in the optical transmission. A
lock-in amplifier can be used to read the amplitude and phase
signals in the sinusoidal modulation. The amplitude and
phase are related to the degree of crystallization and direc-
tion of the major axis.

The working principle can be explained mathematically.
The Jones matrix for the polarization rotating light is,

, where ω is the rotating frequency. If the struc-

ture has a polarization anisotropy, a degree of polarization

anisotropy is defined as , where I// is the optical

intensity whose polarization direction was parallel to the
axis of maximum transmittance, and is the intensity of
perpendicular polarization. When polarization rotating light
interacts with the anisotropic sample, the resultant Jones
matrix is

(1)

where θis the angle for maximum transmission. The referenced
zero degree is set at the x axis. The intensity in the PMT is

(2)

The measured ac/dc was equal to the degree of polarization ani-
sotropy, and phase signal was equal to 2θ. Note that Eq. (2) ig-

�dc � ac � cos(2ωt � 2θ)

I �  P*P �  
I//  � I�

2
 � 

I// � I�

2
 cos (2 ωt � 2θ )

� cos θ sin θ
�sin θ cos θ��

cos ωt
sin ωt� 

P ��cos θ �sin θ
sin θ cos θ��√I// 0

0 √I�
�
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γ �  
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FIG. 1 Setup of a collection mode poloarization-modulation near-
field scanning optical microscope. The light source was a 75 W xenon
lamp and was modulated by a rotating linear polarization sheet.
Two orthogonal glass slides were used to eliminate the polarization
effect in the monochromator. A gold-coated, wet-etched fiber probe
collected near-field intensity on the sample surface. The photomul-
tiplier tube (PMT), lock-in amplifier read ac and phase signals. The
scanning probe microscope (SPM) system recorded topography, ac,
dc and phase signals and rendered four images simultaneously. The
distance between the fiber tip and sample surface is regulated by a
tuning fork-based shear-force feedback. AFM = atomic force mi-
croscopy, PZT = piezo translator.
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nores the optical anisotropy in the probe’s tip. Practically all
NSOM apertures exhibit diattenuation, which causes addi-
tional anisotropic signal in the measurement. Recently, we have
found that when the probe’s diattenuation is smaller than 0.1,
the measured result can be approximated by a vector sum of the
sample’s anisotropy and the tip’s anisotropy (Wei et al. 2002). In
this experiment, we have chosen a tip with anisotropy <0.05.

Figure 2 shows the topographic, transmission, polarization
anisotropy and angle (θ) images of mesoscale PMMA grat-
ings. Incident wavelength was 600 nm. The topographic image
shows gratings of 800 nm period and ~0.2 µm thickness. The
transmission image shows that the optical near field was lo-
cated in higher topographic regions. The polarization aniso-
tropy image shows the existence of large anisotropy in the
higher topographic region. The degree of polarization aniso-
tropy values was as high as ~0.16. The lower topographic
region also showed polarization anisotropy, but it was small
(0.03). The angle image shows the direction for maximum
transmission. It is clear that the directions for maximum
transmission were different for both higher and lower re-
gions of the gratings. The direction for maximum transmis-
sion was ~ −30° in the higher topographic region, and ~60°
in the lower topographic region. Compared with the topo-

graphic image, it is found that the direction for maximum
transmission was along the gratings in the higher topo-
graphic region and perpendicular to the gratings in the lower
topographic region.

Theoretical Calculations

Polarization anisotropy in mesoscale gratings was calcula-
ted by finite-difference time-domain (FDTD) method (Taflove
& Hagness 2000). The incident light was divided into two
orthogonal polarizations. The TE wave was parallel to the grat-
ings, and the TM wave was perpendicular to the gratings.
Gratings had a 400 nm stripe width and a 400 nm air gap.
Refractive indices were 1.5 for the grating substrate and 1 for
air. The thickness of grating was 0.2 µm. Figure 3a and b shows
the calculated distributions of the optical near field for TE
and TM waves, respectively. These two modes show that the
optical near field is concentrated in the higher topographic re-
gion, a result which is consistent with the NSOM measurement
wherein higher topographic regions show as bright areas.
Although the optical near field is located in the higher topo-
graphic region, the distributions for both TE and TM waves

FIG. 2 (a) Topographic, (b) transmission, (c) polarization anisotropy, and (d) angle images for subwavelength polymethylmethacrylate
gratings. Incident wavelength was 600 nm. Transmission image shows the optical field located in higher topographic regions. The polar-
ization anisotropy image shows that higher anisotropy occurs in the higher topographic regions. The angle image shows the direction for
maximum transmission. Origin of the θ is along the x axis. The directions for maximum transmission are along gratings for higher topo-
graphic regions and perpendicular to gratings for lower regions.
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are different. Comparing Figure 3a and b, it can be seen that
the TE wave is more concentrated than the TM wave. The
intensity difference causes the polarization anisotropy in the
subwavelength gratings. Figure 3c shows the calculated po-

larization anisotropy, in the gratings. There is a

large anisotropy (~0.2) in the higher topographic region. The
lower topographic region also has an anisotropy, although
much smaller in magnitude (~0.04). Higher topographic re-
gions showed a positive anisotropy indicating that maxi-
mum transmittance is along the grating. On the other hand, the
negative sign indicates that maximum transmittance is per-
pendicular to the grating in lower topographic regions. In
PM-NSOM measurements, the negative sign means that the
lock-in amplifier will read 180° difference in phase signals.
Since the phase signal is twice the angle of the direction for
maximum transmission, we thus get 90° difference in the
angle images. The higher and lower topographic regions have
orthogonal directions, which is in agreement with our meas-
ured result (see Fig. 2d).

Topography-induced polarization anisotropy was not lim-
ited to one-dimensional gratings. This effect is also examined
in two-dimensional air-dielectric structures. We fabricated
subwavelength air-hole arrays on PMMA thin film with holes
of 500 nm in diameter, with the spacing between holes of
500 nm. Figure 4 shows the measured results for incident
light of 600 nm wavelength; Figure 4a is the topographic
image and Figure 4b the transmission image. The higher to-
pographic region is the brighter area, which is the same re-
sult as obtained in the case of gratings. Figure 4c is the degree
of polarization anisotropy. The image shows that greater
anisotropy is in the dielectric region. Its maximum value is
larger than that of the polarization anisotropy in gratings.
Figure 4d shows the angle image. It can be seen that dielec-
tric bridges and air holes have different orientations. The di-
rections between dielectric bridges and air holes have a 90°
difference, which is similar to that of the gratings.

Conclusion

Polarization anisotropy in subwavelength structures was
studied with a collection mode PM-NSOM. Degree and di-
rection of polarization anisotropy were quantitatively mea-
sured. In subwavelength gratings, higher topographic regions
were found to have stronger polarization anisotropy. Direction
for maximum transmittance in the higher topographic region
was along the grating. On the other hand, the maximum trans-
mittance was perpendicular to the grating in the lower topo-
graphic region. Based on FDTD calculations, the near-field
optical distribution was explained to be due to the diffraction
from the topographic edges. The polarization anisotropy was
explained by the different near-field distributions of TE and
TM waves. Our studies provide direct information about ani-
sotropies in subwavelength diffraction structures. Furthermore,
this work indicates that topographic effects are important when

TE �TM

TE � TM

FIG. 3 The calculated optical field distributions for (a) transverse
electrice (TE) wave and (b) transverse magnetic (TM) wave near
the gratings surface. Near-field intensities for both polarizations
were located in higher topographic regions. The TE wave has a nar-
rower distribution than the TM wave. This narrowing effect re-
sulted in stronger intensity of the TE wave in higher topographic
regions. (c) The calculated degree of polarization anisotropy as a
function of topography. There was a large anisotropy in the higher
topographic region. Signs for higher and lower topographic regions
were opposite.
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collection mode PM-NSOM is used to study mesoscale cry-
stallization. For small crystalline regions with subwavelength
topographic variations, measured dichroic (birefringent) sig-
nals are dominated by this anisotropic effect.
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Summary: We have characterized the oxide-confined ver-
tical-cavity surface-emitting laser (VCSEL) using short-tip,
tapping-mode tuning fork near-field scanning optical micro-
scopy (TMTF-NSOM). The near-field radiation patterns of the
VCSEL were measured. By comparing the topographic and
optical images, we attribute the asymmetric transverse modes
to the geometric defect outside the oxide aperture. We also
performed spatially resolved spectroscopic imaging over the
surface of the VCSEL by coupling NSOM to a spectrometer.

Key words: near field, short tip, tapping mode, transverse
mode, vertical-cavity surface-emitting laser

PACS: 07.79.Fc, 42.55.Px, 68.37.Ps, 68.37.Uv

Introduction

Vertical-cavity surface-emitting lasers (VCSELs) are becom-
ing increasingly important because of their potential and ever-
extending applications associated with optical computing,
data storage, interconnects, and transmitters, and with med-
ical diagnostics. The most significant advantages of VCSELs
over edge-emitting semiconductor lasers are operation in a
longitudinal single-mode regime, construction of monolithic

one- and two-dimensional laser diode arrays, low threshold
current, high-modulation bandwidth, and radiation of a cir-
cular beam profile (Wilmsen et al. 1999). Understanding the
correlation between beam quality and transverse mode be-
havior of VCSELs is thus of great importance for improving
performance of the device. For that reason much attention has
been paid to the study of the transverse modes of VCSELs
(Degen et al. 2001, Hörsch et al. 1996, Kim et al. 2000). In
this paper, we have utilized the newly developed short-tip, tap-
ping-mode tuning fork near-field scanning optical microscopy
(TMTF-NSOM) to study the near-field radiation images of
VCSELs, which exhibit numerous transverse modes suppor-
ted by the circular cavity at high injection levels.

Experimental

The samples used in the experiments are circular, oxide-
confined GaAs/AlGaAs based VCSELs grown on (001) GaAs
substrates. The VCSELs are fabricated with round mesas,
metallic contact rings, and oxide apertures with a nominal
diameter of 17 µm. The size of the active area is defined by
the oxide aperture, which provides the current as well as the
optical confinement. The measured threshold current was
1.5 mA and the emission wavelength was approximately
850 nm, which shifted to longer wavelengths with increas-
ing injection current. The short-tip TMTF-NSOM with col-
lection mode was used to measure the near-field emission
patterns of VCSELs. The schematic of the experimental setup
is shown in Figure 1. In contrast to conventional optical
shear-force mode NSOM, the distance regulation between
the sample surface and the cusp of the fiber probe is realized
by a nonoptical and normal-force feedback control method
in TMTF-NSOM (Tsai and Lu 1998, Tsai et al. 1999).
Consequently, TMTF-NSOM saves the troubles resulting
from elaborate optical beam alignment and interference be-
tween the near-field optical signal and the force-sensing
optics in addition to providing all the advantages afforded
by tapping-mode atomic force microscopy, including high
spatial resolution, high sensitivity, and excellent stability.
Furthermore, in order to overcome problems resulting from
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FIG. 3 (a) Near-field radiation pattern of the lasing modes of the
oxide-confined VCSEL operating at an injection current of 10 mA.
(b) Topographic image of the oxide-confined VCSEL (notice that
these two images are not drawn to scale).

friction and massive load usually encountered in ordinary
TMTF configuration, we devised the short-tip TMTF-NSOM,
in which a cleaved short fiber tip attached to one tine of the
tuning fork is used as the light collector/emitter as well as the
force sensing element (Lu et al. 2003). The integrated light
intensity can be decomposed into its respective spectral com-
ponents by feeding the integrated light into a spectrometer
and collecting the dispersed light at the exit slit for a speci-
fied spectral wavelength. In our system, the 300 mm spectro-
meter was fitted with a 1200 lines/mm grating, which gives
rise to a spectral resolution of 0.08 nm.

Results and Discussion

The threshold current of the oxide-confined VCSEL with
nominal diameter of 17 µm was determined to be 1.5 mA

from the total output power versus injection current plot. The
output power saturates at the driving current of 24 mA due
to increasing mismatch of mode and gain maximum induced
by thermal heating. Figure 2 shows the injection current-
dependent far-field spectra of the VCSEL ranging from 5 to
35 mA. The emission wavelength is around 850 nm, and the
spectra tend to shift to longer wavelengths with an average
slope of 0.29 nm/mA as injection current increases. The red-
shift effect might be due to change in gain and shift in cavity
resonance, which is affected by changes in index of refraction
and cavity length. Following the modeling calculations pro-
posed by Sharma et al. (2002), we deduce that a temperature-
induced increase in refractive index is the dominant factor
contributing to the observed red-shift of the lasing wavelengths.

The near-field radiation pattern of the VCSEL operating at
an injection current of 10 mA is shown in Figure 3 (a). The
transverse mode spatial intensity distributions do not show a
symmetrically round shape as expected; on the contrary, there
is a defect on the upper right corner of the emission image. In
comparison with the topographic micrograph displayed in
Figure 3 (b), it is evident that the emission defect is due chiefly
to the pit outside the oxide aperture, not directly related to the
aperture itself. The distance between the centers of the aper-
ture and the pit is about 16 µm. Counting the peak intensity
spots at the perimeter of the laser cavity, we ascribe LP12,1 as
the predominant transverse mode at 10 mA. More compli-
cated spatial intensity distributions appear as the injection
current is increased. When the injection level is adjusted to
20mA, the radiation patterns become smeared. This is shown
in Figure 4, which indicates a superposition of numerous
high-order transverse modes. Notice that in this case the sam-
ple has been rotated 90°counterclockwise with respect to Fig-
ure 3 in order to reconfirm that the optical defect arises from
the geometric effect.

Spatially resolved spectroscopic imaging of Figure 4 is
shown in Figure 5. The respective spectroscopic imageswere

FIG. 2 Injection current dependent far-field spectra of the oxide-
confined VCSEL. The spectra tend to shift to longer wavelengths
as injection current increases. a.u. = arbitrary unit.

FIG. 1 Schematic setup of short-tip tapping-mode tuning-fork
near-field scanning optical microscope in combination with a spec-
trometer for measuring the near-field transverse mode of a VCSEL.
AFM = atomic force microscope, NSOM = near-field scanning
optical microscope.
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FIG. 4 Near-field radiation pattern of the lasing mode operating
at an injection current of 20 mA (notice that the sample has been
rotated 90° counterclockwise with respect to Fig. 3).

obtained by dispersing the integrated light intensity at a spec-
ified spectral peak position according to the far-field spectrum.
Obviously, the fundamental mode predominates at spectral
wavelengths longer than that with the highest peak intensity
(852.95 nm). On the other hand, shorter wavelengths support
higher order LPlmmodes. For example, a spectroscopic image
with wavelength 851.6 nm corresponds to LP81 mode. In
contrast to conventional spatially resolved spectroscopic mea-
surements, wherein the spectroscopic images are acquired
based on the near-field spectra, our method provides an effec-
tive alternative. The far-field spectral characteristics can be
studied by analyzing their corresponding near-field transverse
mode structures, and vice versa. This technique is very help-
ful in the study of transverse mode behaviors.

Conclusions

In conclusion, short-tip TMTF-NSOM has been applied
to image the near-field transverse mode spatial intensity

FIG. 5 Spatially resolved spectroscopic images of Figure 4 obtained by dispersing the integrated light intensity at a specified spectral peak
wavelength according to the far-field spectrum. a.u. = arbitrary unit.



distributions over the surface of the oxide-confined VCSEL,
which shows numerous transverse modes supported by the cir-
cular cavity at high injection currents. The asymmetric trans-
verse modes are attributed to a geometric defect outside the
oxide aperture. Spatially resolved spectroscopic measurements
were made based on the far-field spectra. The far-field spectral
characteristics can be studied by analyzing their corresponding
near-field transverse mode structures, and vice versa. Measur-
ements of modal intensity distributions using this technique are
of great importance in transverse mode engineering.
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Summary: The near-field images of interferences generated
by the reflection or by the interactions of four evanescent
fields of two different wavelengths are obtained. The near-
field interactions of the evanescent fields are studied.

Key words: near-field, near-field imaging, near-field inter-
actions, evanescent field, total internal reflection

PACS: 07.79.-v , 07.79.Fc , 68.37.-d , 68.37.Uv ,

Introduction

The evanescent field generated by the total internal reflec-
tion (TIR) attracts much attention in the study of near-field op-
tics (Reddik et al. 1989, Tsai et al. 1995). The properties of the
exponential decay in the vertical direction, as well as lateral
propagation along the plane of the interface, allow the evanes-
cent fields to provide an excellent platform for various near-
field experiments. The characterization of the apertured fiber
probe (Tsai et al. 1993) and the near-field interactions of the
silver nanocluster (Tsai et al. 1994) are two typical examples
of the applications of the evanescent field of TIR. However,
the evanescent field is very sensitive to the variations of the
morphology and optical properties of interface. A pure and
static evanescent field free from any perturbation at the TIR in-
terface is normally a challenge for a large surface area. The for-
eign nano-objects or boundary within the propagating length
of the evanescent field may also create an interference origi-
nating from the reflected evanescent fields. In this paper, we
investigate the interactions of the evanescent fields, especially
the interferences generated by its own reflection or by four
evanescent fields of two different wavelengths.

Experimental Setup

A commercial atomic force microscope (Stand Alone Unit
[SAU], Park Scientific Instrument, Veeco Metrology Group
Digital Instruments, Santa Barbara, Calif., USA) is modified
to a tapping-mode tuning-fork force sensing and short-fiber

probe near-field scanning optical microscope (NSOM) (Lu
et al. 2003). The high Q factor of the tuning fork gives excel-
lent force sensitivity, high spatial resolution, and good sta-
bility at the tapping frequency, which are the advantages of
this type NSOM. The light sources used in our experiments
are He-Ne gas laser with a wavelength of 632.8 nm and a
diode-pumped Nd:YVO4 solid state laser with a wavelength
of 532 nm. A right-angle quartz prism (45–90–45 degrees)
is illuminated at normal incidence on one side-face, and the
TIR happens at the hypotenuse-face as shown in the Figure1a
and b. The refractive index of the quartz prism is 1.451. The
normal incident light beam has a 45° incident angle at the
TIR interface. The evanescent fields can be generated in this
configuration and easily probed by NSOM. The partially
reflected light from the exiting face of the prism backward
interacts with the incident light. The forward and backward
light beams interact at the TIR interface, and the interfered
evanescent fields are measured in our experiments. For the
study of near-field interactions of four evanescent fields, we
use two laser sources simultaneously as shown in Figure 1a.
A pyramid-shaped, right-angle prism is also used for the study
of near-field interferences of four evanescent fields with per-
pendicular propagating directions for two sets of the wave-
lengths, respectively. The propagating directions of the light
beams are displayed in Figure 1b for the pyramid-shaped,
right-angle prism.

Calculations and Simulations

The partially reflected laser from the exiting face creates
an evanescent field at the TIR interface in the opposite direc-
tion. This evanescent field interacts with the one generated
by the incident laser. The interference resulting from these
two evanescent fields can be calculated from the intensity
of two fields, E1 and E2:

I = | E1 |2 = E1 · E1 * = |E11|2 + | E12|2 

+ 2E11 · E
1

2 cos(2k sin θ · x)
(1)

where θ is the incident angle (i.e., 45° in our setup). The cal-
culated interferences are shown in Figure 2a for an incident
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FIG. 1 (a) Schematic of the experimental setup for the measurements of evanescent intensity on the surface of a normal right-angle (45–90–45
degrees) prism. (b) For the study of near-field interferences of four evanescent fields with four perpendicular propagating directions, a pyra-
mid-shaped, right-angle prism is also used for the wavelengths of 632.8 and 532 nm, respectively. The propagating directions of the light
beams are shown. NSOM = near-field scanning optical microscope, AFM = atomic force microscope, PC = personal computer.

wavelength of 632.8 and 532 nm, respectively. The period
(d) of the interference fringes,

d = λ/2n sin θ
(2)

where λ is the wavelength of the light source, n is the refrac-
tive index of the prism, and θ is the incident angle. For the
θ of 45°, n of 1.451, and θ of 632.8 nm or 532 nm, the cal-
culated period is 308 or 259 nm, respectively, as shown in
Figure 2a.

If two laser light sources are used simultaneously to gen-
erate the interference, the measured interference intensity I
is the superposition of four evanescent fields, E1, E2, E3,
and E4.

Results and Discussions

Figure 2b and c shows the near-field measurements of the
interference fringes of two evanescent fields for wavelengths
of 632.8 and 532 nm, respectively. The 10 × 10 µm near-field
image demonstrates that interference fringes of two evanes-
cent fields agree well with the calculated results. The near-
field images of the interactions of evanescent fields clearly
provide a novel method for the metrology calibration of length
and surface in nanometer scale. For example, the nonlinear
response of the piezo electric scanner of the NSOM can be
immediately calibrated with the images shown in Figure 2b
and c. A normalized plot of the aftercalibration of an NSOM
piezoelectric scanner is displayed in Figure 2d. The error of
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FIG. 2 (a) Calculated interference patterns generated by the interactions of two evanescent fields of the wavelengths of 632.8 and 532 nm,
respectively. (b) Near-field image of the interference fringes at the interface of a quartz prism for the wavelength of 632.8 nm. (c) Near-field
image of the interference fringes at the interface of a quartz prism for the wavelength of 532 nm. (d) Normalized plot of the calibrated scan-
ning length of the NSOM piezoelectric scanner for two wavelengths of 632.8 and 532 nm, respectively. a. u. = arbitrary unit.

the linear scanning length after the calibration of the scanner
can be <1.0% and 0.6% for the wavelengths of 632.8 and
532 nm, respectively. One interesting thing we found is that
for the same laser power and wavelength, the measured near-
field optical intensity of the p-polarization is 31 to 59%
higher than that of s-polarization for the scanning length of
1 to 7 microns. The interactions between the metal-coated
fiber probe and the evanescent field may, in this case, enhance
the near-field measurements of the p-polarized fields more.

For the interactions of four evanescent fields with two dif-
ferent wavelengths and polarizations, Figure 3a shows the
near-field image of the interference of evanescent fields with
wavelengths of 632.8 and 532 nm. The incident laser beams in
Figure 3a are one (λ = 632.8 nm) in p-polarization and the other
(λ = 532 nm) in s-polarization. A sectional plot along the line

shown in Figure 3a is displayed in Figure 3b. The independ-
ence of two different wavelengths is clearly displayed. The in-
terference is modulated with a period of 3420 nm. The result
clearly shows the interference intensity I is the superposition of
the intensity of two interferences, I1 and I2, created by two sets
of evanescent fields, E1 and E2, and E3, and E4, respectively.

I1 = | E11 + E12 |2 = | E11|
2 + | E12 |2 + 2E11 · E

1
2 cosφ1

=  
(3)

I2 = | E13 + E14|
2 = |E13|

2 + | E14|
2 + 2E13 ·  E

1
4 cosφ2

= 
(4)

I02 cos� 2π
d2

 x�

I01 cos� 2�

d1
 x�
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FIG. 3 (a) Near-field image of the interference of evanescent fields with the wavelengths of 632.8 nm in p-polarization and 532 nm in s-
polarization. (b) Sectional plot along the line shown in Figure 3a. (c) The calculated interference shows the wave packet and displays the
modulation with the period of 3256 nm. a. u. = arbitrary unit.

where φ1 and φ2 are the phase angles between E1 and E2, E3,
and E4, respectively. I01and I02are the amplitudes of the inter-
ference intensity I1 and I2, respectively, d1 and d2 are the pe-
riod of the interference fringes described in the Eq. (2). The
sum of two interference intensities I1 and I2 is I. We assume
the normalized amplitude of the interference, I0 = I01 = I02,

(5)

where the 

The calculated interference is shown in Figure 3c, and the pe-
riod of the modulation is 3256 nm. The difference of the meas-
ured period of the interference wave packet is < 4.8% for a
6-micron scan before the calibration. The use of two wave-
lengths in this case can provide a differential method for the
length calibration as well.

Figure 4 displays the interference image of four evanes-
cent fields with two different polarizations and wavelengths

km = 
1

2
 �2π

d1
 −

2π
d2
�, and k = 

1

2
 �2π

d1
 +

2π
d2
�.

I = I0 �cos
2π
d1

 x +   cos
2π
d2

 x� = 2I0 cos kmx . cos kx

of the incident lasers similar to the case shown in Figure 3,
except for the use of a pyramid-shaped, right-angle prism.
The perpendicular propagating directions of four light beams
are displayed in Figure 1b. The near-field interferences of
four evanescent fields with two sets of the wavelengths ex-
hibit a crisscross pattern in Figure 4. Two sectional plots
along the vertical and horizontal directions show the simple
interference of 532 and 632.8 nm, respectively. The meas-
ured periods are 253.6 and 315.2 nm, respectively; both had
an error of 2.2% before the calibration of the length.

Conclusions

We have investigated the interactions of the evanescent fields.
The interference of the evanescent fields with two different
wavelengths and polarizations are calculated and measured in
the near field. The difference between the measured results and
the calculated period of fringes may come from the nonlin-
earity of the scanning by NSOM. The interference patterns in
one or two dimensions shown in our experiments can be used
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FIG. 4 Near-field interference image on a pyramid-shaped right-angle prism, which is generated by four evanescent fields of two different
polarizations and wavelengths in four perpendicular propagating directions shown in Figure 1b, exhibiting a crisscross pattern. Two sectional
plots along the vertical and horizontal directions show the simple interference of 532 and 632.8 nm, respectively. a. u. = arbitrary unit.

for the calibration of the length. We found excellent perform-
ance on the after-calibration measurements in near-field scan-
ning. In principle, the limit of this useful calibration method is
the size effect of the near-field probe and background noise of
the detection system. Because the measured near-field signals
are the convolution of the collection function of the optical
fiber probe and the real interference function, the interference
patterns we acquired are limited by the probe size. Based on
the deconvolution results (Tsai et al. 1993) in Figure 4, we es-
timate that the probe size, that is, the measured limit in length,
is about 60 nm.
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Summary: This paper deals with both theoretical and ex-
perimental studies of near-field imaging of the focused laser
spot. In theoretical simulation, we calculate the intensity dis-
tribution in the focal region of the apodized light source. Size
reduction of the focusing spot of an annular light beam is
found to be related with various ε, which is the ratio of the
obstruction radius to the radius of lens aperture. The experi-
mental setup is based on a near-field scanning optical micro-
scope (NSOM) system. An opaque disk is used to make an
annular beam. A high numerical aperture objective lens (NA =
0.8) is used to focus incident lights of different annular light
beams, and a tapered near-field optical fiber probe of the
NSOM system is used to collect the intensity of the focal
field. Results demonstrate that a better transverse resolution
can be obtained from the reduction of the focusing spot. The
intensity profile of an annular beam may have a significant
influence on the size reduction of the focusing spot.

Key words: near-field scanning optical microscopy, focal
point, apodization, annular beam, intensity Gaussian distri-
bution

PACS: 07.79.-v, 07.79.Fe, 42.30.Yc, 42.60.Jf, 42.79.Ag

Introduction

The ability to control and focus light is essential for the cou-
pling of the highly concentrated and well-matched optical fields
to the small confined area such as the quantum device system
(Van Enk and Kimble 2000), or for the optical trapping of the
particle (Maia Neta and Nussenzveig 2000). Because an an-
nular light beam gives an apodized light source to improve

the optical resolution and reduce the aberration (Stamnes
1986), a significant number of studies have been carried out
to prove the advantages of the apodized light source (Gu et al.
1994, Hell et al. 1995, Sheppard 1977). Theoretical calcula-
tions of the field distribution have been studied to understand
the effects of the apodization, such as the depolarization and
aberration at the focal region of a high numerical aperture
system (Born and Wolf 1959; Gu 1999). Clearly, it is an im-
portant issue to understand the optical field in the focal re-
gion of all kinds of optical applications, especially the imaging
system of light microscopy and optical data storage; for ex-
ample, the properties of the optical field in the focal region
are crucial for the high-quality images and good contrast of
the recording bits. The recent studies of the optical field at the
focal region have been performed by using a charge-coupled
device camera (Dorn et al. 2003), the Langmuir-Blodgett
technique (Bahlmann and Hell 2000), and the light-scattering
method (Neil et al. 2000a, b). In this paper, we shall probe the
focal region of an annular light beam directly by using a near-
field scanning optical microscope (NSOM). High spatial re-
solution and greater accuracy of the optical measurements are
expected for better understanding of the focusing properties
of the high numerical aperture lens.

Theoretical Calculation

To calculate the intensity distribution of the focal region, we
use the electromagnetic equivalent of the vectorial Kirchhoff
diffraction integral method developed by Visser and Wiersma
(1992). Figure 1 shows that the incident plane waves are nor-
mal to the lens, which can transform the plane wave to the
spherical wave and then focus the light to the focal point.
The incident field Einc can be transferred to ES on the refer-
enced spherical coordinates through a transformation ma-
trix. The intensity distribution of the focused field can be
integrated by the vectorial Kirchhoff-Fresnel diffraction
formula,

(1)

(2)
B(x) =  �

S
[(−ikG + �G . n̂ (�G . BS)]dσ

E(x) =  �
S
[(−ikG + �G . n̂ (�G . ES)]dσ
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gion for the random polarized incident light beam is the super-
position of two orthogonal directions of the polarized incident
light beam. An annular beam is provided by a circular opaque
disk, which is co-axially placed in the aperture of a lens, and a
parameter ε represents the ratio of the obstruction radius to the
radius of the lens aperture. The value of ε determines the re-
gion of the integral angle of spherical wave. The curve A in
Figure 1 indicates that the intensity distribution of the incident
light beam is a Gaussian profile. The amplitude of the electric
field on the position p can be represented by the formula

(6)

where δ is the mean angle of the Gaussian profile, which rep-
resents the angle while the amplitude is down to e–1. The ξ(θ)
is the function of convergence condition. For the uniform
convergence condition, we set ξ(θ) = θ in the calculation
and calculate the distribution of the focal field for different
ε. The influence of the mean angle of the Gaussian profile
of the focusing field on the annular light beam is studied.

Experimental Setup

A tapping-mode, tuning-fork, near-field scanning optical
microscope (TMTF-NSOM) (Fu et al. 2003; Tsai et al. 1998,
1999) is used for our three-dimensional measurements of the
focusing spot. A schematic of the experimental setup is shown
in Figure 2. The tuning fork is commercially available with
an electrical resonance quality Q of 80,000 at the resonance
frequency of 32.768 kHz. A near-field optical fiber probe,
pulled by a CO2 laser puller and subsequently coated with a
thin layer of aluminum, is attached by epoxy to the end of one
tine (the opposite tine from the mechanically excited tine) of

Exi (θ ) =  
1

δ
 e

�ξ 2(θ)
2δ2

where dσ is the surface element.

(3)

(4)

(5)

Eqs. (1) and (2) are Kirchhoff-Fresnel integrals for electric and
magnetic fields in the focal regions, respectively, and G is the
Green function with suitable boundary conditions as shown in
Eqs. (3), (4), and (5). The diffracted field is obtained by inte-
grating over the wave front of the spherical wave. The contour
maps of the intensity can be plotted by the dimensionless unit
in two dimensions. The intensity distribution in the focal re-

êG =  
(x − p)

|x − p|

�G(p, x) =  (1 − |p − x| − ik)GêG

G(p, x) =  
exp(ik|p − x|)

4π|p − x|

FIG. 1 Schematic of the focusing of plane waves through a lens
to a focal point. The curve A means that the intensity distribution
of incident light beam is a Gaussian profile.

FIG. 2 Schematic diagram of the experimental setup for measuring the intensity distribution of the apodized light source at the focal plane.
NSOM = near-field scanning optical microscope, AFM = atomic force microscope, PZT = piezo translator.
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the tuning fork. Optical radiation coupling to the tapered fiber
tip that operates in the near field was detected by a photomul-
tiplier tube. The measured spatial resolution mainly depends
on the aperture of the optical fiber probe, which is normally
<100 nm. The optical intensity in the focusing region is then
collected in the collection mode of the NSOM with high spa-
tial resolution.

The light source of the experiments is a randomly polarized,
continuous-wave (CW), helium-neon (HeNe) laser with a wave-
length of 632.8 nm. An objective (Leica HC PL Fluotar) (Leica
Microsystems, Bannockburn, Ill., USA) of 0.8 NA is used to
focus the input optical field. The diameter of the pupil of aper-
ture is 6 mm. A spatial filter is used to clean up the optical noise
of the laser beam and to expand the diameter of the laser beam
for fitting the diameter to the pupil aperture of the objective. An
adjustable opaque disk is used to control the radius of the central
obstruction for the creation of an annular incidence light beam.

Results and Discussions

For a focusing objective with numerical aperture (NA) of
0.8, the measured optical intensity distribution at the focal re-

gion is displayed in Figure 3. The top row of Figure 3 shows
the intensity distributions of the experimental results with
different ε, while the bottom row shows the result of the cal-
culations. The parameters ε of Figure 3a–d are 0 (circular
lens), 1/3, 1/2, and 2/3, respectively.

The measured full width at half maximum (FWHM) of
the focused spots shown in Figure 3 are 796.8, 640.6, 578.1,
and 546.9 nm, for ε = 0, 1/3, 1/2, and 2/3, respectively. For
incident light beam with uniform intensity distribution, the
focused spot is calculated and compared with the experimen-
tal results. The calculated results shown in the bottom row of
Figure 3 give the corresponding FWHM values of 3.403,
3.207, 3.010, and 2.814, respectively, for four different values
of ε. Both the experimental and calculated results indicate
that the FWHM in the focal plane for an annular light beam
decreases with the increasing value of ε.

The influences of intensity distribution on the incident light
beam are analyzed with the calculated results in Table I; it
shows a comparison of the FWHM of the focusing spot with
the reduced ratio for various ε. The reduced ratio is the ratio
of the FWHM of the annular beam to that of the circular
beam and is normalized by the FWHM of the circular beam.
Table I(a) shows the experimental results, and (b), (c), (d), and

FIG. 3 Images (first row) measured at the focal plane with (a) ε = 0, (b) ε = 1/3, (c) ε = 1/2, and (d) ε = 2/3. The second row shows the cal-
culated images for the corresponding ε. FWHM = full width at half maximum, a.u. = arbitrary unit.
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(e) display the calculated results. These calculated results are
incident light beams with uniform intensity distribution, and
the mean angle of Gaussian profile δ = 53.13°, δ = 25.56°,
and δ = 17.71°, respectively. The smaller value of δ indicates
that the Gaussian profile intensity of the incident beam is
more concentrated at the center. The FWHM of the focusing
spots in Table I are 3.403, 3.413, 4.003, and 4.965, respec-
tively, for the incident light beam, with uniform intensity
distribution with mean angles of Gaussian profile δ = 53.13°,
δ = 25.56°, and δ = 17.71°. It clearly shows that the focusing
spots of the incident light beam with Gaussian intensity dis-
tribution are larger than those of the incident light beam with
uniform intensity distribution. The reduction rate of the re-
duced ratio correlates with the mean angles of the Gaussian
profile. The values of the reduced ratio of the experimental
results shown in Table I(a), that is, 100, 80.48, 72.63, and
68.70 for ε = 0, 1/3, 1/2, and 2/3, respectively, are in a very
reasonable agreement with the calculated results in Table
I(e), that is, 100, 83.33, 71.97, and 63.05. Based on the ex-
perimental results of various radii of obstruction, we found
that ε = 2/3 can provide the least focusing spot, but the peak
intensity is 3% of that of the full aperture, which agrees well
with the calculated results of δ = 17.71°. It is obvious that
the focusing properties are closely related to the intensity
distribution of the incident annular light beam.

Conclusions

We directly measure the intensity distribution at the focal
region using a TMTF-NSOM. The diffraction patterns at the
focusing spots of different annular light beams are ob-
served, and the size of the focus spot and its reduction are

studied experimentally and theoretically. The fact that an
annular light beam gives a better transverse resolution due
to the reduction of the focusing spot is demonstrated. The
smallest possible focal spot depends on the pupil function
used and can be optimized for point-spread function engi-
neering (Neil et al. 2000). The measurements and calcula-
tions of our study show that the apodized light source is an
important issue for focusing optics.
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Summary: A near-field optical virtual probe (NFOVP) is a
type of immaterial tip based on the principle of near-field
evanescent wave interference. Evanescent wave interference
and the aperture type play very significant roles in generating
near-field optical virtual probes. Two evanescent waves, prop-
agating in opposite directions, will interfere to generate the
confinement field. The central peak of the wave distribution
carries the preponderance of energy. An aperture can be used
to suppress the sidelobe in the energy distribution while
forming the NFOVP. In this paper, the NFOVP is investigated
numerically by means of the three-dimensional (3-D) finite-
difference time-domain (FDTD) method. Some significant
factors in the creation of the NFOVP, such as the shape and
size of the aperture, the incident light, and the specimen
(nanoparticle), are studied and discussed. The optical field
of the evanescent wave interference has been measured by
near-field scanning optical microscopy (NSOM), and the
preliminary experimental results are shown. 

Key words: near-field optics, evanescent wave interference,
near-field optical virtual probe, finite-difference time domain

PACS: 61.16.Ch

Introduction

Near-field optics have been developed extensively in the
past two decades, with applications in high-resolution opti-
cal imaging, spectral detection, and high-density optical data
storage. Due to the advantage that it is beyond the classical

diffraction limit, near-field scanning optical microscopy
(NSOM) is a very powerful technique for expanding investi-
gations on the mesoscopic scale. The nanoaperture optical
probe and critical separation requirements are two essential
factors that determine the performance of NSOM. The resolu-
tion and contrast of the image are determined by the aperture
size of the optical probe and the precision of separation dis-
tances. Although a high resolution can be achieved by
NSOM, it also has some drawbacks. These drawbacks in-
clude low transmission efficiency of the probe, slow feedback
rate due to the rigorous distance control requirement, and the
physical fragility of the probe. All of these factors limit the
development of probe type near-field optical systems.

Grosjean and Courjon (2001, 2003; Grosjean et al. 2003)
first proposed a theoretical immaterial tip concept by light
confinement in 2001 (Fig. 1). A confined light distribution is
generated due to the evanescent wave interference. In such a
virtual probe, the full width at half-maximum (FWHM) con-
finement distribution peak is independent of the distance z.
The concept of a virtual probe can be utilized to increase the
transmission efficiency of the probe and relax the critical con-
dition of distance control of other near-field optical systems.

The near-field optical virtual probe (NFOVP) is a type of
virtual tip based on the principle of near-field evanescent
wave interference and aperture diffraction (Hong et al. 2002).
In this paper, the NFOVP is investigated numerically by
means of the of three-dimensional (3-D) finite-difference time-
domain (FDTD) method. Some significant factors in the crea-
tion of the NFOVP are studied and discussed. The optical field
of the evanescent wave interference was measured by NSOM
and the preliminary experimental results are shown.

Characteristics of the Near-Field Optical
Virtual Probe

To understand the formation mechanism and characteris-
tics of the NFOVP, a simulation model was created as shown
in Figure 2a. Numerical simulations were done by 3-D FDTD.
The whole simulation space was divided into 1003 equal
discrete units, each of which has the volume of ∆x · ∆y · ∆z,
where ∆x, ∆y, and ∆z are all 50 nm. The size of each unit is
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about λ/13, which satisfies the standard simulation precision
requirement in the FDTD method of being less than λ/10
(Karl and Luebbers 1993). The wavelength of the incident
light is 650 nm and the polarization direction is along the y
axis. The distance, h, between the observation plane and the
interface is 250 nm. The refractive index of the two media is
2 and 1, respectively. The incident angle is 45°, which gen-
erates total internal reflection. A metal film with a round aper-
ture (diameter D = 1.5 µm) in its center is located on the
interface. The metal film is taken as a perfect electric con-
ductor (PEC) with infinite conductivity. The center of the
aperture is defined as the origin of the Cartesian coordinates.

The intensity distribution of the NFOVP on the observa-
tion plane (XY) is shown in Figure 2b. The distribution is

axial, symmetrical along the y axis, and the y component of
the distribution is dominative, which is characteristic of the
polarization of incident light. The cross-sectional view along
the x axis (Fig. 2c) of the intensity distribution in Figure 2b
shows a very sharp central peak that can be employed as a
virtual probe, and two sidelobes.

Simulation results of the virtual probe which met the ess-
ential conditions of evanescent wave interference and the
light confinement by a small aperture are shown below (Fig. 3).
The characteristics of the NFOVP, such as transmission ef-
ficiency and the beam width and depth, were investigatedand
will be discussed in detail.

As shown in Figure 3a, the transmission efficiency has an
almost linear correlation with the size of aperture. The order
of magnitude of the transmission efficiency is 10−2, which is
10 times higher than the usual nanoaperture probe with com-
parable resolution used in near-field optical systems. The
problem of low throughput power in NSOM can probably be
solved by utilizing the NFOVP.

Figure 3b shows that the FWHM is approximately 280 nm
and is constant for any value of distance z < 600 nm. In the
simulation, the dispersion error induced by the unit size setting
is ±25 nm, which will not influence the results significantly.
The range over which the FWHM remains constant is 100–
600 nm, which determines the effective depth of the NFOVP.
This characteristic can be utilized to relax the critical separa-
tion requirements in conventional near-field systems. The

FIG. 1 Concept of virtual probe. FWHM = full width at half-
maximum.

FIG. 2 (a) Simulation models by three-dimensional finite-difference time-domain method; (b) intensity distribution on the observation
plane of the round aperture diffraction model; (c) cross-sectional view along x axis of distribution on the observation plane.

FIG. 3 (a) Transmission efficiency versus aperture size; (b) full width at half-maximum (FWHM) of central peak versus distance; (c) in-
tensity of central peak versus distance.
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maximum value of the peak intensity is at 250 nm from the in-
terface (Fig. 3c). Subsequently, the peak intensity decreases as
the distance increases, but its decrease to 35% of maximum
value is not problematic in the effective range (600 nm) of the
virtual probe. This amount of peak intensity is acceptable.

Some Variable Factors Affecting the Near-Field
Optical Virtual Probe

In this section, some factors affecting the NFOVP, such as
the shape and size of the aperture, the incident light, and the
specimen (nanoparticle), will be discussed.

Shape and Size of the Aperture

In the model shown in Figure 2a, if a square aperture is em-
ployed, the sidelobes in the field distribution are suppressed
more efficiently than with the round aperture (Fig. 4), where
the side length, D, of the square aperture is 1.5 µm. In addi-
tion, the relationship between the FWHM of the central peak
and the distance is quite comparable with the values in the
case of a round aperture. The optimization of the aperture is
important for the sidelobe suppression in the NFOVP.

In the simulation model of Figure 2a, if the size of the aper-
ture is changed, the optical field distribution of the NFOVP
will also be changed. Likewise, if the aperture size is changed,
the relationship between the FWHM of the central peak and
the distance also changes. Figure 5 shows the difference of the
FWHM versus distance with different sizes of apertures. The
simulation results indicate that the effect of the evanescent
wave on the virtual probe is not significant when the diameter
of the aperture is < 1 µm, and the FWHM of the central peak
increases quickly with increased distance as shown in Fig-
ure5a. The evanescent wave interference effect develops gra-
dually, and the NFOVP is formed when the diameter of the
aperture is > 1 µm. The FWHM of the central peak holds con-
stant over a certain range of distance as shown in Figure 5b and
c. This indicates that, in order to produce the NFOVP, the size
of the aperture must be greater than a certain minimum size.
This minimum value is related to the wavelength of the inci-
dent light, the incident angle, and the refractive index of the
media. Many sidelobes will also appear with further increase
of aperture size, which is not desirable in applications of the
virtual probe. In conclusion, an appropriate aperture size and
shape is critical for successful applications of the NFOVP.

Incident Light

Some parameters are changed in the model shown in
Figure 2a: the incident angle is now 76°, the wavelength of
the light is 400 nm, and a square aperture with side length of
0.6 µm is employed. The whole simulation space is divided
into 1003 equal discrete units, each of which has the volume
of ∆x · ∆y · ∆z, where ∆x, ∆y, and ∆z are all 20 nm. The re-
lationship between FWHM of the central peak (defined as
the width of the NFOVP) and distance is shown in Figure 6a.
The results demonstrate that the width of the NFOVP (about
120 nm) decreases with the increase of the incident angle and
decrease of the light wavelength. The dispersion error indu-
ced by this setting of the unit size is about ±10 nm. The range
in which the width of the NFOVP is minimal is shortened
to approximately 180 nm. This range is several times larger
than the near-field separation in conventional near-field
optical systems. The width of the NFOVP can be decreased
by increasing the incident angle and decreasing the light
wavelength at the cost of shortening the depth of the NFOVP.

FIG. 5 Full width at half-maximum (FWHM) of the central peak versus distance with different aperture sizes.

FIG. 4 Cross section view along x axis of distribution on the ob-
servation plane with square aperture.
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The effect on the NFOVP is also very significant even though
the size of the aperture is very small (0.6 × 0.6 µm). The
NFOVP is influenced not only by the size of the aperture but
also by the light wavelength and the incident angle.

To examine the intensity distribution, two incident lights
are added whose incident plane is perpendicular to the former
two incident lights. The wavelength of the light is 400 nm;
the incident angle is also 45°. The polarization directions are
perpendicular to their incident planes. The intensity distribu-
tion on the observation plane, which is 200 nm away from the
interface of the media, is shown as Figure 6b. The distribution
is symmetrical and the NFOVP becomes a cylindrical opti-
cal probe, which is more suitable for practical applications.
The results show that the distribution of the NFOVP can be
influenced by changing the form of the incident light.

Interaction with the Nanoparticle

The simulation model as shown in Figure 7a is built to
study the interaction between the NFOVP and the nanopar-
ticle. The wavelength of light is 650 nm; the size of the square
aperture is 1.5 × 1.5 µm. A nanoparticle is placed beneath
the aperture. The distance, a, between the nanoparticles and
the aperture is 250 nm. The diameter of the nanoparticle is
300 nm. Two kinds of nanoparticle are used: one is a dielec-
tric particle (refractive index is 2.1), the other is a gold parti-
cle. An observation plane is placed 200 nm away from the
aperture to investigate the disturbed optical-field distribution
of the NFOVP due to the existence of the nanoparticle.

The simulation results indicate that the optical-field distribu-
tion of the NFOVP is affected by the existence of the nanopar-
ticle, but the influence is very limited and does not change the
overall distribution of the NFOVP. (Fig. 7b, c, and d).

Notice that the FWHM of the central peak is almost iden-
tical, but the intensity of the central peak on the observation
plane is different in the three cases. As shown in Figure 8,

the peak intensity due to the existence of the dielectric par-
ticle is smaller than that in case there is no particle. In the
case of the gold particle, the peak intensity is larger than that
of no particle. It indicates that the optical field of the NFOVP
is enhanced by the existence of the metal particle.

Direct Measurement of the Evanescent Wave
Interference Field

The NFOVP is a type of optical probe that is based on eva-
nescent wave interference. Therefore, direct measurement of
the evanescent wave interference field is indispensable for
the characterization of the NFOVP. As shown in Figure 9, an
experimental setup was built to measure the optical field of
the evanescent wave interference by the NSOM. The laser
beam (wavelength of 532 nm) enters the Dove prism after it
is modulated by the chopper and passes through the polarizer.
At the top surface of the Dove prism, the incident angle is 73°
and total internal reflection occurs. Then, the laser beam exits
the Dove prism, is reflected by the mirror, and returns along
the original path. Total internal reflection occurs again at the
top surface of the Dove prism. The two evanescent waves of
opposite orientations interfere with each other. The evanescent
field interference pattern localizes on the surface of the prism.

It is now possible to calculate the intensity distribution
and the period of the interference fringes using the follow-
ing equations.
The intensity of the interference fringes:

and the period of the interference fringes:

T = λ/2n1sinθi ,

I = 2A2e−2klz √sin2θi−n2 [1+ cos�4πn1x

λ
 sin θi�]

FIG. 6 Full width at half-maximum (FWHM) of the central peak versus distance; (b) intensity distribution on the observation plane.



where λ is the wavelength of the light, θi is incident angle of
the total internal reflection, n1 and n2 are the refractive in-
dices of the Dove prism and vacuum, respectively, A is the
amplitude of the incident wave, k1 = n1ω/c = 2π n1/λ, n =
n2/n1 is the relative refractive index. In our experiment, λ is
532 nm, n1 is 1.5, and θi is 73°. Thus, the calculated value
of the interference fringe’s period is 185 nm.

The experimental results are shown in Figure 10. The po-
larization direction of the incident light is in the incident plane

and along the direction normal to the two media interface (TM
wave). Figure 10b is the cross-sectional view that is perpen-
dicular to the direction of the fringes. The period of the fringes
is approximately 180 nm, which agrees with the calculated
value. The FWHM of each peak is approximately 100 nm.

It was also possible to examine the intensity of the evanes-
cent wave interference field at different distances from the
interface of the two media. The experimental results are
shown in Figure10c. The optical intensity of the interference
field decreases quickly as the distance increases, which is a
well-known characteristic of evanescent waves. When the dis-
tance is approximately 170 nm from the interface of the two
media, the optical intensity becomes 1/e of the maximum.
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FIG. 7 (a) Simulation model of the interaction between the near-field optical virtual probe and a nanoparticle. (b)(c)(d) Optical field dis-
tribution on xz section; (b) no particle; (c) dielectric particle (n = 2.1); (d) gold particle.

FIG. 8 Intensity distribution along x axis.

FIG. 9 Experimental setup of the direct measurement of the evanes-
cent wave interference field. PMT = photomultiplier tube, SNOM =
scanning near-field optical microscopy.



Conclusions

The NFOVP is based on evanescent wave interference
and a precise aperture shape. It has a transmission efficiency
rate 10 times higher than that of the ordinary nanoaperture
probe with comparable resolution used in NSOM. The
FWHM of the central peak of the virtual probe remains
constant over a certain range. The effective distance of the
NFOVP is approximately 10 times longer than conventional
near-field distances because of its unique characteristics.
The distribution of the virtual probe could be influenced by
the shape and size of the aperture, the parameters of the in-
cident light, the specimen, and so forth. The interaction be-
tween the NFOVP and the nanoparticle was studied. The
evanescent wave interference fringes have been measured
directly by NSOM and a clear optical image of the fringes
was obtained. The experimental results agree with theoret-
ical expectations. These are only preliminary experimental
results; further research and experiments will be conducted.

This type of probe is likely to be used in near-field opti-
cal data storage, nanolithography, near-field optical imag-
ing and spectral detection, optical manipulation, and so
forth.
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FIG. 10 (a) Evanescent wave interference pattern, (b) cross-sectional view of the fringes, (c) optical intensity of the evanescent wave’s in-
terference field versus distance.
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Summary: An apertureless near-field scanning optical mi-
croscope (ANSOM), used indifferent configurations, is pre-
sented. Our versatile home-made setup, based on a sharp
tungsten tip glued onto a quartz tuning fork and working in
tapping mode, allows to perform imaging over a broad spec-
tral range. We have recorded optical images in the visible
(wavelength, λ = 655 nm) and in the infrared (λ = 10.6 µm),
proving that the setup routinely achieves an optical resolu-
tion of <50 nm regardless of the illumination wavelength.
We have also shown optical images recorded in the visible
(λ = 655 nm) in an inverted configuration where the tip does
not perturb the focused spot of the illumination laser.
Approach curves as well as image profiles have revealed
that on demodulating the optical signal at higher harmonics,
we can obtain an effective probe sharpening which results in
an improvement of the resolution. Finally, we have presented
optical images recorded in the infrared without anyillumination,
that is, the usual laser source is replaced by a simple heating
of the sample. This has shown that the ANSOM can be used
as a near-field thermal optical microscope (NTOM) to probe
the near field generated by the thermal emission of the sample.

Key words: near-field optics, visible, infrared, thermic

PACS: 07.79.Fe

Introduction

In near-field scanning optical microscopy, a nanometer-
sized probe is brought very close to the surface of an illumi-
nated sample to scatter locally the evanescent field generated
by an external laser source. In this way, the evanescent field
is made to propagate and sent to the far-field toward an opti-
cal detector. Since the evanescent field contains high spatial
frequencies, corresponding to the fine details of the sample
surface, this technique provides subwavelength optical res-
olution (Harootunian et al. 1986, Lewis et al. 1984, Pohl etal.
1984). Two kinds of near-field scanning optical microscopes
(NSOMs) can be distinguished depending on the nature of
the probe used in the experiment. First, the NSOMs which
include probes with a small aperture (Betzig and Trautman
1992, Betzig et al. 1987), such as tapered optical fibers with
metallic coating on their sides. Second, the so-called aperture-
less near-field scanning optical microscopes (ANSOMs),
which use a sharp metallic, or sometimes insulating (Knoll
and Keilmann 2000) probe tip to scatter the evanescent field
(Bachelot et al. 1995, Kawata and Inouye 1995). The main
advantage of this second method is that it allows us to work
over a broad wavelength range.

This paper describes the use of an ANSOM, based on a
sharp tungsten tip glued onto a quartz tuning fork and work-
ing in the tapping mode, in several configurations. We pres-
ent optical images and approach curves recorded in the
infrared (λ = 10.6 µm) of subwavelength holes in a thin
chromium film. To our knowledge, only two groups have
presented results in the mid-infrared (Knoll and Keilmann
2000, Stebounova et al. 2003). We also show optical images
recorded in the visible (λ = 655 nm) region at different har-
monics of the tip-sample distance modulation. These im-
ages were realized in an inverted configuration where the tip
lies below the sample and does not perturb the illumination
spot. We then discuss the effective probe sharpening (and
consequently the resolution improvement) due to this lock-
in demodulation athigher harmonics. Finally, we present our
near-field thermal optical microscope (NTOM) configuration,
which allows us to perform near-field optical imaging without
any external illumination. While replacing the usual laser
source with a simple thermal radiation from a heated sample,
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one can probe the thermal near-field of the surface. Images
obtained with this technique give an optical resolution of
about 100 nm.

Experimental Setup and Results

General Settings

As explained before, in order to break the diffraction limit
and to obtain a subwavelength resolution, one needs to scat-
ter the evanescent field confined at the sample surface. To do
so, the tip is glued onto the lower tine of a quartz tuning fork
(Raltron, R26, resonance frequency without tip =32768Hz)
(Raltron Electronics Corp., Miami, Fla., USA) driven close
to its resonance frequency and oscillating vertically in the
tapping mode (De Wilde et al. 2003). Thus, the tip period-
ically scatters the evanescent field into the far field. The
images are recorded by moving the sample with a piezo-
electric translation plate (Piezosystem, Jena, Germany, PXY
38) and controlling the vibration amplitude with commer-
cial feedback electronics (RHK Technology, SPM100) (RHK
Technology, Troy, Mich., USA). The whole system (see Fig.1)
is based on a commercial optical microscope (Olympus, BH2-
UMA) (Olympus America, Melville, N.Y., USA) working
with high numerical aperture (NA) objectives. Our ANSOM
is installed under the microscope and operates in the reflec-
tion mode, that is, using the microscope objective to collect
the field scattered by the tip.

Visible Imaging

In the configuration for visible imaging, a classical objec-
tive (Leitz, Wetzlar, Germany, 50X, NA = 0.6), is used tofocus
the beam of a laser diode (λ = 655 nm) onto the tip apex and
to collect the field scattered by the tip. The optical signal is
finally measured by a photodiode connected to a lock-in am-
plifier (EG&G Instruments, 7220) (EG&G Instruments, Oak
Ridge, Tenn., USA), working at the modulation frequency
(ω) of the tip in order to extract the near-field signal from
the background. As the optical signal contains many harmo-
nics of the fundamental modulation frequency, the lock-in
can also operate at 2ω or 3ω. Formanek et al. (2003) re-
ported typical visible optical images recorded in this con-
figuration, where the main reflected beam is also sent toward
the detector (see Fig. 1a).

We note that another source of background signal is the fact
that the tip (and also a part of the tuning fork) partially obstructs
the field of view of the objective (De Wilde et al. (2003)) and
perturbs the focused spot. To overcome this problem, we have
slightly modified the setup so that the ANSOM could operate
in an inverted mode (see Fig. 1b). This configuration is appro-
priate for the observation of samples, which are deposited on
a transparent substrate. The sample is glued surface turned
down; the tip oscillates below the sample and the laser beam
is focused onto the sample surface through the transparent
substrate. In this way, the tip mounting does not obstruct the

field of view. Another advantage is that one can use objec-
tives with higher numerical aperture, because the working dis-
tance can be reduced without the presence of the tuning fork
structure between the objective and the sample. This increases
the solid angle of collection of the field scattered by the tip and
reduces background scattering from parts of the tip situated
far away from the apex because the depth of field is reduced.

Subwavelength holes in a chromium film evaporated over
a glass substrate (Bainier et al. 2003, Formanek et al. 2003)
are investigated in the inverted mode under visible illumina-
tion. Figure 2a shows the topography of the sample. From
this image we can estimate the size of the holes to be ap-
proximately 300 nm in diameter and 25 nm in depth. Figure
2b is the near-field optical image simultaneously recorded
at ω using a Leitz Wetzlar objective (125X, NA = 0.8). The
chromium surface appears darker than the holes because the
thickness of the chromium prevents the tip to be illuminated
by the laser. Figure 2c is a near-field optical image recorded
at 3ω. In addition to the bright appearance of the holes, one
can notice well-defined patterns lying all over the surface.

FIG. 1 Schematic of the different configurations of the aperture-
less near-field scanning optical microscope. (a) Visible illumination,
infrared illumination, and no laser excitation. (b) Inverted mode.
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These patterns are likely to come from optical interference
effects (Kaupp et al. 1999) because the chromium film is
partly transparent in the visible. To make sure that the opti-
cal contrast on Figure 2b and c was not due to topographic
artifacts, we recorded the same optical images in constant
height mode, that is, without the feedback loop and the tip
slightly raised from the surface. Figure 2d is an optical image
recorded at ω with the tip situated about 200 nm away from
the surface. Despite the loss of resolution due to the increase
of the far-field components coming from the surface (contai-
ning the low spatial frequencies of the field), the same con-
trast between the holes and the chromium surface is visible.

To analyze the effect of demodulating the optical signal
athigher harmonics, we plotted profiles (dotted line on Fig.2a)
and approach curves on one hole made of glass. Figure 3a
shows the profiles of the topographic, ω, and 3ω images of
Figure 2. The curves at ω and 3ω are normalized to fit each
other. We estimate the full width at half maximum of the image
of hole seen in optical mode to be around 280 nm for the
image recorded at ω and 210 nm for the image recorded at
3ω. The improvement of the resolution in the xy directions
(corresponding to the sample plane) can be explained, if one
considers the tip as one very localized scattering center at the
tip apex and many more on the tip body. When the optical
signal at higher harmonics is lock-in demodulated, the con-
tribution of the more distant scattering centers is reduced as
they are located in a region where the field varies close to lin-
early on the scale defined by the tip modulation amplitude
(Wurtz et al. 1999). At higher harmonics, only a small effec-

tive volume of the tip located near the apex contributes to the
near-field signal. Hence, demodulating the signal at higher
harmonics provides better resolution and is equivalent to
an effective probe sharpening, as quoted by Keilmann et al.
(Hillenbrand and Keilmann 2000, Knoll and Keilmann
2000). Figure 3b shows approach curves recorded at ω and
3ω inside the hole, that is, on the glass substrate. The signal at
ω shows a maximum when the tip is in contact with the sur-
face and presents a rapid decrease until 100 nm. The inflex-
ion of the curve followed by a phase inversion of 180° is due
to optical interference effects. This undesirable background
signal can be suppressed (Formanek et al. 2003, Knoll and
Keilmann 2000) by recording the approach curve at 3ω (see
Fig. 3b). The faster decrease of the 3ω signal indicates, as in the
profiles of Figure 3a, an effective tip sharpening in the z direc-
tion (the curves atω and 3ω are normalized to fit to each other).

Infrared Imaging

In the configuration for infrared imaging (Fig. 1a), a CO2
laser beam (λ = 10.6 µm) is focused with a ZnSe lens (focal
length 8 cm) at grazing incidence to illuminate the sample.

FIG. 2 (a) Topographic image of a chromium film with sub-
wavelength holes. (b) Optical image recorded at ω. (c) Optical
image recorded at 3ω. (d) Optical image recorded at ω in constant
height mode.

FIG. 3 (a) Profiles of topographic, ω, and 3ω images correspon-
ding to the dotted line on Figure 2a. (b) Approach curves recorded
at ω (optical signal, corresponding phase, and amplitude) and ω
(optical signal).



infrared configuration (see Fig. 1a).The difference is that we
replaced the laser source (λ = 10.6 µm) by a simple heating
of the sample up to 150 °C. Due to this thermal excitation, the
surface radiates a thermal near-field that the tip can scatter, as
in the previous experiments. The optical signal is detected by
the same HgCdTe detector.

The sample studied was made by evaporating gold on a
silicon carbide (SiC) substrate. The topography of the sur-
face (see Fig. 5a) shows gold islands (bright regions) about
50 nm high. Due to the important thermal instabilities, the
sample height fluctuates during the acquisition. As these
fluctuations are compensated by the feedback loop, this pro-
duces lines on the topographic image; yet, one can still clearly
resolve the gold islands. Figure 5b is the near-field optical
image simultaneously recorded without laser illumination.
Because of its higher emissivity in the near-field zone, SiC
appears brighter than gold (Greffet et al. 2002). At a distance
of 300 nm away from the surface, the optical contrast is no
longer visible, which is typical of a purely near-field effect.
This image shows that we are able to detect an optical near-
field signal due to thermal emission of the material with a res-
olution up to 100 nm. This signal is different from that
obtained with a scanning thermal microscope (SThM) using
a thermocouple junction at the tip end (Shi et al. 2000).

Conclusions

We have designed an ANSOM capable of operating in var-
ious configurations, with visible or infrared illumination, in
inverted mode, and even without laser illumination for the
NTOM setup. The system routinely achieves an optical reso-
lution of a few tens of nanometers. We have also shown that
the resolution can be improved by lock-in demodulation of
the optical signal at the modulation frequency harmonics.
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The diameter of the illumination spot is about 100 µm and
the typical laser power used in this experiment is 50 mW. The
scattered field is collected by a cassegrain objective (Ealing,
36X, NA = 0.5) made of two spherical gold mirrors. The op-
tical signal is measured by anitrogen cooled HgCdTe de-
tector (Fermionics). As explained earlier, a lock-in amplifier
extracts the optical signal at the fundamental modulation
frequency or its higher harmonics.

We investigated the same subwavelength-sized holes as
those examined in visible imaging. Figure 4a shows the topo-
graphy of the sample and Figure 4b is the near-field optical
image simultaneously recorded at ω. The resolution can be
estimated on this image to be <50 nm (~λ/200), which proves
that we break the diffraction limit by a considerable margin.
The limitation in resolution comes only from the tip radius of
curvature. An explanation about the optical contrast between
the glass and the chromium by means of a tip-sample dipole
coupling model can be found in Formanek et al. (2003). Fig-
ure 4c shows approach curves recorded in the infrared on the
chromium surface at ω, 2ω, and 3ω. These curves confirm
that by demodulating the optical signal at higher harmonics
we can achieve an effective tip sharpening (in the z direction
in this case).

Thermal Imaging

Finally, we present a near-field optical image recorded in
the infrared without any external illumination. The setup used
in this experiment is essentially based on the setup used in the

FIG. 4 (a) Topographic image of a chromium film with subwave-
length holes. (b) Optical image recorded at ω. (c) Approach curves
recorded at ω, 2ω, and 3ω.

FIG. 5 (a) Topographic image of gold islands evaporated on a SiC
substrate. (b) Near-field optical image recorded without laser illu-
mination.
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Summary:A high-density optical disk system with super par-
allel optical heads using a vertical cavity surface emitting laser
(VCSEL) array is described for higher data transfer rate and
technological capability. Optical heads of the VCSEL array and
microlens array play key roles for obtaining higher evanescent
light from small apertures with the optical disk, which is coated
with lubricant and protective films on the flat surface in order
to keep the gap between the super parallel optical head and the
disk surface within 20 nm. Higher throughput efficiency has
been obtained in the near-field semiconductor optical probe
array head. However, the obtained evanescent light power is
about 10 µW from a 100 nm probe aperture and 1m W VCSEL
power, which is still not enough to write a bit on the phase
change optical disk. One solution to improve theoptical power
more than 10 times is to develop a special nanofabricated
optical probe array of higher throughput efficiency. A metal
fine grating fabrication method to get evanescent light wave
resonant enhancement has been studied along with a 2-di-
mensional finite difference time domain simulation technique.

Key words: near-field optics, surface plasmon polariton, opti-
cal disk head, vertical cavity surface emitting laser array, high-
density optical disk
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Introduction

One of our research groups had proposed a super parallel
optical disk head (Goto 1998) in order to increase the data trans-
fer rate up to several 10 Gbps using a two-dimensional (2-D)
vertical cavity surface emitting laser (VCSEL) (Iga 2000)
array and near-field optics technology in 1996 (Goto 2000).
With financial aid from the Japanese Society for the Promotion
of Science (JSPS) for fiscal years 1997 to 2001, we have de-
veloped a novel 2-D near-field optical head (Goto et al. 2002a,
b; 2003a, b; Kim et al. 2000a, b, 2001; Kurihara et al. 2002;
Mitsugi et al. 2001; Nikolov et al. 2002; Ye et al. 2002).

The parallel optical memory system is based on a multi-
beam recording head and a small spot size using the VCSEL
near-field microprobe array, and thus has important advan-
tages for realizing both fast data transfer rate and high mem-
ory capacity. As reported in the previous papers (Goto 1998,
Kim et al. 2000a), it is possible to record small marks on
10,000 tracks simultaneously if we prepare a 2-D VCSEL
microprobe array with a 100 × 100 light source.

The 2-D near-field semiconductor microprobe array had
already been prepared to realize a high throughput efficiency
such as 1% with a 100 nm aperture, which means that we can
get 10 µW evanescent light from each probe (Kurihara et al.
2002) using 1 mW single mode VCSEL. The evanescent
light power required to write signal bits on the surface of the
Tera byte optical disk, however, is about 100 µW from each
probe tip. Thus, it is still necessary to realize higher optical
efficiency about 10 times that of previous microprobes.

A new array head structure having a periodically corruga-
ted gold thin film on a surface of GaP optical head has been
designed to enhance the evanescent light power from a tiny
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aperture of an optical writing and reading array head. The
grating pitch is designed to a half wavelength of the incident
light in the semiconductor crystal. It can be seen that a huge
resonant light transmission from a 30 nm aperture is achieved
by 2-D finite difference time domain (FDTD) simulation.

New Optical Head Design

The head surface consists of a gold grating thin film inside
the GaP base material, in which the patterned width and depth
of gold film are 10 and 30 nm, respectively. The other side of
the GaP material also works as a microlens array to focus the
VCSEL light beam on both the aperture and the fine grating
tooth around the aperture. This type of head design requires
micro- and nanofabrication using an undoped semiconductor
and a gold metal material. The schematic diagram of the op-
tical device with periodically corrugated gold thin film that has
tiny nano apertures is shown in Figure 1. It is very important
to improve the evanescent light throughput efficiency from a
small aperture of 30 nm diameter up to 1% to realize evanes-
cent light of 10 µW using a 1 mW VCSEL output power.

Nanofabrication Method

The formation of a finely grooved pattern on the GaP sub-
strate and the filling of nano metal particles into the grooves
have been tried using ultrahigh resolution electron beam li-
thography and a selective chemical bonding method between
the grooves and the metal particles, with a colloidal liquid of
gold particles for filling gold metal inside the nano grooves
of 10 nm width and 30 nm depth. Figure 2 shows scanning

Microlens
Aperture

n-Electrode p-Electrode Polyimide VCSEL active layer
VCSEL oxide layer

VCSEL substrate

Single crystal
semiconductor

Thin metal flat head with
fine grating structure

FIG. 1 A flat top near-field optical head with an aperture array and a periodically corrugated Au metal thin film over a semiconductor mi-
crolens base, through which the laser beam from a vertical cavity surface emitting laser (VCSEL) array irradiates the sample.

TITech 15.0kV ×30.0k SE 1.00 um

TITech 15.0kV ×200k SE 200 nm

FIG. 2 A scanning electron micrograph and enlarged SEM ob-
servations for the lift-off patterned grooves. Chromium (thickness
30 nm) had evaporated. Line width and spacing are 10 and 235 nm,
respectively. The obtained groove width is about 25 nm.
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electron microscopy (SEM) photos of the patterned grooves
on the GaP substrate. The EB pattern consists of 10 nm lines
and 235 nm spaces. Etching for the fine nano grooves is per-
formed with CF4-RIE. The microlens fabrication method has
been reported before (Goto et al. 2002a).

The Revised Head Concept

The revised concept of our new flat type optical writing and
reading head surface for getting the required power increment
is shown schematically in Figure 1. On the other side of the
metallic grating surface, there is a similar microlens array be-
tween the VCSEL output windows and the nanoapertures, as
reported before and shown partly in Figure 3. The grating
width and depth are optimally designed as 10 and 30 nm, re-
spectively. The grating pitch on this head is also an important
factor, which will be described later.

The Finite Difference Time Domain Simulation

To increase the optical power of the evanescent light from the
super-parallel 2-D VCSELs, the head structure consisting of the
microlens and flat face aperture array with a 30 nm diameter
has been prepared with a thin and fine corrugated gold metal.

Since the weak evanescent waves excite the surface plasmon
polariton (SPP) waves resonantly with the fine metal corruga-
tion, this kind of head structure is designed so that the resonant
pitch of the light waves propagates inside the undoped GaP
material. All parameters are calculated using an FDTD method.

In this study, the near-field apertures are prepared on the
flat surface and, thus, the focal points of the microlenses
are located at the same distance. The irradiated spots in the

grating plane are larger than the expected focal spot size. By
a calculation, it has been observed that very high evanescent
light power was enhanced resonantly when the grating pitch
is coincident with a half wavelength and the focused laser
light is located inside the semiconductor head, as shown in
Figures 4 and 5.

To obtain this resonant enhancement result, we varied the
width and depth of the fine gold metal corrugation. While
doing the calculation, we found that the maximum enhance-
ment occurs when the gold metal width is about 10 nm and
the height is 30 nm. With these parameters of width and height
constant, we calculated the evanescent wave electric field en-
hancement phenomena with the variation of aperture diame-
ter. Figures 5 and 6 show some of these results.

N-electrode

N-DBR

P-DBR

Active layer

Semiconductor
crystal with high
refractive index
(GaP = 3.3, Si = 3.6)AR Coat

Thin metal

2-D VCSEL array

Current confinement
oxide layer

Polyimide

P-electrode

Self-assembled
nanoprobe and
microlens array

λ /2n Flat-tip nanoprobe

FIG. 3 One part of our fabricated conventional near-field optical disk head, in which the laser light coming from the vertical cavity sur-
face emitting laser (VCSEL) is focused through the microlens onto the aperture of the GaP probe. With the aid of the focused light and high
refractive index of GaP, the throughput of this probe is 1% for a 100 nm aperture. 2-D = two-dimensional, AR = antireflection, N-DBR =
n-type distributed Bragg reflector, P-DBR = p-type distributed Bragg reflector.
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FIG. 4 Resonant evanescent light power enhancement with the
grating pitch of a half wavelength of the light inside the gold corru-
gated surface within the GaP substrate has been observed as a result
of the finite difference time domain calculation. The ratio of the en-
hanced evanescent light power to the power without a resonance
shows a difference of about 500.
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FIG. 6 Calculated results of the evanescent light power versus grat-
ing pitch variation. The power in this figure means square of the elec-
tric field of the evanescent wave.

From the view point of the evanescent wave enhancement
shown in Figure 5, we understood that smaller aperture sizes
give larger evanescent light power. As for the power incre-
ment with the aid of SPP, we realized that the aperture size
of the evanescent light for writing on the surface of the opti-
cal disk should be < 30 nm diameter. Figure 6 is the result of
calculation of the grating pitch variation for the aperture size
of 30 nm diameter.

The wavelength is 780 nm and the refractive index of GaPis
3.3. The enhanced peak evanescent light occurs when the light
inside GaP is resonant with the gold grating pitches. The reso-
nance can be seen in every half wavelength in the GaP crystal.
The irradiated laser light inside the GaP crystal is focused around
the gold fine grating. The wave vector of the irradiated light
and the grating vector are resonant to each other.

From Figure 7 we decided that the aperture surface metal
should be thicker than 30 nm so as to prevent the leaky far-

field light as shown in the figure. However, the inside of the
aperture holes should be filled with the same material used as
the substrate.

Discussion

The interface between the gold film and the undoped GaP
crystal may support charge density oscillation in proportion
to the discontinuity of the electric field component of the
evanescent wave normal to the interface. These occur at a
different frequency from the bulk plasma oscillations of
the metal and are confined on the interface. Then only trans-
verse magnetic (TM)-polarized light can excite the SPP and
the metal must exhibit a negative value of the real part of
ε at the frequency of the incident light. Only metals that
exhibit a negative dielectric permittivity can support the
SPP. At optical frequencies, one of the good choices is gold
or silver.

An incident electromagnetic wave excites an SPP, if the
wave vector component parallel to the undoped semicon-
ductor and metal interface matches the propagation vector
of the SPP. Since the SPP wave vector is usually larger than
the wave vector incident on an undoped semiconductor or
dielectric medium adjacent to the metal film, the excited
field is usually an evanescent field produced by the grating.

In our conventional array head (Kim et al. 2001), the re-
fractive index of GaP is as high as 3.3 and the light (780 nm
wavelength) beam waist size inside the semiconductor probe
is almost 500 nm in diameter. Evanescent light from the
100 nm aperture on the top tip of the GaP probe is reduced to
10 µW, even though the throughput efficiency is as high as
1% in our experimental case. The light power required to be
able to write bits on the surface of the optical disk is 100 µW
for a 100 nm aperture, and 12 µW for a 30 nm aperture. This
means that at least a 10 times evanescent light power incre-
ment for the case of an 30 nm aperture with the aid of the SPP
is required.

The most important technology in this new head structure
is that the head has the grating shape on the surface structure
where the arrayed apertures are prepared by engraving the
gold film surface to excite the SPP wave inside the undoped
GaP substrate. The non-doped semiconductor crystal surface
covered with thin gold film, which exhibits a negative ε at
the frequency of the incident 780 nm light, shows effective
SPP excitation by an incident light wave if the wave vector
component parallel to the undoped semiconductor and metal
interface matches with the propagation vector of the SPP.

Conclusion

An about 500 times resonant power enhancement of the
evanescent light is observed when the grating periodicity
(minimum pitch is 118 nm) is equal to the half wavelength
of the incident wavelength (780 nm) inside the GaP crys-
tal. One of the calculated data of the evanescent light wave
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FIG. 5 Evanescent light power versus various aperture sizes with
the parameter of the grating pitches.
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FIG. 7 Even in nonresonant periodicity, there is a large difference between periodic grating gold surface and nonperiodic corrugation. In
both cases the gold film thickness was only 30 nm, and we can observe a leaky light field over the surface. Electric field E2 distribution (the
evanescent light wave power) near the aperture when the pitch is 118 nm has been recorded.

increment is shown. In the resonant case with the corru-
gated thin gold metal surface, there is larger evanescent
wave enhancement compared with the case when there is
no corrugation metal surface. It is a very interesting result
that enormous power enhancement can be observed with
every half wavelength in the undoped GaP crystal. After es-
tablishment of fine engraved metal periodic corrugation
with nanofabrication and assembling, the new flat type head
will be developed in the near future, using the corrugated
gold metal film on the top of the super-parallel near-field
optical head as shown in Figure 2.
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Summary: A set-up was proposed to propagate submicrom-
eter light beams without resorting to the conventional approach
of using a lens. The main target was to develop a method of ei-
ther bypassing or circumventing the diffraction limit to develop
a new optical head for a laser writer system with submicro-
meter resolution. Starting from using surface plasma theory to
explain the mechanism of extraordinary transmission pheno-
menon, we move to discuss the fabrication processes for free-
standing metal films and the corresponding transmission light
beam images in the far field. A finite difference time domain
(FDTD) method was adopted to simulate the electromagnetic
field distribution of transmission light beams from the near
field to the far field. The experimental results confirm that sur-
face structures on the incident side of incoming light beams
can excite surface plasma and enhance the throughput energy
of transmission light beams. In addition, we also established
that surface structures on the exit side can suppress the dif-
fraction effect and make transmission light beams directional.
The experimental and simulation results were found to agree
well with each other, which validates the effectiveness of the
FDTD simulation approach. As a free-standing film was too
fragile to be of practical use, a proposition to develop a sub-
strate-based nanostructured film to ease the construction of an
optical head for a laser writer was developed.

Key words: lithography, nanostructures, surface plasma,
extraordinary transmission, finite difference time domain,
nanowriter

PACS: 85.40.Hp

Introduction

Conventional optical lithography has always used a lens
to project the image, which inevitably faces a diffraction
limit when trying to shrink the spot size further. Under this
limit, a shorter wavelength or higher numerical aperture lens
was used as we attempted to obtain smaller spot sizes. With
the adoption of a higher numerical aperture lens, the accom-
panying shorter focal depth placed an even more stringent
requirement on the vibration requirements. Currently, near-
field lithography is one of the most promising approaches

developed over the years to overcome this diffraction limit.
Nevertheless, control tasks associated with holding the sep-
aration between the fiber and the sample surface at a few
nanometers in near-field lithography hinders efforts to ex-
pand the application areas of this technique further.

The extraordinary optical transmissions of subwavelen-
gth hole arrays have stimulated much interest recently
(Altewischer et al. 2002, Darmanyan and Zayats 2003,
Ebbesen et al. 1998 Ghaemi et al. 1998, Thio et al. 1999).
Some recent experiments further demonstrate that a metal
film with a single hole and periodical surface structures pos-
sesses similar transmission behaviors (Grupp et al. 1999;
Thio et al. 2000, 2001, 2002). By depositing some surface
structures on the exit surface, light beams will propagate
directionally instead of radiating in all directions (Hibbins
et al. 2002, Lezec et al. 2002, Martin-Moreno et al. 2003).
Even though the exact physical mechanism for the above-
mentioned optical transmissions is still under debate, this
paper attempts to investigate the phenomena useful for devel-
oping a new optical head and then adopting this understand-
ing to arrive at a new laser writer design. The main concern
of such an implementation lies in the fact that fabricating a
free-standing film is a very difficult task since free-standing
films are typically fragile. It is known that the purpose of a
free-standing film is to create some surface structure on the
incident side so as to enhance the transmission energy. Since
the main goal of this paper was to investigate the possibility
of using nanostructured film as the optical head of a laser
writer that can project subwavelength light spots up to a few
micrometers away, attempts to develop a substrate-based
nanostructured film to ease the construction of an optical
head for a laser writer became the main pursuit of this paper.

Materials and Methods

Both the fabrication processes and the experimental set-
up are detailed herein.

Fabrication of Samples

To distinguish the contributions of the surface structures
on incident and exit planes of a metal film, a free-standing

Simulation and Fabrication of Subwavelength Structures for a Nanometer
Feature Enabling Lens-Less Laser Writers

D. Z. LIN, L. B. YU, C. K. LEE, C. S. YEH, C. L. LIN

National Taiwan University, Institute of Applied Mechanics, Taipei, Taiwan
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5 µ m

FIG. 2 Pattern of surface structures on gold film (focused ion
beam image), in which the period is 610 nm and the width of the
slit and the indentations are about half of the period.

CCD Camera Halogen
Lamp

FIG. 3 Photograph of the experimental set-up.

metal film was first fabricated to verify the validity of our
simulation results. The fabrication process is described in
detail below. First, the 1 µm low-stress silicon nitride films
were deposited on both sides of a <100> silicon (Si) wafer.
Then, optical lithography was used to pattern a target cross-
mark on the front side of the wafer. A reactive ion etching
(RIE) (SAMCO RIE-10N system, [SAMCO, Kyoto, Japan])
process was adopted to remove the exposed silicon nitride.
The standard recipe of etching silicon nitride, which uses
CF4:O2 = 30 ccm:3 ccm at a pressure of 7 Pa and a power
of 53 W, was implemented to achieve an etch rate of appro-
ximately 60 nm/min. The remaining photoresist was removed
before the wafer was turned over to do another round of op-
tical lithography. A square window that was to be used as the
final membrane area was patterned on the backside of the
wafer. Immersion of the wafer in 30 wt% KOH solution at
80° C for 8 h yielded a pyramid-like frame surface and left
the silicon nitride membrane on the front surface of the Si wafer
intact with use of an anisotropic etching process on the Si
<111>surface. Finally, a 350 nm gold film was deposited on
the front side by using a thermal evaporator (DMC-500).
The RIE process was used again to remove the silicon ni-
tride that supported the gold film. The freestanding gold film
obtained is shown in Figure 1. The surface structures needed
were patterned on either a single side or on both sides of the
gold film by using a focused ion beam (FIB) system (FEI Vetra
986 + FC system) (FEI Company, Hillsboro, Ore., USA).
The surface structures developed are shown in Figure 2.

Experimental Set-Up

The experimental set-up was developed by using an inver-
ted microscope (Olympus GX71) (Olympus Corporation,
Tokyo, Japan) equipped with a transmission halogen light
source (Fig. 3). A reflection mode light source was used to
set the sample at the focal plane of a 100 × object lens. Once
the sample was set, the reflection mode light source was
turned off and the halogen lamp was used as the transmis-
sion light source instead. The transmitted light beam images
were taken by using a CCD camera under the same imaging
condition, which included field of view, shutter time, aper-
ture size, and so forth, so as to compare the energy. Photos

of the transmitted light images were taken every three mi-
crometers above the sample surface. The optical images of
the two different samples are shown in Figures 4 and 5.

Results and Discussion

Comparing Figures 4 and 5, it is clear that the surface struc-
tures on the exit surface direct the light beams in specific di-

Metal film

(a) (b)

FIG. 1 Front side (a) and backside (b) of freestanding gold film.
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FIG. 4 (a) Optical image of a sample with a single slit and its cor-
responding images at (b) 0 µm, (c) 3 µm, and (d) 6 µm above the
sample surface, respectively. The slit length is 10 µm.

a

c d

b

FIG. 5 (a) Optical image of a sample with surface structures on
the exit surface and the corresponding images at (b) 0 µm, (c) 3µm,
and (d) 6 µm above the sample surface, respectively. The slit length
is about 10 µm.

FIG. 6 Optical transmission images of single slit (a) and single
slit with surface structures on incident side (b).

rections. The beaming angle of the red light (633 nm) is po-
sitioned at 30.5 degrees as estimated by using the data ob-
tained at a few micrometers from the exit surface (Fig. 5).
Comparing transmission images in Figure 6, which were ob-
tained from a single slit and a single slit with periodic surface
structures on the incident side, the transmitted light energy
was found to be stronger when periodic surface structures
were placed on the incident side.

The underlying mechanism of extraordinary light trans-
mission proposed before (Martín-Moreno et al. 2001) was
verified in Figure 7.Traditionally, light transmission through
a subwavelength slit has been found to cause significant dif-

fraction effect; that is, light beams can hardly squeeze through
the slit, which results in a very weak transmission. With the
aid of surface structures, the light beam excites surface plasma
to transfer light beam energy onto the metal surface. The sur-
face plasma will then form a transverse magnetic-guided
mode in the slit, which transfers the energy to the exit side.
Finally, the energy will be re-emitted by scattering if the exit
surface has no surface structures. The energy will thus be
stronger when compared with the case of a single slit, where
the periodic surface structure is on the incident side rather
than on that of the single slit.

To extend and provide detailed explanations of the exp-
erimental results, commercially available electromagnetic
analysis software OptiFDTD (OptiFDTD, Ottawa, Canada)
based on the FDTD method was used to undertake the sim-
ulation. Starting with geometric parameters identical to the
nominal fabrication parameters of the experimental sample,
such as a 305 nm slit width of 100 nm depth and 610 nm
grating periods, the beamed angle was estimated to be at
32.66 degrees in the region several microns above the sam-
ple surface (Fig. 8). This result agreed well with the 30.5
degree experimental result, and the discrepancy between the
theoretical and experiment results can be assumed to arise
from the slightly geometric differences in fabrication. Even
though this forked beam is not suitable for writing, this
agreement provides us with evidence that using OptiFDTD
as a design tool is possible. To arrive at the design param-
eters for the beamed situation to be adopted for laser writ-
ers, various critical parameters, such as surface structure
pitch and structure depth, were simulated. It was established
that at a 375 nm pitch of 30 nm depth, the forked beam will
combine to form a center-concentrated beam with full width
at half maximum approaching a half wavelength and which
possesses a very small divergence angle within the region
several micrometers above the surface (Fig. 9a). Two more
cases were simulated for further comparisons. The first one
was of a single slit only (Fig. 9b) and the second one was of
a single slit with surface structures existing on both sides of
the gold film (Fig. 9c). Comparing Figure 9a and b, it was
established that surface structures on the exit side will com-
press the diffraction effect and force the beamed light to a
specific angle. Comparing the simulation results shown in
Figure 9b and c, the same field distributions were found. The
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Incident light
Incident side

Exit side

Exit light

Step 1

Step 3

Step 2

Step 4

FIG. 7 Proposed physical mechanism of an extraordinary transmission. Step 1 to Step 2 shows the incident light beam exciting the surface
plasma via the periodic surface structures. Step 2 to Step 3 shows the surface plasma coupling occurring on both sides via a transverse mag-
netic-guided mode in the slit. Finally, the surface plasma will radiate energy by scattering and therefore cause extraordinary transmission.
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FIG. 8 Finite difference time domain simulation result with the
same parameters as that of the experimental sample. A Poynting
vector in the z direction from an exit surface.

only difference is that, in the case of surface structures, an
improved transmitted energy of 2.25 times was found.

The above-mentioned simulation and experimental re-
sults basically state that surface structures on different sides
of the metal film play different roles. This understanding is
important in designing a practical laser writer head, as fab-
ricating a free-standing metal film is more complex than fab-
ricating a metal film on a substrate. Since the transmission
enhancement by the incident side surface structure is only
about 200%, a substrate-based optical head is more practi-

cal if energy improvement such as focusing on the incident
side was adopted.

Conclusions

A series of simulation and experimental results were
developed to identify clearly the contributions of surface
structures on different sides of gold film. As FDTD simu-
lations were found to agree well with experimental data,
it has been identified to be a proper design tool to reduce
the costs associated with trial-and-error experimental pro-
cesses. By proposing a light energy coupling mechanism
based on simulations and experimental work, we have shown
that a practical laser writer head can be easily fabricated
by creating a metal surface structure on a substrate. With
the benefits of integrating the ease of manufacturing and
the directional beamed effect, this newly developed inven-
tion stands to have a much higher potential for achieving
wider application areas such as photolithography, optical
storage, optical communication, and optical microscopy, to
name a few.
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Summary: Intense second harmonic generation (SHG) was
observed from microcrystals of biotin and biotin ester trap-
ped by optical tweezers, formed with a focused near-infrared
pulsed laser beam. The intensity of SHG depends strongly
on the states of the microcrystals and the excitation wave-
length. Microscopic scanning images of biotin and biotin
ester were obtained in high contrast with SHG. Simultaneous
trapping and excitation of SHG and two-photon autofluores-
cence of biotin and biotin ester microcrystals allow us to in-
vestigate their structure and optical properties. These optically
trapped particles (of submicron size) are useful as nonin-
trusive microscopic probes for high-resolution studies.

Key words: second harmonic generation, two-photon flu-
orescence, biotin, biotin ester, optical trapping

PACS: 42.65.Ky, 42.70.Mp, 42.62.Be, 87.80.CC

Introduction

The use of nonlinear optical signals in laser scanning mi-
croscopy has become a subject of tremendous interest. Many
methods and advancements in optical microscopy were devel-
oped based on nonlinear optical signals (Török and Kao
2003). There are basically two types of nonlinear optical sig-
nals; one is incoherent, such as multiphoton fluorescence
(Denk et al. 1990, Török and Kao 2003), and the other is co-
herent, such as second or third harmonic generation (Chu etal.
2001, Török and Kao 2003). In the former case, fluorescence

photons are emitted from molecules excited to a higher en-
ergy level by simultaneous absorption of two or more pho-
tons. The resultant emission spectrum is usually similar to
what is observed in single-photon excitation, in which the
emission is mostly determined by the molecule’s inherent
properties and is largely independent of the energy of the ex-
citation photon (Lakowich 1999). In the case of two-photon
(2-p) fluorescence excitation, the intensity varies linearly with
the concentration of the fluorophores and is quadratic with
the peak incident power (Denk et al. 1990).

In harmonic generation, the irradiated molecule does not ex-
perience a real transition. Second harmonic generation (SHG) is
a second-order nonlinear optical process that arises from the
medium’s inherent asymmetric response to an applied elec-
tric field, for example, within a nonlinear (noncentrosymme-
tric) crystal or at an interface that possesses broken symmetry.
A coherent wave is generated at exactly twice the incident
frequency when an intense laser irradiation induces a non-
linear second order polarization in the media. A second har-
monic (SH) photon is emitted from the so-called “virtual
state” and correlates strongly in phase with the incident beam
(Gannaway and Sheppard 1978). In 2-p fluorescence exci-
tation, the sample to be observed either requires staining or
has to possess autofluorescence and, hence, often suffers from
problems such as photo-bleaching or photo-toxicity. These
problems are either eliminated or much less severe in har-
monic generation. In comparison with ultraviolet (UV) and
visible light sources, it is well known that the main advan-
tages of using 2-p near infrared (NIR) excitation in spectro-
scopy and microscopy include less photo damage due to
reduced absorption and deeper penetration due to greatly
reduced Rayleigh’s scattering as well as reduced absorption.
With nonlinear excitations, the high-order dependence on
intensity results in a natural optical sectioning effect and a
significant reduction in out-of-focal-plane photo-bleaching
and photo-toxicity (Denk et al. 1990, Mohler et al. 2003). In
addition, it is straightforward to discriminate the resultant
nonlinear optical signals against the excitation beam.

In this study, we have combined nonlinear optical excita-
tion and optical trapping to investigate microcrystals of bio-
tin ester and biotin. Similar investigations of other materials
have been reported earlier. For example, SHG from optically
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trapped KTiOPO4 crystals (of submicron size) was previ-
ously observed by Sato and Inaba (1994) with a cw Nd:YAG
and Ti:A1203 lasers. Simultaneous three-dimensional (3-D)
optical trapping and frequency doubling of LiNbO3 and KTP
particles with an NIR pulsed laser have also been reported
(Malmquist and Hertz 1995).

In this paper, we report intense SHG as well as 2-p-fluores-
cence of optically trapped microcrystals of biotin and biotin
ester (biotinamidocarpoate n-hydroxysuccinamide ester) in
optical tweezers with an NIR femtosecond pulsed laser. Mi-
croscopic scanning images of biotin ester were obtained with
very high contrast in SHG. To our knowledge, this is the first
observation of such high-contrast SH images of microcrystals
of biotin and its derivatives in NIR optical tweezers.

Our experimental investigation involved microspectro-
scopy, laser scanning microscopy (including 2p-fluorescence
and SHG imaging), and optical trapping. We used a single-
beam gradient-force optical trapping configuration (Ashkin
1997, Greulich 1999) to trap and manipulate biotin and biotin
ester microcrystals in the vicinity of the focal spot. A fem-
tosecond NIR laser beam simultaneously served as the 3-D
optical trapping beam and the fundamental beam for multi-
photon excitation to generate the 2-p fluorescence and the SH
signals from microcrystals of biotin and biotin ester.

Biotin (or Vitamin H) and its derivatives are commonly
used in a variety of biochemical applications. Biotin is poorly
soluble in water and biotin ester is water insoluble. The
combination of trapping and excitation of SHG and 2-p-
autofluorescence of biotin ester microcrystals allows us to

investigate their structure and their optical properties. In ad-
dition, particles of submicron size are useful as nonintrusive
microscopic probes for high-resolution studies (Malmquist
and Hertz 1995). Recently a variety of high-resolution mi-
croscopic methods based on nonlinear optics for observing
biological objects was developed, and the use of biological
substances/structures as microprobes could potentially ex-
pand the domain of the samples where these techniques are
applicable.

Materials and Methods

Microcrystals of biotin and biotin ester (biotinamidocar-
poate n-hydroxysuccinamide ester) of size ranging from
<1 µm to tens of µm (SIGMA, St. Louis, Mo., USA) were
suspended in doubly distilled water between two microscope
coverglass slides and placed on a conventional sample stage
in a microscope. A Ti:sapphire laser (Mira-900 Coherent)
(Coherent Inc., Santa Clara, Calif., USA) with a pulse width
of 150 fs and a repetition rate of 76 MHz, pumped by a solid-
state laser (Verdi, Coherent), served as the light source for si-
multaneous trapping and nonlinear optical excitation. The
laser wavelength was tuned over the near infrared (IR) range
from 740 to 920 nm.

Optical trapping was realized in a single-beam gradient-force
configuration (Fig.1). A microscope objective (100×, NA= 0.80,
Olympus, Tokyo, Japan) was used to focus the incident laser
beam on the sample. Another coaxial objective (40×, NA=0.40,
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FIG. 1 Schematic of the versatile and integrated experimental setup for optical trapping, microspectroscopy, and microscopic imaging.
This microscopic platform allows rapid conversion from one configuration to another as indicated by the two-head arrows. IR = infrared,
3-D = three-dimensional, PMT = photomultiplier tube.
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Olympus) was placed on the other side of the sample for obser-
vation of trapping and for spectroscopic analysis via a fiber-
coupled spectrometer (USB-2000, Ocean Optics, Dunedin, FI.,
USA). The trapping can be observed and recorded in both reflec-
tive and transmissive modes. A CCD camera (GP-KS-162),
(Panasonic, Tokyo, Japan) was used to obtain the transmitted
image.

A modified laser confocal microscope (FV 300), (Olympus),
with spatial resolution up to 0.5 µm, in conjunction with a pho-
tomultiplier tube was used for microscopic imaging (Kao etal.
2000). Two-photon fluorescence microscopic images of the
microparticles can be obtained in both reflection and trans-
mission modes, and the corresponding SHG images can be ob-
tained in the transmission direction. The incident laser beam
intensity was varied in the range of 0.3 × 108 W/cm2 to 3 ×
108 W/cm2. A set of IR cut-off and band-pass filters (BG-12,
BG-18, BG-38) (Edmund Optics, Barrington, N.J., USA) was
used for spectral filtering.

Experimental Results and Discussion

Biotin and biotin ester microcrystals with sizes in the range
of 1 to 5 microns could be easily and stably trapped. Intense
SHG (in the range of 377.5 to 460 nm) was observed from
these microcrystals of various sizes throughout the whole
laser tuning range. In addition, 2-p fluorescence of much
weaker intensity was also observed in the spectral range from
500 to 520 nm. A typical spectrum is depicted in Figure 2a.
The SH signal as a function of excitation wavelength (under
constant power density of 0.4 × 108 W/cm2) is shown in
Figure 2b. The peak around 820 nm indicates a resonance,

which may be attributed to either energy resonance quantum
states or better phase-matching conditions.

The intensity of SH from these organic microcrystals may,
however, decrease with time. As shown in Figure 3a, the SH
signal from trapped biotin ester microcrystals decayed rap-
idly as a function of time for microcrystals with sizes ap-
proximately 2 to 5 µm. In contrast, the SH signal from biotin
ester microcrystals of about 1 µm remained stable during the
period of observation (approximately 10 min), whereas SH
signal from biotin microcrystals also decreased regardless of
their sizes, as shown in Figure 3b.

The decrement in the SH signal from biotin ester micro-
crystals was also accompanied by a reduction in their visual
size. In contrast, the decrement of SH in biotin microcrystals
was found to be independent of the size reduction. In some
cases, the trapped microcrystals apparently also exhibited
random rotation, a phenomenon attributed to the microcrys-
tals’asymmetrical structure (Neiminen et al. 2001). The ob-
served reduction in the size is attributed to laser beam-induced
dissolution of microcrystals. This size reduction (and the
associated SH signal reduction) took place only under laser
irradiation, indicating that dissolving or phase transition as-
sociated with laser-induced hydration of the microcrystals
might be caused by either laser beam heating or some photo-
assisted processes. The exact mechanisms of the reduction in
SH signal and/or microcrystals’size, especially in connection
with the critical role of crystals’size, are not yet clear and are
beyond the scope of this study.

Second harmonic generation from submicron-sized
KTiOPO4 crystals trapped in a single-beam optical trap using
Nd:YAG and Ti:Al3O3 lasers was reported by Sato and Inaba
(1994). The authors also found that the SH signal depended
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FIG. 2 (a) A typical spectrum from a trapped biotin ester microcrystal with size <1 µm, that exhibits intense second harmonic (SH) and
2-photon (2-p) autofluorescence. As shown in the inset, the 2-p autofluorescence is much weaker than the SH signal. (b) The SH signal from
biotin ester as a function of excitation wavelength (for a power density of about 0.4 × 108 W/cm2). SHG = second harmonic genaration.
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(a)

(b)

FIG. 4 Microscopic scanning second harmonic generation im-
ages of (a) biotin and (b) biotin ester microcrystals. Horizontal
width = 20 µm.

strongly on the shape, size, and optical properties (refractive
index and nonlinear susceptibility) of the crystals as well as
on the laser beam parameters (wavelength, focal spot size,
and laser power). Simultaneous optical trapping and frequ-
ency doubling in LiNbO3 and KTP nanoparticles with pulsed
Nd:YAG and mode-locked Ti:sapphire lasers was also repor-
ted (Malmquist and Hertz 1994, 1995). The decrement of the
SH signal in these particles at Ti:sapphire laser wavelengths
(which was referred to as “optical degradation” of the crys-
tals by the authors) was observed without any associated
changes in other physical properties of the crystals. The mech-
anism of that degradation was not explained. The degradation
of harmonic signals in these nano- and micro-crystals is un-
desirable for their applications as light emitting microprobes
(microsources) in nonintrusive scanning near-field optical
microscopy using Ti:sapphire laser. Further investigations to
search for more stable and more intense SHG from water-
insoluble bioorganic microcrystals for such applications have
been recommended (Chemla and Zyss 1987).

During the trapping and the accompanied photo-induced
process, the intensity of 2-p-fluorescence did not change. In
general, the 2-p-fluorescence signal intensity is much
weaker than the SH signal intensity. Besides, many biolog-
ical substances/structures exhibit autofluorescence in the
neighboring spectral range of 490–540 nm (Denk et al.
1990, Koenig 2000). It is therefore more difficult to employ
2-p fluorescence from these microcrystals for microprob-
ing. The SH laser scanning images of biotin and biotin ester
are shown in Figure 4. In Figure 5, the corresponding re-
flective and SH laser scanning microscopic images of biotin
ester microcrystals are shown. The SH image exhibits higher
quality and more details.

Conclusion

Intense SH was observed from optically trapped micro-
crystals of biotin and biotin ester. The SH signal intensity

depended strongly on the states of the microcrystals as well
as on the excitation wavelength. The SH signal was fairly
stable in optically trapped microcrystals of biotin ester of
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FIG. 3 Second harmonic signals as a function of time (for power density ~0.4 × 108 W/cm2): (�, �): from crystals of biotin-ester with
size ≈ 3 – 3.5 µm; (�): with size ≈ 1 µm (λ = 780 nm); (�, �, �, x): from four crystals of biotin of different size (λ = 790 nm).
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(a)

(b)

FIG. 5 Microscopic images of biotin-ester microcrystals: (a) a reflec-
tive image, (b) the corresponding second harmonic generation image
with the excitation wavelength λ = 780 nm. Horizontal width = 15 µm.
Note the clarity in morphologic details exhibited by the second harmonic
image versus the relatively blurred feature in the reflective image.

decayed rapidly, which is attributed to stimulated dissolving
and/or phase transition by either laser-beam heating or laser-
induced processes. The techniques developed in this study
may open new perspectives in further developments and ap-
plications of biophotonics.
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Summary: Two-dimensional nanoparticle self-assemblies
provide a means of tuning the optical properties by manipu-
lation of the fabrication parameters, thereby controlling the
light–matter interaction. We report fabrication of self-assem-
bled monolayers of colloidal gold nanoparticles on organosi-
lane-coated substrates and a study of the linear and nonlinear
optical properties. With increase in particle coverage of the
gold monolayer self assemblies, an additional band in the ab-
sorption spectrum due to the collective particle surface plas-
mon resonance could be seen. The intensity and λmax of this
feature depends on the interparticle spacing and particle ag-
gregation. Z-scan measurements show a saturable absorption
behavior and a negative nonlinear refractive index of the mono-
layer films. A strong correlation between particle density and
the linear and nonlinear optical properties is established.

Key words:Au nanoparticles, self-assembled monolayers,
optical properties, surface plasmon resonance, z-scan

Introduction

One of the most interesting optical effects in metallic nano-
particles is the collective excitation of conduction electrons
called the surface plasma oscillation (Bohren and Huffman
1983; Kreibig and Vollmer 1995). For nanoparticles of noble

metals such as silver and gold, the surface plasmon resonance
leads to a strong absorption band in the visible region of the
electromagnetic spectrum. For a single particle, the resonance
phenomenon depends on the dielectric properties of the metal
and the surrounding medium and on the size and shape of the
particle (Kreibig and Vollmer 1995). For an ensemble of par-
ticles, the individual plasmon resonance is additionally in-
fluenced by the electromagnetic coupling between particles.
Coupling between particles can be of short range (near-field
coupling) (Quinten et al. 1998) or long range (dipolar far-
field coupling) (Meier et al. 1985). Plasmon resonances lead
to extremely strong local fields in the vicinity of the nanopar-
ticle (Messinger et al. 1981), which accounts for many inter-
esting optical phenomena both in the near field and the far
field. Evidence of this local field enhancement effect can be
seen in surface-enhanced Raman scattering (SERS) experi-
ments (Kerker et al. 1980), where a giant increase in the Raman
scattering cross section can be seen for molecules adsorbed
onto suitably roughened surfaces. The enhancement of the
local electric field also accounts for the amplification of their
nonlinear optical properties compared with that of the bulk
metal (Ricard et al. 1985).

For most practical applications, it is required to have a two-
dimensional array of particles. Over the years, much effort
has been expended by various groups toward this end (Colvin
et al. 1992, Grabar et al. 1995, Leon et al. 1995). The abil-
ity to tune the optical properties by controlling such param-
eters as size, shape and interparticle spacing in nanoparticle
self assemblies make them very interesting for device appli-
cation. Organized assemblies of nanoscale colloidal metal
particles have potential application in high-density optical
data storage, optical switches, SERS, surface plasmon res-
onance (SPR) bioassays, etc. Two-dimensional linear arrays
of closely spaced noble-metal nanoparticles also have prom-
ise for subwavelength-sized light guiding. It has been shown
both theoretically (Quinten et al. 1998) and experimentally
(Maier et al. 2002a, 2002b) that chains of closely spaced noble-
metal nanoparticles can be used to guide electromagnetic en-
ergy via coupled plasmon modes.

We report fabrication of self-assembled monolayers of
colloidal gold nanoparticles on organosilane-coated sub-
strates and a study of the linear and nonlinear optical proper-
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ties. The morphology of the surface and interparticle spac-
ing were monitored using scanning electron microscopy
(SEM) and ultraviolet (UV)-vis spectroscopy. With increase
in particle coverage of the gold monolayer self assemblies,
an additional band in the absorption spectrum could be seen.
The intensity and λmax of this feature depends on interparti-
cle spacing and particle aggregation. Z-scan measurements
show saturable absorption behavior and a negative nonlinear
refractive index of the monolayer films. The large nonlinear
optical response has application in bistable optical devices,
optical switching, etc.

Experiment

Colloidal gold nanoparticles were synthesized by the cit-
rate reduction technique (Handley 1989). An aqueous solu-
tion of HAuCl4 is heated to 100° C while stirring vigorously.
Five ml of 1% sodium citrate is then added, which results in
a color change of the originally yellow solution to red. Heat-
ing is continued for 15 min, after which it is cooled to room
temperature while stirring continuously. A red colloidal so-
lution of gold nanoparticles is obtained. Colloidal Au parti-
cles synthesized using [AuCl4]

- are negatively charged due
to strongly adsorbed Cl- or a coating of [AuCl2]

- due to in-
complete reduction of [AuCl4]

- (Handley 1989).
For making self-assembled monolayers of gold nanopar-

ticles, substrates with hydroxyl or oxide groups are taken.
These functional groups are already present in glass sub-
strates. For silicon substrates, a thin layer of SiO2, approxi-
mately 300 Å in thickness, was deposited on the silicon wafer.
Cleaned and dried substrates are first reacted with amino-
propyltrimethoxysilane (APTMS), which polymerizes on
the substrate surface, yielding a large number of terminal
amine groups oriented away from the substrate. Au particles
bind to these NH2 groups, and consequently self-assemble
into monolayer films.

Substrates were dipped in an aqueous solution of APTMS
for 30 min, after which they were rinsed in deionized water
and dried in an oven. The polymer-derivatized substrates
were then immersed into a solution of colloidal Au particles.
Au particles bind to the NH2 groups, and consequently self-
assemble into monolayer films. A series of films with differ-
ent gold deposition times from 10 min to 8 h were prepared.
On taking out of the gold colloidal solution, the films were
rinsed with deionized water to remove excess unattached
gold particles. Film growth has been monitored using SEM
and UV-vis spectroscopy. Various films for which the gold
deposition time was varied from 10 min to 8 h were studied.

Particle sizes were determined using transmission elec-
tron microscopic (TEM) measurements on a JEOL 2000 FX
machine operated at 200 kV. Samples for TEM were pre-
pared by putting a few drops of the gold colloid on a carbon-
coated copper grid and allowing it to dry. Optical absorption
spectra were recorded on a Hitachi U-3310 spectropho-
tometer equipped with a dual light source, a deuterium lamp
for the UV, and a tungsten lamp for the visible region. A field-

emission SEM (Hitachi S-4000) operated at 35 kV was used
to image the topography of the gold monolayers. For SEM,
self assemblies of gold nanoparticles made on SiO2 coated
silicon substrates were used.

Nonlinear optical measurements were carried out using the
z-scan technique. Open and closed aperture z-scans were per-
formed at various peak intensities to characterize the non-
linear absorption and refraction of the gold films. The light
source was a Q-switched Nd:YAG semiconductor pulsed laser
(wavelength 532 nm), with a pulse width of 0.7 ns, and a rep-
etition rate of 15.79 kHz. To study the optical properties in
microscopic regions, a high numerical aperture (NA = 0.55)
objective was used to focus the laser beam. A motorized stage
was used to move the sample at the focal region. An attenuator
was used to control the incident laser power. The transmittance
and reflectance were simultaneously acquired.

In the z-scan experiment, the translation of the sample
leads to change of the incident intensity falling on the sam-
ple, which results in an intensity-dependent change in the
refractive index of the material. By placing an aperture in
front of the detector, a closed aperture z-scan is obtained
which gives the refractive nonlinearities in the sample. The
sign as well as the magnitude of the refractive index can be
determined by measuring the transmission through the aper-
ture. A prefocal transmittance maximum (peak) followed by
a postfocal transmittance minimum (valley) in the z-scan ex-
periment is a signature of negative refractive nonlinearity,
while a positive nonlinear refraction gives rise to an oppo-
site valley-peak configuration (Sheik-Bahae et al. 1990).

Results and Discussion

A series of samples were prepared with a different concen-
tration of HAuCl4 in water (from 0.025 to 0.5 mM) while
keeping the amount of the reducing agent constant. It was
found that with decrease in the concentration of HAuCl4,
there was an increase in the size of the Au nanocrystals. Fig-
ure 1 shows the TEM micrographs of colloidal Au samples
synthesized with a 0.5 and 0.1 mM concentration of HAuCl4
in water and the respective size distribution histograms.
Average size of the nanoparticles estimated by TEM was
about 10 nm with a standard deviation of about 3 nm (Fig. 1a),
for the Au nanocrystals synthesized with a 0.5 mM concen-
tration of HAuCl4 in water. Up to a 0.2 mM concentration of
HAuCl4, the average particle diameters showed an increase
by just a few nms. For instance, for samples prepared with a
0.4 and 0.3 mM concentration of HAuCl4, the average parti-
cle diameters were about 11 ± 3 and 12 ± 3 nm, respectively.
For samples prepared with a 0.1 mM concentration of
HAuCl4 (Fig. 1b) and below, the average particle diameters
were much higher. The distribution of sizes was also much
higher as can be seen from the size distribution histogram
(Fig. 1d). Average particle diameters were about 20 ± 10 and
25 ± 10 nm, respectively, for samples prepared with a 0.1 and
0.05 mM concentration of HAuCl4. The colloidal gold parti-
cles were found to be spherical in shape.
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FIG. 1 Transmission electron micrographs of gold nanocrystals synthesized using (a) 0.5 mM concentration of HAuCl4 in water show-
ing an average particle diameter of about 10 ± 3 nm; (b) 0.1 mM concentration of HAuCl4 in water, showing an average particle diameter
of about 20 ± 10 nm; (c) and (d) show the size distribution histograms for (a) and (b), respectively.

We have carried out detailed SEM analysis for gold mono-
layer assemblies fabricated with gold samples prepared using
a 0.5 and 0.1 mM concentration of HAuCl4. For the sake of
convenience we will henceforth denote the two types of gold
monolayers as type-I (monolayers fabricated with gold sam-
ples prepared using a 0.5 mM concentration of HAuCl4) and
type-II (monolayers fabricated with gold samples prepared
using a 0.1 mM concentration of HAuCl4). Figure 2(a–f)
shows the SEM images of gold nanoparticle monolayers on
silicon for different gold deposition times for type-I and type-
II samples; (a–c) refer to type-I monolayers for 10 min, 20 min,
and 8 h gold deposition, respectively; and (d–f) refer to type-
II monolayers for 10 min, 20 min, and 8 h gold deposition,
respectively. For the type-I monolayers, the particle density
was found to be quite high after just 20 min of gold deposi-
tion time, whereas in the case of type-II monolayers the par-
ticle density was much less even after 8 h of gold deposition.
After 8 h of gold deposition time, the particle density per µm2

was about 1300 for type-I monolayer while it was roughly 140
for type-II monolayers. Thus, concentration of the gold col-
loid and dipping time in the colloid are crucial factors that
need to be optimized to obtain a certain coverage of particles
in the self-assembly.

The formation of self-assembly can be explained in the
following way: In the initial stages, colloidal gold binds to

random sites on the APTMS-coated substrates, and the par-
ticle coverage increases with the gold deposition time. After
a certain particle coverage, the repulsive interactions between
the gold colloid become effective, which prevents additional
particle immobilization and a saturated state is reached. As
stated earlier, colloidal gold particles are negatively charged
and thus repel each other. This repulsive force, which keeps
colloidal Au apart in solution, prevent a close packing of par-
ticles in a self-assembly. Thus, it is clear that the factors
which finally determine the particle density in these self-as-
semblies are concentration of the gold colloid, the dipping
time in the solution, and the choice of the organosilane func-
tional group.

Figure 3(a) shows the optical absorption spectra for col-
loidal gold samples synthesized using different concentra-
tions of HAuCl4. The optical absorption spectra of type-I
and type-II gold films for different gold deposition times are
shown in Figure 3(b) and 3(c), respectively. The absorption
spectra of the colloidal gold solution show the surface plas-
mon absorption band at around 518 nm for the 0.5, 0.4, and
0.3 mM HAuCl4 concentration samples. For the 0.2 mM
HAuCl4 concentration gold colloid, the surface plasmon ab-
sorption band was slightly red shifted to around 523 nm. A
further red shift in the surface plasmon absorption band to
526 nm could be seen with decrease in concentration of the
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HAuCl4 solution to 0.1 and 0.05 mM. Intensity of the ab-
sorption peak for the colloidal gold sample was much higher
than that of the films. Our findings are consistent with pre-
vious reports (Link and El-Sayed 1999) on colloidal Au and
Ag nanoparticles, which show a shift toward higher energy
accompanied by a broadening of the plasmon absorption
band with decrease in nanocrystal size.

In the absorption spectra of the films, with increase in par-
ticle coverage, another broad feature on the higher wavelength
side could be seen between 580 and 700 nm, along with the
surface plasmon absorption band at around 520 nm. This fea-
ture is believed to arise because of a collective particle sur-
face plasmon oscillation, due to small interparticle distances
or agglomeration of particles. Similar observations were made
by Freeman et al. (1995) for spherical gold nanoparticles im-
mobilized on silanized glass substrate. They attributed the
second absorption feature at higher wavelengths to be due to
a collective plasmon oscillation, resulting from a dipole-di-
pole coupling due to particle closeness. As the particle cover-
age increases, interparticle spacing becomes small compared

with the incident wavelength and the oscillating electrons in
one particle feel the electric field due to the oscillation of the
free electrons in the second particle, leading to a collective
particle surface plasmon oscillation. Scanning electron mi-
croscopy images of the samples show that the interparticle
spacing is quite small and such an effect may take place. As
the interparticle spacing becomes smaller or as agglomera-
tion increases, the collective plasmon band absorption also
increases due to increased electronic coupling. It is impor-
tant to note that collective plasmon modes can be observed
even when the particles are not in physical contact as long as
the interparticle spacing is small compared with the wave-
length of the incident light. Electromagnetic coupling of clus-
ters is reported to be effective for interparticle separation
smaller than 5 times the cluster radius, and the extinction
spectra shows splitting of the single cluster resonance (Quinten
et al. 1989). The second absorption feature observed in this
study is mainly due to the small interparticle distance in the
monolayers, since the degree of agglomeration of particles
is quite small as can be seen from the SEM images. With

FIG. 2 Scanning electron microscopic images of type-I and type-II monolayers for different gold deposition times. (a), (b), (c) refer to
type-I monolayers for 10 min, 20 min, and 8 h gold deposition time, respectively; (d), (e), (f) refer to type-II monolayers for 10 min, 20 min,
and 8 h gold deposition time, respectively.
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FIG. 3 Optical absorption spectra of (a) colloidal gold with dif-
ferent concentration of HAuCl4 in water, (b) type-I gold mono-
layers with different gold deposition time, (c) type-II monolayers
with different gold deposition time.

FIG. 4 Plot of transmittance versus input laser power for 8 h gold
deposition, type-I and type-II monolayers.

higher degrees of agglomeration of particles, the collective
plasmon absorption feature predominates over the single par-
ticle plasmon absorption which can be seen only as a shoul-
der in the absorption band. This will be discussed later in
another report.

Z-scan measurements show strong nonlinearity in the gold
films. Measurements were carried out for type-I and type-II
monolayers of gold nanopaticles on glass with 8 h gold dep-
osition. Transmittance of the samples were recorded at vari-
ous incident laser powers. A plot of transmittance versus input
laser power for the two types of monolayers is shown in Fig-
ure 4. For the type-I monolayer, below laser power 5 µW, a
linear transmission was seen. At 5 µW, the transmission
shows an increase, and for higher input powers the transmis-
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sion slowly increases. Above 50 µW, the rise in transmission
is slower and tends toward reaching a saturated state. It can
be seen that the change in transmittance for the type-II mono-
layer is much smaller than that of the type-I monolayer. This
is because the particle density of the type-II monolayer is
much less than that of type-I monolayer. Thus it indicates that
the nonlinearity may be dependent on the particle density of
the monolayers.

Figure 5 shows a typical result of open aperture (a) and
closed aperture (b) z-scan measurement of 8 h gold deposi-
tion, type-I gold monolayer assembly using an Nd:YAG
semiconductor pulsed laser with wavelength 532 nm and an
incident laser power of 30 µW. The solid line is the theoreti-
cal fit to the curve and the dots are the experimental points.
The open aperture curve comprises a transmittance peak,
showing the absorptive nonlinearities of the sample. The en-
ergy of the incident radiation (λ = 532 nm) is resonant with
the Au nanoparticle plasmon energy. Plasmon resonances are
known to be very sensitive to laser excitation and therefore
this leads to an enhancement of the transmission, resulting in
a saturable absorption state. The closed aperture curve shows
a peak-valley configuration, implying a negative nonlinear re-
fractive index for the gold monolayers. This is believed to
be the result of thermal heating of the sample by the laser.
Thevicinity of the laser-irradiated volume is heated up, which
leads to a reduction in the local refractive index. The sample
thus exhibits a self-defocusing effect. The glass substrate and
the APTMS film showed no nonlinear optical response.

The value of the nonlinear absorption coefficient β and non-
linear refractive index coefficient γ were measured using the
z-scan technique. The nonlinear absorption coefficient β can
be calculated from the normalized transmittance of the open
aperture scan from the following relation (Dinu et al. 2003)

(1)

Top(z) = 1 −
1

2√2
 

βI0L

1 + x2
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where x = z/zo, the confocal parameter z0 = kω2 where k is
the wave vector in free space and ω is the (1/e) intensity
beam waist. L is the thickness of the sample and I0 is the in-
tensity of the laser beam.

For small refractive and absorption changes, the trans-
mission through the aperture (S < 1) in a closed aperture z-
scan is given by the following relation,

(2)

where the time-averaged peak on-axis phase change 〈∆Φ0〉
is approximated as

(3)

Since the closed aperture curve contains contributions from
both the absorbtive nonlinearities and the refractive nonlinear-

〈∆�0〉 �   
1

√2
 (1 − S)0.25kLn2I0

Tcl (z) �1 +
4x 〈∆�0〉

(1 + x2)(9 + x2)
−

βI0L

2√2
 

(3 − x2)

(1 + x2)(9 + x2)

ities of the material, to measure the purely refractive nonlinear-
ities it is required to subtract the open aperture signal from the
closed aperture signal. Hence we have used Tcl(z)/Top(z) to fit
the experimental data to determine the value of γ.

For 8 h gold-deposited type-I Au monolayer, the β value
varied from −4.2 × 10-4 to −1.5 × 10-4 m/W for incident laser
powers between 10 and 70 µW, and the γ value varied from
1.8 × 10−9 to −1.5 × 10-9 m2/W for laser powers between 30
and 70 µW. Below laser power 30 µW, the sample showed
no refractive nonlinearities. For the type-II monolayer as-
sembly, the change in transmittance was much smaller and
the β value varied from −6 × 10−5 to −2 × 10−5 m/W for in-
cident laser powers between 30 to 70 µW. Below laser power
30 µW, the sample showed a linear transmission. The type-II
monolayer assembly showed no refractive nonlinearities.
Thus, there seems to be a clear indication that the degree of
nonlinearity depends on the particle density of the monolayer.

Smith et al. (1999) have reported β values between 1.9 ×
10−3 and 5.3 × 10−3 cm/W for a continuous thin gold film at
532 nm. It may be noted that the β values obtained in our
case are negative. In the case of Au nanoparticles in glass,
this change in sign of the nonlinearity has been reported
(Hache et al. 1988), to be due to a modification of the local
field factor at the surface plasmon resonance.

For the closed aperture curve, the fit to experimental data
using the above relations is not very good. There are several
reasons for this. First, in our z-scan system, we use a high
numerical aperture (NA = 0.55) objective to focus the laser
beam. Therefore, the spatial profile of the laser beam is not
exactly Gaussian, whereas the fitting parameters used are
for a Gaussian profile. Second, the noise in the laser source
would also influence the sensitivity of the z-scan. Third,
strong scattering from the sample may cancel some infor-
mation of nonlinear refraction. Moreover, z-scan being a
power-dependent study, higher order effects could also af-
fect the z-scan profile. The possibility of some other local
interaction also cannot be ruled out.

Thus, from the z-scan results, the nonlinear response of
the monolayers can be directly related to the particle den-
sity. This large nonlinear optical response at 532 nm is
known to arise due to the strong enhancement of the local
electric field, which is due to the surface plasmon resonance.
The nonlinear optical properties of these metallic nanopar-
ticle monolayer assemblies have great potential for appli-
cation in optical processing, optical computing, and optical
limiting devices.

Conclusion

Self-assemblies of nanoscale colloidal metal particles, pro-
vide a means of tuning optical properties simply by control-
ling interparticle distances. Electromagnetic coupling is
apparent in the changes in the absorption spectra of the gold
monolayer assemblies when the distance between particles
is reduced to the order of magnitude of the incident wave-
length, giving rise to an additional peak on the lower energy

FIG. 5 Normalized transmittance versus z in (a) open and (b)
closed aperture z-scan. The dots are experimental points and the
solid lines are fits to the experimental data.
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side, corresponding to a collective particle surface plasmon
oscillation. The intensity and λmax of this feature scales with
the interparticle spacing and the degree of particle aggrega-
tion. Z-scan measurements show a saturable absorption be-
havior and a negative nonlinear refractive index of the mono-
layer films. The large nonlinear optical response at 532 nm
in these Au monolayer assemblies is a consequence of the
strong enhancement of the local electric field, which is due
to the surface plasmon resonance. A strong correlation be-
tween particle density and the linear and nonlinear optical
properties is established. The diversity in linear and nonlin-
ear optical properties show the novel photonic properties of
monolayer gold nanoparticle assemblies, which hold great
promise for various optical device applications.
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Summary:The AgOx-type super-resolution near-field struc-
ture (super-RENS) is one of the nano thin films that can give
a nonlinear optical effect similar to that of the optical probe
of the scanning near-field optical microscope. Structural vari-
ations of different thicknesses of the AgOx thin film are ob-
served and studied using a field-emission scanning electron
microscope (FE-SEM). For single AgOx nano thin film, the
critical temperature and threshold of the evaporation tempera-
ture are 154° and 600°, respectively. Results show that the
sandwiched AgOx nano thin film has a higher critical tem-
perature, that is, about 280°. For the sandwiched AgOx nano
thin film, the transmittance peak is dependent on the thick-
ness of the AgOx thin film. The interesting properties of the
AgOx nano thin film of the super-resolution structure indicate
a great potential for photonic applications.

Key words: super-resolution near-field structure, metallic
nanoparticles, nanostructure

PACS: 07.79.Fe, 61.16.Bg, 61.46.+w, 73.23.-b,

Introduction

In the development of near-field optical recording, the
super-resolution near-field structures (super-RENS) have
successfully overcome the diffraction limit (Tominaga et al.
1998). Nano thin film, such as Sb, AgOx, WOx, or PtOx, has
been used for the near-field active layer. Silver oxide (AgOx)
is one of the nano thin films of super-RENS that created much
interest. The strong nonlinear optical properties and enhance-
ments (Liu et al. 2001) are the key functions of the silver

oxide (AgOx) thin film for the development of the near-field
optical disk and photonic transistor (Fukaya et al. 2001,
Tominaga et al. 2001). In this paper, we investigate the spec-
tra of the silver oxide (AgOx) nano thin films for different
thicknesses and temperatures. We intend to simulate the tem-
perature given by focusing the laser on the film to determine
the critical temperatures of various thicknesses of the AgOx
nano thin film. The spectra of sandwiched and stand-alone
thin film of AgOx are studied, and the absorption of localized
surface plasmon resonance is observed when the tempera-
ture is above the decomposition threshold.

Materials and Methods

AgOx nano thin films are prepared by using the reactive ra-
diofrequency (RF)-magnetron sputtering method. Pure Ag
(purity: 4N, diameter: 76 mm) is used as a target, and gas flows
of Ar and O2 are regulated precisely. The thickness of AgOx
nano thin film can be controlled by the sputtering rate (11.6Å/s)
and time. Thicknesses of AgOx nano thin film are designed to
be 15, 30, 45, and 60 nm. Sputtering power and pressure are
fixed at 200 W and 0.5 Pa. AgOx nano thin films are deposited
as a single layer on a coverglass (glass\ AgOx) or sandwiched
with dielectric material ZnS-SiO2 thin films such as glass\
(ZnS)85(SiO2)15 (130 nm)\ AgOx \ (ZnS)85(SiO2)15 (40 nm).

After preparation of the AgOx thin film, the optical trans-
mittance spectra of the samples are measured at various
temperatures by an optical microscope with a spectrometer
(Leica MVP-SP spectral photometer) (Leica Microsystems,
Bannockburn, Ill., USA) and a heating stage (LinKam TMS94)
(LinKam Scientific Instruments, Ltd., Surrey, England). The
schematic of the experimental setup is shown in Figure 1. The
optical microscope with spectrometer is interfaced with con-
trolelectronics and a computer for imaging and spectroscopy
at various temperatures. A 100W halogen lamp is used as the
light source on top of the microscope for the reflection mode
and at the bottom for the transmission mode. The measured
spectral range is in visible wavelength (i.e., 400 to 800 nm).
A silver block window (1.3 mm in diameter) of the heating
stage can heat the sample from room temperature to 600° C,
and the ramp rate is set to be 15° C/min. Samples are placed
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FIG. 1 Schematic of the experimental setup of a temperature con-
trol spectral photometer (Leica MPV-SP spectral photometer). PC=
personal computer.

FIG. 2 Schematic of the experimental setup of a spectral photo-
meter (Hitachi U-3310 spectrophotometer). PMT = photomulti-
plier tube.

FIG. 3 Field-emission scanning electron microscope microgra-
phy of AgOx nano thin films at different thicknesses from 15 to
60 nm, and magnification from 30 to 200 k×.

on glass above the silver block window to maintain a stable
temperature for the experiments. In our experiments, we meas-
ureAgOx nano thin film in the transmission mode. The light
is focused on AgOx thin film by a 20° condenser lens (Leitz,
Wetzlar, Germany, 170/- L, 0.32 NA). We used a 50 × objec-
tive lens (Leica, ∞/1.8, 0.5 NA) to collect the transmission
light. Images can be observed with an eyepiece and CCD
(DC300) camera and simultaneously displayed on the com-
puter screen. The data of spectra are obtained by the photo-
multiplier tube of a spectral photometer. We also acquired the
optical transmittance spectra of AgOx nano thin film at room
temperature by a Hitachi U-3310 UV/Vis spectrophotometer,
as shown in Figure 2. The transmission light is not focusing as
tightly as in the previous case. The spectrophotometer covers

the ultraviolet (UV)/visible spectra range from 190 to 900 nm
by employing a tungsten-iodide (WI) lamp for the visible re-
gionand a deuterium (D2) for the UV region, respectively. The
switchover wavelength for two lamps can be selected by the
user in the range from 325 to 370 nm, and we chose 345 nm in
our experiments. From the setup diagram, the grating (grat-
ing 1) receives radiation from the source lamp that has been
filtered and defined by slit 1 to prevent higher orders of radi-
ation from striking the sample, and it then redirects this radi-
ation through slit 2. Radiation from the selected source lamp
focuses on a variable-pitch, an aberration-corrected diffrac-
tion grating (grating 2) that is provided in the main monochro-
mator for wavelength selections. The light then focuses on a
rotating mirror which subsequently splits it into sample and
reference beam; the light is reflected through a series of mir-
rors into the sample compartment. The measurable area of the
sample is 5 × 10 mm. The light beams then exit the sample
compartment and focus upon a photomultiplier tube (PMT,
R-928, Hamamatsu, Japan), which offers analysis over a range
from 190 to 900 nm.

Results and Discussions

Figure 3 shows field-emission scanning electron micro-
scope (FE-SEM, LEO-1530) images of different thicknesses
of AgOx nano thin films on silicon wafer substrate [silicon\
(ZnS)85(SiO2)15 (130 nm)\ AgOx (15, 30, 45, 60 nm)]. Four
sets of images (a, b, c, and d) of different thicknesses are
shown with the zoom-in of 30,000, 100,000, and 200,000 ×.
The sputtered AgOx thin film displays random and rough
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FIG. 4 Transmittance spectra of glass/AgOx (15 nm) at different
temperatures. The temperature ranges are (a) room temperature to
600° C, (b) 110° C to 190° C, and (c) 152° C to 168° C.

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

T
ra

ns
m

itt
an

ce

0 100 200 300 400 500 600

Temperature (oC)

15 nm
30 nm
45 nm
60 nm

(a)

T~160oC

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

T
ra

ns
m

itt
an

ce

0 100 200 300 400 500 600

Temperature (oC)

15 nm
30 nm
45 nm
60 nm

(b)

T~280oC

FIG. 5 For a fixed wavelength of 650 nm, the transmittance at var-
ious temperatures and different thicknesses of AgOx thin film is
shown. (a) Sample is a stand-alone layer deposited on a coverglass
slip; (b) a sandwiched structure (i.e., glass\ ZnS-SiO2\ AgOx \ ZnS-
SiO2) deposited on a coverglass slip.

nanostructures. Features of nanocavities and defects are ran-
domly distributed. The structure of AgOx thin film is varied
due to different thicknesses. The roughness and voids are
decreasing with the increase of the sputtered thicknesses.

Figure 4 shows the transmittance spectra of glass/AgOx
(15 nm) at various temperatures. For Figure 4a, the temper-
ature changes from 30° C to 600° C. Significant differences
of the spectra occurred between the temperatures of 100° C
and 200° C. The transmittance decreases from 0.7–0.8 to
0.4–0.5; this is an irreversible process for temperatures over
200° C. The fine measurements of the spectra for the tem-
perature range from 110° C to 190° C and 152° C to 168° C
are shown in Figure 4b and c, respectively. Figure 4b displays
a group of similar spectra for the temperature over 150° C;
figure 4c shows the spectra grouped together above the tem-
perature of 152° C. This indicates that the critical tempera-
ture for the decomposition of AgOx nano thin film to Ag
nanoparticles and oxygen is about 154° C (Tc). The trans-
mittance of AgOx nano thin film increases from 0.4~0.5 to
0.8 rapidly when the temperature varies from 400° C to 600°

C. The transmittance spectrum at a temperature of 600° C is
flat and higher than that of the room temperature. Because
the color of the sample is similar to that of the original cov-
erglass slip substrate at this temperature, we believe the AgOx
nano thin film is vaporized away from the substrate.

Figure 5a shows the transmittance at various tempera-
tures for different thicknesses of AgOx thin film layer (i.e.,
glass\ AgOx) deposited on a coverglass slip in a fixed wave-
length of 650 nm (i.e., the working wavelength of a DVD
driver tester). Transmittance of the AgOx nano thin film un-
dergoes an obvious change at a temperature about 154° C.
Figure 5b shows the transmittance at various temperatures
for different AgOx thicknesses of a sandwiched structure
(i.e., glass\ ZnS-SiO2\ AgOx\ ZnS-SiO2) on coverglass slip
in a fixed wavelength of 650 nm as well. The critical tem-
perature of AgOx is observed around 280° C. Results of
Figure 5a and b show that the AgOx nano thin film with a
protection layer can be more stable than a single layer alone.

Spectrophotometer (Hitachi U-3310) with a large irradi-
ated area and nontightly focused light beam is used for the
spectra measurements at room temperature as a reference for
previous results. Figure 6a shows the spectra of the stand-
alone AgOx nano thin film for different thicknesses on a cov-
erglass slip. The sandwiched structure of AgOx nano thin
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film displaying a unique transmittance peak for different
thicknesses of the AgOx nano thin film is shown in Figure
6b. The transmittance peak can be controlled by the thick-
ness of AgOx nano thin film. The absorption of the spectra
indicates that the possible resonance of the localized surface
plasmon of the capsulated Ag particles or clusters is thick-
ness dependent. We found that for the thicknesses of 15 to
60 nm the absorption is changed from 510 to 635 nm of the
wavelength. It is very clear that the capsulated AgOx nano
thin film exhibits interesting optical properties.

Conclusions

Structural variations of different thicknesses of AgOx nano
thin film are observed by FE-SEM micrography. For a single
AgOx nano thin film, the critical temperature and threshold
of the evaporation temperature are 154° C and 600° C, re-
spectively, which is in good agreement with previous results
reported by Büchel et al. 2001. We also found that the sand-
wiched AgOx nano thin film has a higher critical temperature,
that is, about 280° C. The transmittance spectra of the sand-
wiched AgOx nano thin film indicate an interesting thickness
dependence. The absorption from the localized surface plas-
mon of the decomposed Ag nano particles or clusters is closely
related to the thickness of the capsulated AgOx nano thin film.
The interesting properties of the AgOx nano thin film of the
super-resolution structure exhibit great potentials for photonic
applications.
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FIG. 6 The spectra of (a) the stand-alone AgOx nano thin film, and
(b) the sandwiched structure of AgOx nano thin film, for different
thicknesses on a coverglass slip. Results are measured by the spectral
photometer (Hitachi U-3310 spectrophotometer) shown in Figure 2.
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Summary: Inspired by the subwavelength resolution capabil-
ity of the super-resolution near-field structure, a simplified op-
tical structure was proposed to investigate the complicated
near-field optical interactions between random silver nanopar-
ticles and evanescent waves from a zeroth-order grating. The
simplified structure consisted of a glass thin film embedded
with random silver nanoparticles on a zeroth-order glass grat-
ing. The near-field and far-field optical properties of this struc-
ture were investigated by the finite-difference time-domain
(FDTD) numerical simulations and the optical resolution be-
yond diffraction limit was demonstrated.

Key words: near-field optical probe, localized surface plas-
mon, metallic nanoparticles, finite-difference time-domain
method

PACS: 07.79.-v, 07.79.Fe, 61.46.+w, 68.37.Uv, 73.20.Mf,
78.67.-n

Introduction

Near-field scanning optical microscopy (NSOM) has wide
applications with spatial resolution beyond diffraction limit
in the visible regime (Kawata 2001, Paesler and Moyer 1996).
One simple way to understand the reason that the near-field
scanning optical microscope can distinguish objects much

smaller than optical wavelengths is to consider the optical fiber
tip as an aperture or a scatterer (Massey 1984, Vigoureux and
Courjon 1992, Vigoureux et al. 1992). The optical functionof
a tiny aperture or scatterer has a very broad spectrum in spatial
frequency and can convolute with the evanescent waves from
the subwavelength object. Therefore, the evanescent waves
from the object are transferred into propagating waves, and
subwavelength features of the object can be picked up by the
far-field detector.

The fiber tip in NSOM is not the only instrument to bypass
diffraction limit. The super-resolution near-field structure
(super-RENS) can also achieve resolution beyond the opti-
cal diffraction limit (Tominaga et al. 1998a, b) and has many
applications such as ultrahigh-density optical data storage and
nanophotonic devices. Comparing with high-density optical
storage systems achieved by conventional scanning near-field
microscope technologies (Betzig and Trautman 1992, Betzig
et al. 1992), the super-RENS is able to avoid the difficulties of
the feedback control of the near-field distance and the degra-
dation of the near-field probe, and opens a new approach for
near-field optical research.

Previous researchers using NSOM and numerical simula-
tions (Liu et al. 2001; Liu and Tsai 2002, 2003; Nakano etal.
2001; Shi et al. 2002; Tsai and Lin 2000) have shown that the
collective effects of the localized surface plasmon and the
heterogeneous material structure are responsible for the un-
usual optical property of the super-RENS. The surface plas-
mon excitation of the embedded silver particles in the AgOx
layer can explain the nonlinear optical property and the high
carrier-to-noise ratio (CNR) of the optical read-out signals
of the AgOx-type super-RENS disk (Liu and Tsai 2003). In
the AgOx-type super-RENS disks, the photo-dissociated sil-
ver nanoparticles and the surrounding enhanced localized
fields perform the function of a near-field probe to transfer
the evanescent waves into propagating waves. In this paper,
to explore the resolution and the evanescent wave detection
property of random silver nanoparticles, a simplified opti-
cal structure consisting of a glass thin film embedded with
random silver nanoparticles on a zeroth-order glass grating
was designed. This simplified structure reduced the com-
plexity of multiple reflection and scattering between the mul-
tiple layers of the super-RENS disks, while still retaining the
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essential near-field optical interactions. The near-field dis-
tributions and far-field signals of this structure were simu-
lated by the finite-difference time-domain (FDTD) method.
This simplified structure could help clarify the complicated
relationship between the enhanced near field of random sil-
ver nanoparticles and the super-resolution in the far field.

Method and Simulation Model

The two-dimensional FDTD simulation was used for the
systematic study of the optical near-field distribution around
randomly distributed silver nanoparticles embedded in a
50 nm glass layer, and the glass layer was on top of a zeroth-
order glass grating of various periods (Fig. 1). The zeroth-
order grating is a grating with period smaller than the
wavelength of the incident light. In our simulation, the wave-
length of the incident plane wave was 650 nm and the plane
wave entered from below. Perfectly matched layers (Taflove
1995, 1998) were placed at the top and the bottom of the
computational area to absorb the reflected and transmitted
light. At 650 nm, the index of refraction of silver was set to
0.0555 + 4.44i and the dispersion behavior of silver was
simulated by the Lorentz model (Judkins and Ziolkowski
1995, Taflove 1995). The index of refraction of glass was
1.5; the diameter of a silver nanoparticle was 4 nm. Four dis-
tributions of silver nanoparticles with different densities
were studied in this work. Distribution 1 had 600 silver
nanoparticles randomly distributed in a 4800 nm region and
had the highest density. Distributions 2, 3, and 4 had 400,
200, and 50 silver nanoparticles randomly distributed in a
4800 nm region, respectively. Silver nanoparticles of high
densities can generate enhanced localized fields and excite
surface plasmons, and it was reasonable to expect efficient
evanescent wave coupling with high-density cases.

To obtain the detectable far-field intensity signals, the re-
flection and transmission far-field signals were calculated by

near-to-far-field transformation (Taflove 1995) from the near-
field distributions. The far-field difference signal was the dif-
ference between the transmitted far-field intensity from the
zeroth-order grating and that from the same grating with a
half-period transverse shift. Without the silver nanoparticle
layer, the half-period shift of the zeroth-order grating only
produced a phase change of the transmitted field and did not
change the far-field intensity at all. The far-field intensity dif-
ference signals were computed for various periods to demon-
strate the ability of the random silver nanoparticle layer to
distinguish the subwavelength period of the zeroth-order grat-
ing and were related to the optical resolution.

Results and Discussions

The transverse magnetic (TM)-mode near-field images in
Figure 2 showed that random silver nanoparticles scattered
the incident plane wave and enhanced the local fields. For the
low-density case in Figure 2a, each silver nanoparticle be-

Silver
nanoparticles
in glass (50 nm)

Glass grating
(100 nm)

FIG. 1 Scheme of a 50 nm glass thin film embedded with random
nanoparticles on a zeroth-order glass grating of 100 nm thickness.
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FIG. 2 Transverse magnetic (TM)-mode near-field images with
random silver nanoparticles and a glass grating of 100 nm period;
(a) was for distribution 4, the low-density case, and (b) was for dis-
tribution 1, the high-density case.
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haved like a dipole and established a localized field around
each nanoparticle. For the high-density case in Figure 2b, for
each nanocluster, highly enhanced local fields were generated
around nanoparticles and between adjacent silver nanoparti-
cles. The high local field of silver nanoparticles may suggest
efficient evanescent wave coupling. On the other hand, the sil-
ver nanoparticles made little difference with a transmitted
electron (TE)-mode incident plane wave; therefore, there was
no super-resolution under a TE illumination.

To introduce the far-field resolution, we calculated the dif-
ference of intensity signal of transmitted far-field signals,
which was the difference of transmitted far-field intensity
signals with the zeroth-grating shifted by half a period. Fig-
ure 3 shows the far-field difference signals as functions of the
grating period for different numbers of random silver nano-
particles. Figure 3a shows the far-field signals collected in

the normal direction, and it contained the normally transmit-
ted light from the incident plane light and, for a minor part,
scattered light from the layers. Figure 3b was the far-field sig-
nals collected with a lens of NA = 0.85, but filtered out in the
normal direction. The curves in Figure 3b described the scat-
tered light from the layers. Without any silver nanoparticles,
the far-field difference signals were indistinguishable and the
far-field signal was several orders of magnitude lower (not
shown in the figure) when the grating period was below dif-
fraction limit. When the random silver nanoparticles were set
in the glass layer, the far-field difference signals become
clearly distinguishable even for the grating period as small
as 40 nm. The magnitudes of the far-field difference signals
were not simply corresponding to the densities of the silver
nanoparticles, but closely related to the spatial spectra of the
silver nanoparticle layer. The simulation results have shown
that the far-field signals from zeroth-order gratings of sub-
wavelength periods could be resolved by a thin film embed-
ded with random silver nanoparticles.

The simulation results can be explained by the theory of
Fourier optics of subwavelength structures (Sheppard et al.
1995, Vigoureux and Courjon 1992, Vigoureux et al. 1992).
The incident plane wave passed the zeroth-order grating and
generated evanescent wave components beside the normal
component. The Fourier transformation of the optical func-
tion of the random silver nanoparticles had a very broad
spatial spectrum, similar to the spatial spectrum of a tiny
aperture or scatterer. Nevertheless, there is one significant
difference—the spatial spectrum of random silver nanopar-
ticles was also random. Figure 4 shows the reflection spa-
tial spectra sampling at the boundary of the AgOx-type layer
as functions of characteristic length l = 2π /k. Without any
embedded silver nanoparticles, the spatial spectrum was too
weak to be shown in the figure. For various distributions of
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silver nanoparticles, the spatial spectra were still significant
even with a characteristic length as small as 30 nm, which
was much smaller than the wavelength of incident light. The
highest density case (distribution 1) generally had a stronger
spatial spectrum, which may relate to its high local fields
and collective surface plasmon effects.

If the spatial spectrum of the zeroth-order grating was g(k),
the spatial spectrum of the random silver nanoparticles was
s(k), and the spatial spectrum of transmitted light was t(k),
then t(k) would be proportional to the convolution of g(k),
and s(k), that is,

t(k) ∝ g(k) ⊗ s(k)
(1)

It is clear that even though s(k)was random but was very broad,
it still could convolute the evanescent components of g(k) into
propagating components in t(k). For example, the peak of the
distribution 1 at 320 nm characteristic length convoluted with
the evanescent wave from the glass grating of the 320 nm
period and generated the peak of distribution 1 at 320 nm in
Figure 3a. In this simplified layered structure, the complicated
interactions between the evanescent waves generated by the
zeroth-order grating and the random silver nanoparticles
were easier to understand, and a simple Fourier optics theory
could give a satisfactory picture. Nevertheless, it should be
noted that the vector field character of the near-field interac-
tions was still important and was necessary for a detailed de-
scription of the complicated near-field optical processes. This
study not only can extend the applications of random metal-
lic nanostructures, but also can help us to design new types of
super-RENS disks with better performance.

Conclusions

In this work, the near-field and far-field optical properties
of the glass thin film with embedded random silver nano-
particles on the zeroth-order glass grating were studied with
FDTD simulations. The far-field intensity difference signals
were distinguishable for the grating periods far below diffra-
ction limit and the optical resolution was affected by the den-
sity and the distribution of silver nanoparticles. The Fourier
optics picture provided a simple but satisfactory explanation
for the super-resolution capacity of the random silver nanopar-
ticles from their broad spatial spectra. However, to simplify
the simulation, here we used zeroth-order gratings as objects
and sources of evanescent waves. Simulation results show that
subwavelength period can be distinguished and the evanes-
cent waves were transferred into detectable far-field signals.
On the other hand, the far-field intensity difference signals are
not exactly the conventional definition of optical resolution,
and ongoing research in this direction will provide a clearer
picture. This kind of optical structure is relatively easy to fab-

ricate with recent nanotechnology and might be able to solve
the difficulty of nanoscale distance control in traditional scan-
ning near-field optical techniques. Replacing the zeroth-order
grating with a subwavelength object, the silver nanoparticle
layer could readily play the role of a near-field microscope.
Further research on the optical properties of random metallic
nanoparticles might yield a better understanding on the near-
field optical interactions in nanoscale and would realize its po-
tential as a near-field microscope.
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Summary:The super-resolution near-field structure (super-
RENS) of the AgOx-type can perform the task of the high-
density near-field optical recording in a more feasible way
and has demonstrated better signal-to-noise ratio. For further
exploration of the optical resolution and controllability of the
super-RENS disks, we studied the near-field and far-field op-
tical properties of the AgOx-type super-RENS embedded
with periodic silver nanoparticles or nanoclusters with finite-
difference time-domain (FDTD) simulations. It was found
that the period of nanoclusters could selectively manipulate
the resolution of the super-RENS disk.

Key words:super-resolution near-field structure, near-field
optical probe, localized surface plasmon, metallic nanopar-
ticles, finite-difference time-domain method
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Introduction

The super-resolution near-field structure (super-RENS),
which could achieve resolution beyond the optical diffraction
limit (Tominaga et al.1998a, b), has many applications such
as high-density optical data storage and nanophotonic devices.
Comparing with earlier proposed Sb-type super-RENS, the

AgOx-type super-RENS disk, which is a multilayer structure
of cover glass/ZnS-SiO2 (20 nm)/AgOx (15 nm)/ZnS-SiO2
(20 nm), has stronger localized field enhancement and higher
carrier-to-noise ratio (CNR) in the readout process (Fuji et al.
2000, Tominaga et al. 2000). In comparison with the high-
density optical storage systems achieved by conventional
scanning near-field microscope technologies (Betzig and
Trautman 1992, Betzig et al. 1992), the super-RENS is able
to avoid the difficulties of the feedback control of the near-
field distance and the degradation of the near-field probe, and
opens a new approach for near-field optical research.

The complicated optical mechanisms of super-RENS have
been investigated by near-field scanning optical microscope
and numerical simulations (Liu and Tsai 2002, 2003; Liu
et al. 2001; Nakano et al. 2001; Shi et al. 2002; Tsai and Lin
2000). According to experimental and simulation results, the
far-field readout signals depend on the number and distri-
bution of photo-dissociated silver nanoparticles. The silver
nanoparticles and the localized evanescent waves around
silver nanoparticles act as virtual near-field optical probes
and play a role similar to that of the fiber tip in the aperture-
less near-field optical microscope. The major difference is
that in the AgOx-type super-RENS, there are many silver
nanoparticles embedded in the AgOx layer, and their collec-
tive surface plasmon effects can highly enhance the reading
efficiency. With fast progress of nanotechnology, it is even
possible to manipulate the distributions of silver nanoparti-
cles in the AgOx layer to reach optimal optical resolution and
reading efficiency.

To explore the optical properties of the super-RENS and
to develop super-RENS disks with better performance, the
finite-difference time-domain (FDTD) method was used in
this paper to simulate the near-field and far-field signals of
the AgOx-type super-RENS disks with periodic silver nano-
particles and clusters embedded in the AgOx layer. Those
periodic silver nanostructures could be prefabricated or arti-
ficially photo dissociated in the AgOx layer. Relations be-
tween the distributions of periodic silver nanoparticles or
nanoclusters and the optical resolution of the AgOx-type
super-RENS disk were investigated. It was found that the
resolution of the AgOx-type super-RENS was highly en-
hanced and was tunable by periodic nanoclusters.
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Methods and Simulation Model

The two-dimensional FDTD simulation was used to study
systematically the optical near-field distribution around the
AgOx-type super-RENS with periodic silver nanoparticles
or clusters embedded in the AgOx layer and with recording
marks of different sizes (Fig. 1). The structure of the AgOx-
type super-RENS was cover glass/ZnS-SiO2 (20 nm)/AgOx
(15 nm)/ZnS-SiO2 (20 nm)/GeSbTe (15 nm). The indices
of refraction of ZnS-SiO2 and AgOx layer were 2.25 + 0.01i
and 2.7 + 0.08i, respectively. In our simulation, the wave-
length of the incident Gaussian beam was 650 nm and the
numerical aperture (NA) of the lens was 0.85. At 650 nm,
the index of refraction of silver was 0.0555 + 4.44i and the
dispersion behavior of silver was simulated by the Lorentz
model (Judkins and Ziolkowski 1995, Taflove 1995). The
diameter of each silver nanoparticle was 3 nm and the area
of a cluster was about 40 × 15 nm. Each cluster was com-
posed of 10 nanoparticles. In these simulations, the periods

of the silver nanoparticles or nanoclusters were 100 and
150 nm, respectively. Recording marks were created by the
laser beam focused on the phase-changed recording medium
GeSbTe (GST) and the refractive index of amorphous GST
was different from the index of the crystalline recording mark.

To obtain the detectable far-field signals, the reflected and
transmitted far-field intensity signals were calculated by near-
to-far-field transformation (Taflove 1995) from the near-field
distributions. The far-field intensity differences between the
on-mark and the off-mark cases of the super-RENS structures
shown in Figure 1 were computed for various mark lengths.
The on-mark situation meant that the incident light focuses
on the recording mark, and the off-mark situation meant that
the incident light focuses between two recording marks. The
far-field intensity difference signals could demonstrate the
ability of the super-RENS to distinguish the subwavelength
recording marks and were related to the resolution of the
super-RENS.

Results and Discussions

With a transverse magnetic (TM)-mode Gaussian incident
beam, the near-field images (Fig. 2) showed that periodic

Laser beam

High NA lens

Laser beam

High NA lens

Silver nanoclusters

Recording mark

Silver nanoclusters

Recording mark

DVD disk substrate

ZnS-SiO2 layer 20 nm

ZnS-SiO2 layer 20 nm

AgOx layer 15 nm

DVD disk substrate

ZnS-SiO2 layer 20 nm
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AgOx layer 15 nm
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FIG. 1 Scheme of the AgOx-type super-RENS with periodic silver
nanoparticles or clusters; (a) is the on-mark case and (b) is the off-
mark case. NA = numerical aperture.
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FIG. 2 Transverse magnetic mode near-field images with (a) pe-
riodic silver nanoparticles and (b) periodic silver nanoclusters. The
recording mark size is 100 nm. The period between Ag nanoparti-
cles or nanoclusters is 150 nm.
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FIG. 4 Reflection spatial spectra at the boundary of the AgOx
layer with silver clusters of 150 nm period. The characteristic
length l = 2π/k corresponds to the transverse component of the
propagation vector. A.U. = arbitrary units.

silver nanoparticles or clusters scattered the incident Gaussian
beam and enhanced the localized fields. In Figure 2a, each
silver nanoparticle behaved like a dipole and established a
localized field around each nanoparticle. In Figure 2b, for
each nanocluster, highly enhanced local fields were gener-
ated between adjacent silver nanoparticles of the silver clus-
ter and distributed over the whole silver nanocluster. The
larger area and higher local field of silver nanoclusters may
suggest its better performance. The periodic GST recording
marks were also presented in Figure 2. These recording marks
of a subwavelength period formed a zeroth-order grating
and reflected evanescent waves. On the other hand, the silver
nanoparticles or clusters made little difference with a trans-
verse electric (TE)-mode Gaussian incident beam; therefore,
there was no super-resolution under a TE illumination.

The far-field intensity difference signal was the difference
between reflected far-field intensity signals, with the laser
beam focused at the recording mark and off the recording
mark and indicating that the super-RENS could convert the
evanescent waves from subwavelength recording marks to
propagating waves. Figure 3 shows the far-field difference
signals as functions of mark sizes for different periods of pe-
riodic silver clusters distributions. Without any silver nano-
particle, the far-field signal was indistinguishable when the
mark size was <200 nm due to diffraction limit.

When the periodic silver clusters were set in AgOx layer,
the far-field difference signals were several orders of magni-
tude higher and the recording marks as low as 30 nm were dis-
tinguishable. Local maxima were also discovered in Figure 3
with different periods of silver nanoparticles or clusters. The
local maxima appeared at 50 nm and close to 75 nm when the
period of silver clusters was 100 and 150 nm, respectively.
The period of the recording marks was double the mark size,
and hence the local maximums appeared at mark sizes whose
periods were the same as the periods of the silver nanoparti-

cles or nanoclusters. Comparing with silver nanoclusters, al-
though the far-field difference signals of silver nanoparticles
were weaker by one or two orders of magnitude, the local max-
ima still clearly existed in the nanoparticle cases. The higher
efficiency of the silver nanoclusters may result from their
stronger localized fields and the surface plasmon effect.

The simulation results could be understood by the theory
of Fourier optics of subwavelength structures (Sheppard
et al. 1995, Vigoureux and Courjon 1992, Vigoureux et al.
1992). The far-field light is the convolution of the reflected
light from the recording marks and the optical function of
the AgOx layer. Figure 4 shows the reflection spatial spec-
tra sampling at the boundary of the AgOx-type layer as func-
tions of characteristic length l = 2π/k and represents the
properties of the optical functions of the AgOx layers with
different distributions. Without any embedded silver nano-
particles, the spatial spectrum dropped quickly at subwave-
length characteristic lengths. With periodic recording marks
or periodic silver nanoclusters, the spatial spectra had peaks
corresponding to the period of the recording marks or nan-
oclusters. When the period of periodic nanoclusters or nano-
particles matched the period of the recording marks, the
AgOx layer could convolute the evanescent light from the
subwavelength recording marks into the propagating light.
The simulation results have shown that the far-field signals
of specific mark size could be selectively controlled by peri-
odic silver nanoparticles or nanoclusters.

Conclusions

In this research, the near-field and far-field optical prop-
erties of the super-RENS with embedded periodic silver
nanoparticles or nanoclusters were studied with FDTD
simulations. The far-field intensity difference signals were
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distinguishable with recording mark sizes far below the dif-
fraction limit, and the resolution of the super-RENS couldbe
fine tuned by varying the period of the silver nanoclusters.
This super-RENS is relatively easy to fabricate and is able
to solve the difficulty of nanoscale distance control in tradi-
tional scanning near-field optical techniques. However, to
simplify the simulation, we used the periodic recording mark
as objects, and simulation results show that the super-RENS
could distinguish subwavelength recording marks and could
transfer the evanescent waves from subwavelength marks to
detectable far-field signals. On the other hand, the far-field
intensity difference signals are not exactly the conventional
definition of optical resolution, and ongoing research in this
direction will provide a clearer picture. Further research can
help us not only to design a better resolution, higher CNR,
and controllable super-RENS disks, but also to realize its
potential as a new approach to near-field optical microscopy.
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Summary: In recent near-field optical recording techniques,
the super-resolution near-field structures (super-RENS) have
been successfully demonstrated to overcome the diffraction
limit. To realize the possibility of replacing the conventional
near-field optical probe by the super-RENS, and to under-
stand the relations between the near-field enhancements and
detectable far-field signals, we use the two-dimensional finite-
difference time-domain (FDTD) method to study the near-
field and far-field properties of different types of embedded
scatters in the AgOx-type super-RENS.

Key words: super-resolution near-field structure, near-field
optical probe, localized surface plasmon, metallic nanopar-
ticles, finite-difference time-domain method
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Introduction

The resolution of conventional optical microscopy is re-
stricted by diffraction limit. To overcome diffraction limit,
Synge (1928) suggested detecting objects in the near-field re-
gion with a small aperture in an opaque sheet, and his idea was
realized 40 years later by scanning microwave microscopy
with λ/60 resolution (Ash and Nicholls 1972). With the in-

vention of scanning near-field optical microscopy (SNOM)
in 1984 (Pohl et al. 1984), the spatial resolution had reached
below the diffraction limit in the visible regime. Recently, scan-
ning near-field optical techniques have been applied exten-
sively in optical measurements (Martin et al. 1995, Pohl and
Courjon 1993), nanolithography (Nakajima et al. 1996), and
optical data storage systems (Betzig and Trautman 1992).

Typically, the probe of near-field optical system is a taper
fiber tip coated with a metal thin film, and a subwavelength
aperture is at the apex of probe. The resolution of SNOM is
mainly affected by the size and shape of the aperture. After
the development of the SNOM technique, the near-field op-
tical systems with apertureless probes were demonstrated
(Fischer et al. 1994. Specht et al. 1992). These solid probes
are used as scattering centers in illumination mode and the
signals are collected in the far field. In the development of
near-field optical techniques, the localized surfaced plasmon
excitation was applied extensively (Denk and Pohl 1991,
Hong et al. 2002, Jersch and Dickmann 1996, Krug et al.
2002, Sqalli et al. 2002). The apertureless probe is used not
only as a scattering center but also for highly enhancing the
localized evanescent waves. Although the near-field optical
probes can achieve high resolution, the scanning rate of near-
field optical techniques remains slow, and the distance be-
tween probe and surface is still hard to control in actual mea-
surements and in optical data storage devices.

In 1998, the super-resolution near-field structure (super-
RENS) (Tominaga et al. 1998) was demonstrated to over-
come the diffraction limits, and the thin Sb film in the
super-RENS replaced the fiber probe in near-field optical
system. Subsequently, the AgOx-type super-RENS (Fuji
et al. 2000, Tominaga et al. 2000) was developed for higher
carrier-to-noise ratio (CNR). Our previous studies have
shown that the enhanced local optical intensity occurs at the
near field of the AgOx-type super-RENS, and that the non-
linear optical enhancement is related to the localized surface
plasmons of silver clusters dissociated from AgOx (Liu and
Tsai 2003, Liu et al. 2001, Tsai and Lin 2000). The silver
nanoparticles and the localized evanescent waves around
silver nanoparticles could act as virtual near-field optical
probes and the disadvantages of the conventional SNOM
were solved by the super-RENS technology.
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The localized surface plasmon effects have been applied
to near-field microscopy for enhancing optical signals; how-
ever, the key problem of those fiber probes lays in fabrication.
On the other hand, the super-RENS is easy to manufacture
and can serve as a probe in near-field optical techniques.
To realize the possibility of replacing the near-field optical
probe by the super-RENS, we used a two-dimensional (2-D)
finite-difference time-domain (FDTD) method to study the
near-field properties with two types of nano-size scatters em-
bedded in the super-RENS and to investigate the enhanced
optical resolution. Since the detectable signals are the far-
field intensities, the near-to-far field transformation (Taflove
1995) was used to realize the relations between near-field en-
hancements and far-field variations with different scatters.

Methods and Model of Simulation

The numerical method we used is 2-D FDTD (Yee 1966)
with periodic boundary condition, which has the advantages
of reduced memory requirement in computation and a sim-
ple process in handling the complex structure. The structure
of super-RENS was coverglass/ZnS-SiO2 (20 nm)/AgOx
(15 nm)/ZnS-SiO2 (20 nm)/GeSbTe (16 nm), as shown in
Figure 1. The incident light was Gaussian distributed with
650 nm wavelength, and the numerical aperture of the lens
was 0.85. The refraction of index of ZnS-SiO2, AgOx layer
was 2.25 + 0.01i and 2.68 + 0.1385i, respectively. The re-
fractive index of scatter embedded in the AgOx layer was
0.046 + 4.44i. To correlate the simulation results with the
resolution of image, we computed the far-field intensity
differences between the on-mark and off-mark cases of the
super-RENS structures shown in Figure 1 for various mark
sizes. The on-mark situation meant that the incident light
focuses on the recording mark, and off-mark meant that the
incident light focuses between two marks. Recording marks

were created by the laser beam focused on the phase changed
recording medium GeSbTe (GST), and the refractive index
of amorphous GST is different from the index of the crys-
talline recording mark. The mark length was changed from
20 to 400 nm, and the thickness of the mark was 16 nm. The
marks spread periodically in a 4800 nm regime, while the
period of mark was double of the mark length.

Two different types of optical scatters shown in Figure 1
were used in our simulation for comparison. For the silver
nano disk, the thickness was 15 nm and the diameter was set
to be 7 nm, 15 nm, and 25 nm, respectively. In the cluster case,
five silver nanoparticles with 4 nm diameter were randomly
positioned in an asymmetry situation within the 15 nm AgOx
thin film layer as shown in Figure 1. To investigate the far-field
optical properties for various situations, a near-to-far trans-
formation (Taflove 1995) was used in simulation.

Results and Discussion

Figure 2 shows the near-field intensity distributions of the
silver nano disk cases with diameters of 25, 15, and 7 nm, res-
pectively. The localized enhancements were induced around
the edges of silver nano disks. The strongest enhancements
were induced at the corners of the rectangular cross section, es-
pecially at the two corners of the front edge where light directly
illuminated. Results showed no distinct near-field optical en-
hancement in the center of the silver nano disk of 7 nm diam-
eter, but did for the nano disk with larger diameter, such as the
25 nm diameter. The largest enhancements were induced in the
25 nm diameter disk, and the localized fields were enhanced
not only around the edge of the silver nano disk but also through
the center of the disk. When the size of the nano disk became
larger, the localized enhancement increased substantially.

Figure 3 shows the near-field intensity distribution in the sil-
ver nanoparticles, and the localized enhancements were gen-

(a) (b)
On-mark Off-mark

Silver nano disk Silver cluster

Coverglass

ZnS-SiO2 (20 nm)

ZnS-SiO2 (20 nm)
AgOx (15 nm)

GST (16 nm)

Coverglass

ZnS-SiO2 (20 nm)

ZnS-SiO2 (20 nm)
AgOx (15 nm)

GST (16 nm)

FIG. 1 Structure of the super-RENS with two different nano-size scatters for on-mark and off-mark situations.
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FIG. 2 Near-field intensity distributions from the FDTD simulation for silver nano-size disks of (a) 25 nm, (b) 15 nm, and (c) 7 nm.
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FIG. 3 Near-field intensity distribution from the FDTD simula-
tion for a silver cluster consisting of five nanoparticles.

erated between adjacent silver nanoparticles of the silver clus-
ter. In contrast to the silver nano disks, the enhancement fields
distributed over the whole silver nanoparticle cluster. In the
nano disk with 7 nm diameter, the area of silver was close to
that of cluster-scatter shown in the Figure 3, but the peak in-
tensity of the cluster-scatter was 20 times stronger than that in
the nano disk. The high enhancement efficiency of the nanopar-
ticle cluster may result from the larger edge-to-area ratio.

To study the resolution of the super-RENS near-field
probe, we placed the periodic recording marks and compared
the far-field intensity difference between on-mark and off-
mark situations with various mark sizes. Figure 4 shows the
far-field intensity differences between on-mark and off-mark
situations for silver nano disks and silver clusters. Each curve
was normalized against the cases without marks. The case of
no silver nanoparticle existence was computed for compari-
son, and its far-field signals dropped to around 200 nm of the
mark size because of diffraction limit. The far-field intensity
differences decreased with mark size, but there was a bump
in each curve of Figure 4. For the silver nano disk of 25 nm
diameter, the peak appeared at the mark length of 200 nm,
and the peak of the nano disk of 15 nm diameter appeared at
the mark length of 100 nm. The curve of 7 nm diameter was
similar to that of 15 nm diameter. The far-field signals of the
nano disk of 15 nm diameter were the highest while the mark
size was smaller than 80 nm, because the scatters with larger
size may have a worse resolution and the localized enhance-
ment was too weak for the nano disk of 7 nm diameter, which

reduced the far-field signals significantly. Regarding the sil-
ver clusters, the far-field signals were similar to those of the
nano disks, but there was a bump in the far-field signal around
the mark length of 150 nm. From the simulation results, both
the silver clusters and the silver nano disks demonstrated the
super-resolution capability, although the far-field signals of
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the nano disks were apparently higher than those of the sil-
ver clusters. The simulation results clarified the relation be-
tween localized enhancements, the size and shape of scatters,
and the far-field intensity differences.

Conclusions

In this study, the possibility of the super-RENS near-field
optical probe was demonstrated with FDTD simulations.
The near-field and far-field properties with different types of
nano-size scatters embedded in the super-RENS disks have
been investigated, and the far-field intensity difference sig-
nals were distinguishable with a recording mark size far
below the diffraction limit. This new type of near-field opti-
cal probe is relatively easy to fabricate and can solve the dif-
ficulty of nanoscale distance control in traditional SNOM
techniques. However, to simplify the simulation, we used the
periodic recording mark as objects, and simulation results
show that the super-RENS could distinguish subwavelength
recording marks and could transfer the evanescent waves
from subwavelength marks to detectable far-field signals. On
the other hand, the far-field intensity difference signals are
not exactly the conventional definition of optical resolution,
and ongoing research at this direction shall provide a clearer
picture. Further research on the super-RENS near-field op-
tical probe may yield a better understanding of the optical
properties of the super-RENS and its potential as a near-field
microscope.
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Summary: The dispersion relations of 0th transverse-magne-
tic (TM) mode plasmon wave propagating along silver nano-
wires are calculated. Based on these relations, the propagation
loss, phase velocity, and group velocity of the plasmon wave
are extracted to study the effects of nanowire diameter and sur-
rounding dielectric medium. Several useful inferences for the
design of an optical waveguide in nanometer scales are drawn
from these results. The dispersion relations of high-order hy-
brid modes of metallic nanowires are being investigated at the
present stage. This study will be useful for the design of nanome-
ter-scaled metallic waveguides.

Key words:metallic nanowire, plasmon wave, nano-wave-
guide, dispersion relation

PACS: 42.79.Gn, 42.25.Bs, 71.45.Gm

Introduction

Plasmon resonance, a collective electron oscillation, in
nanomaterials has become a very popular subject in nano-
science and nanotechnology lately, because it exhibits a wide
variety of novel properties that are very sensitive to the di-
mension in nanometer scales (Murphy and Jana 2002) and
has high potential in many applications (Schider et al. 2001).
Among numerous interesting phenomena and possible ap-
plications, a fundamental problem, that is, namely how the
plasmon wave propagates along a metallic nanowire, has at-

tracted many attentions. It was proven theoretically that the
plasmon wave can exist in a sliver nanowire (Takahara et al.
1997). The unidirectional plasmon wave propagation along
a metallic cylindrical nanowire was observed experimentally
(Dickson and Lyon 2000). The theoretical investigation of
metallic nanowires with a rectangular cross section was per-
formed by Weeber et al. (1999). Using photon scanning tun-
neling microscopy, the surface plasmon polariton waves
were observed within a gold rectangular nanowire (Schider
et al. 2003). A complete theoretical investigation on the dis-
persion relations of these metallic nanowires is, however, still
missing. In this contribution, we present the dispersion rela-
tions of the 0th transverse magnetic (TM) mode of metallic
nanowires with different surrounding media.

Theory

Consider a silver cylindrical nanowire surrounded by a
dielectric medium with a permittivity ε1. The permittivity of
silver, ε2, adopted for the calculation of dispersion relation,
is taken from Palik (1985). The transcendental equation of
the 0th TM mode for a nanowire with radius a is given by
(Stratton 1941)

(1)

where J0 and J1 are the zero and the first order of Bessel func-
tions of the first kind, and H0

(1) and H1
(1) are the zero and the

first order of Hankel functions of the first kind, respectively.
ζ1 and ζ2 are defined as follows:

(2)

The complex roots of k in complex domain are searched by
satisfying Eq. (1) and the conditions, Re(k) > 0 and Im(k) >
0, for each angular frequency, ω.

Numerical Results and Discussion

Figure 1a shows the dispersion relation, ksp(ω), of silver
nanowire with a diameter of 50 nm (a = 25 nm) and a sur-
rounding lossless medium (ε1r = 1), where k0 = ω/c. Notice

ζ1 = 2µ ε1ω2 −  k2, ζ2 = 2µ ε2ω 2 −  k2

ε2ζ1J11ζ2a 2H
112

0 1ζ1a 2 =  ε1ζ2J0 1ζ2a 2H
112

1 1ζ1a 2
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agation loss of the 0th TM mode of the plasmon wave. The
dashed lines in Figure 1a represent the dispersion relation
of the wavenumber, ksp0(ω), of a surface plasmon wave
along the interface between a metal and a dielectric mate-
rial; ksp0(ω) can therefore be regarded as the limit solution
of a cylindrical wire with infinite diameter. Its solution is
given by

(3)

where ε1r and ε2r are the relative permittivity of the dielec-
tric and metal, respectively. To illustrate the dispersion prop-
erties of the one-dimensional (1-D) plasmon wave further,
its phase velocity (νp = ω/kR) and group velocity (νg = dω/dkR)
are also displayed in Figure 1b. The corresponding ones for
the surface plasmon wave are also shown for comparison.
The influence of the nanowire radius is illustrated by plot-
ting kI/k0, the normalized phase velocity (νp/c), and the nor-
malized group velocity (νg/c) for five different radii (a = 10,
25, 50, 100 nm, and ∞) in Figure 2 with ε1r = 1 and �ω =
1.5 eV. When the radius of nanowire is larger, the propaga-
tion loss and the phase and group velocity approach that of
the surface plasmon wave, as expected. Finally, the effect of
the dielectric medium is illustrated by plotting kI/k0 and the
normalized phase and group velocity for three different sur-
rounding media (ε1r = 1, 2 and 4) in Figure 3 with a = 25 nm
and �ω = 1.5 eV.

Several inferences can be drawn from these data. First,
Figure 1 shows that both kR and kI increase almost exponen-
tially with the frequency. This nonlinear dispersion rela-
tion will, of course, impose restrictions on the propagation
of multiwavelength waves and wave-packet pulses along
these silver nanowires. Furthermore, kR is larger than the
real part of the wavenumber of surface plasmon wave (ksp0)
over a large frequency range (1 to 3.5eV), indicating that there
is no wave coupling between the 1-D and two-dimensional

ksp01ω 2 =
ω
cB ε1rε2r

ε1r + ε1r

FIG. 2 kI/k0 (black bars), normalized phase velocity (gray bars)
and group velocity (light gray bars) for five different radii (a = 10,
25, 50, 100 nm, and ∞) with ε1r = 1 and �ω = 1.5 eV.

FIG. 1 (a) kR/k0 (solid line) and kI/k0 (dashed line) versus photon
energy, (b) normalized phase velocity (solid line) and group velocity
(dashed line) versus photon energy for silver nanowires of radii a =
25 nm (thick lines) and ∞ (thin lines) with ε1r = 1.

FIG. 3 kI/k0 (black bars), normalized phase velocity (gray bars)
and group velocity (light gray bars) for three different surrounding
media (ε1r = 1, 2, and 4), with a = 25 nm and �ω = 1.5 eV.

that the real part of the wavenumber is kr = Re(ksp) (the thick
solid line), and the imaginary part of the wavenumber, kI =
Im(ksp), (the thick dashed line) is displayed to show the prop-
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(2-D) plasmon waves. However, two plasmon dispersion
relations would cross in the case of a metallic nanowire
resting on a surface of another metal. This suggests the pos-
sible excitation geometry of 1-D plasmon waves. Second,
as shown in Figure 2, the attenuation (kI/k0) becomes larger
as the radius of the nanowire decreases. It means that the
propagation loss of the silver nanowire becomes more
prominent as the nanowire radius becomes smaller. In ad-
dition, the phase velocity (νp /c) and group velocity (νg/c)
of plasmon wave of the 0th TM mode become slower as the
radius of the nanowire is smaller, as depicted in Figure 2.
Finally, if the permittivity of the surrounding dielectric medium
is larger, the attenuation of the plasmon wave becomes
more serious, and the phase and group velocities are also
slower, as shown in Figure 3. The facts above may reflect the
fact that the field distribution will be more confined into the
silver nanowires such that the propagating plasmon wave
endures more loss.
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Summary: Near-field scattering from a nano silver particle
has been studied with an optical wave passing through it. The
scattered field was found to be enhanced around the semi-
sphere on which the incident wave impinges. Comparing it
with the spherical particle, the irregular shape of a nanoparti-
cle only changes the distribution of the scattered field. In this
investigation, approached by finite difference time domain
(FDTD), it was revealed that the peak value of the scattered
field is proportional to the particle radius; this might be due
to the fact that more plasmons could be excited. Furthermore,
the highest enhancement occurred at the incident frequency
close to plasma frequency of silver (~2000 THz). Thus, the
numerical results could give a guide for optimizing AgOxtype
super resolution near-field structure (RENS) applications.
When the red light source can be replaced with shorter wave-
length ones, or larger silver particles can be segregated, the
near-field scattered enhancement might result.

Key words: near-field scattering, finite difference time do-
main, nano silver particle, super resolution near-field structure

Introduction

In AgOx type super resolution near-field structure (RENS),
many researchers knew that near-field light can be enhanced
by nano Ag particles segregated from Ag oxide by incident
laser. Furthermore, it becomes of great concern how well the
geometric factors (shapes, size, and their distributions) of nano
silver particles can significantly affect the enhancement of

near-field scattering. The near-field distribution of a multi-
layer structure and near-field scattering from a cluster of par-
ticles or an array of grooves has been reported previously (Liu
et al. 2001); however, regarding AgOx type super-RENS, the
geometrical effects on near-field scattering phenomena from
a single nanoparticle have not been studied yet. The long-
term theoretical analyses of the scattering of small spherical
particles (Bohren and Huffman 1983) still left two important
factors unclear: first, the light scattering with irregular partic-
ulate shapes; and second, the downsizing of particles to nano-
scale as submicron wavelength lights.

In AgOx type super-RENS research, it is very difficult to dis-
cern nano silver particle shapes experimentally. On the other
hand, there is no compact analytical solution describing the
performance of near-field scattering from a single irregular
nanoparticle. For deep understanding of the enhancement
mechanisms of near-field scattering with nano Ag particles
in the active layer of super-RENS, the authors simulated the
scattering phenomena of a single nano silver particle by using
two-dimensional (2-D) finite difference time domain (FDTD)
algorithm.

Numerical Analysis

When an optical wave is incident on a plasma particle,
both plasmon and polariton will be excited. Merely involv-
ing a few atoms, the nanoparticle–light interaction should
take the shape and dielectric function into account. In nu-
merical analysis, it is assumed that laser-induced segregated
silver particles have corrugations on their surface; some
dimples and lumps are created on a spherical particle to
model an irregular shape particle. The model and coordinate
configuration are shown in Figure 1. The complex permit-
tivity of unmagnetized plasmas is given as (Ishimaru 1991)

(1)

where ωp is the plasma frequency, νc is the electron collision
frequency. Since the FDTD algorithm was used, Eq. (1) should

ε(ω) = 1 +
ω2

p

ω( jvc − ω)
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be transferred to the time domain. By the convolution theorem,
the Z transform of Eq. (1) is

(2)

where

(3)

Time step ∆t is determined by courant condition: ∆t ≤
(Kunz and Luebbers 1993), where ∆x is the size

of a Yee cell, c0 is speed of light, and n is the dimension of the
simulation (here, n = 2). When we choose ∆t = ∆x/(2 · c0) and

∆x /(√n . c0)

ε (z) = 
1

∆t
+

ω 2
p /vc

1 − z−1  − 
ω 2

p/vc

1 − e−vc
. ∆ t . z−1  .

D(z) = ε(z) ˙ E(z) . ∆t.
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FIG. 2 Six cases of irregular particle are investigated.
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FIG. 3 (a) Gaussian pulse passing through a perfect conductor
spherical particle. Around the particle, no enhanced scattered near-
field appears. Grids plane marks the incident amplitude. (b) A
Gaussian pulse passing through a silver (plasma medium) spheri-
cal particle. Enhanced near-field is obvious.
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O P

Z

FIG. 1 The configuration of an irregular nano-particle model. Its
X-Y plane projection is depicted.

take ∆x = 0.1λ , a red light is used as incident wave whose
frequency is 480 THz; hence, it leads to ∆t = (1/6) × 10−17 s.
We will do simulations of a pulse propagating in free space that
comes upon a silver particle. Silver has the properties of plasma:
νc = 57 THz, ωp/2π = 2000 THz. The silver particle radius r =
100 nm and the radius of the lump or dimple is 60 nm.

Two FDTD algorithms with perfectly matched layer (PML)
boundary conditions (Sullivan 1996) was used to carry out
these simulations. The optical field was incident into the x-y
plane, transverse magnetic (TM) polarization was used in
simulation. In fact, for irregular shapes, too many cases can
be constructed; here, six representative cases are considered
as shown in Figure 2. The amplitudes of scattered fields
around the particle were calculated.

Results and Discussions

Figures 3–5 are all photographs at 180th time step. The E
field has been normalized by .When an optical
pulse is passing through a perfect conductor spherical particle,

Ẽz = √ε0 /µ0 Ez
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FIG. 4 (a) Silver particle with a lump faces to incident field. (b)
Silver particle with a dimple faces to incident field.
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FIG. 5 (a) Silver particle with two lumps on both sides. (b) Silver
particle with two dimples on both sides.

the field around the particle is almost flattened, as shown in
Figure 3a. On the other hand, if a red light pulse is passing
through a silver spherical particle, which is a plasma medium,
near-field enhancement is very obvious due to the fact that sil-
ver is a plasma medium, as shown in Figure 3b. The grid plane
marks the incident amplitude. Both cases of a silver particle
with lump and dimple faces to incident field are shown in Figure
4a and b, respectively. The scattered field distributions in both
cases are different, especially, the scattered field around the
hemispherical extrusion or concave on which incident wave
impinges. As shown in Figure 5a and b, the dimple or lump at
the tail side (facing away from the incidence) has no significant
effects on scattered field enhancement, which might be under-
stood as the dimple or lump on the tail of the particle being
shielded by the particle itself. Regarded as an insufficiency in
2-D simulation, this shielding effect might be removed in three-
dimensional (3-D) FDTD algorithm. Because of this insuffi-
ciency, the results of cases 5 and 6 in Figure 2 will be almost the
same as those in Figure 5a and b, respectively.

As seen in Figures 3 to 5, it was found that peak values of
scattered fields are not affected by the shapes of the particle,
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FIG. 6 Peak value of scattered field versus particle radius. The en-
hancement is proportional to the particle radius. The peak value is
normalized by incident amplitude; thus, it shows that the intensity of
scattered field is larger than that of the incident field. a.u. = arbitrary
units.
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FIG. 7 Peak value of scattered field versus frequency of incident
wave. The maximum peak value happens at near silver pl asma fre-
quency (~2000 THz).

but the distributions will be changed. Comparing Figure 4a
with b, one can see that a toward-incidence lump of a particle
can broaden the enhanced scattered field. Figure 6 shows that
the peak value of the scattered field is proportional to the par-
ticle radius. The larger particle results in more excited plas-
mons. The peak value of scattered field versus frequency of
incident wave was plotted in Figure 7, with the maximum peak
value occurring at the frequency close to the plasma frequency
of silver (~2000 THz). Therefore, based on the numerical
analysis results, the scattered near-field light can be enhanced
for AgOx type super-RENS applications in three ways: (1)
with shorter wavelength lights, (2) with larger silver particles,
and (3) with particle shapes with toward-incidence lump.

Conclusion

We numerically investigated the influences of particle size,
shape, and frequency of the incident field on scattered near-
field. It was concluded that (1) the particle shape only changes
the distribution of the scattered field, but the peak value of the
scattered field is independent of it; (2) the enhancement of the
scattered near-field is proportional to the particle size; (3) the
best enhancement happens when the frequency of the incident
wave is near to the plasma frequency of silver. Although 2-D
simulation is insufficient for predicting experimental data ex-
actly, qualitatively it could be a guide for optimizing near-field
application.
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Summary: Localization of optical fields in a bow-tie nano-
antenna is studied using a high-frequency structure simula-
tor (HFSS). Simulation results show a strong localization
effect in the gap of the antenna. The enhanced intensity in the
gap is due to the surface plasmon resonance and the concent-
ration of energy flow.

Key words:bow-tie antenna, high frequency structure simula-
tor, surface plasmon

PACS: 07.05.Tp, 51.70. +f, 78.67. –n

Introduction

Localization of optical fields is an attractive phenome-
non for both fundamental research and various photonic ap-
plications in nano-optics. To localize the electromagnetic
(EM) fields, one can either use a random media system, for
example, a metal-dielectric film (Liu et al. 2001, Shalaev
1999, Tsai et al. 1994), or choose a patterned structure such
as a photonic crystal, a cavity, an aperture, or an antenna
(Markel and George 2001). In these systems, EM fields
could be confined in a subwavelength region and strongly
enhanced due to the excitation and scattering of surface plas-
mon polaritons. The highly localized and enhanced EM
fields of these structures can perform unique optical prop-
erties in the applications of advanced photonics. For exact
control of the required distribution of EM fields, the proper
designs of patterned structures are needed. However, for the
design of a compact optical integrated circuit, the size of the
structure should be reduced down to the scale of submicro-

meter to a few nanometers, which is smaller than the operat-
ing wavelength. The optical properties of the materials in
this scale, especially for metals or semiconductors, may also
be quite different because of the size effects and the changes
of refractive indices. These effects would cause strong EM
interactions in the local region of the materials. Therefore,
all parameters including shapes, sizes, and materials have to
be considered.

In this work, we tend to study the near-field optical prop-
erties of a patterned structure of a nanometric bow-tie an-
tenna. A bow-tie antenna is a symmetric structure consisting
of two isosceles triangles with a small gap. Based on the an-
tenna theory (Balanis 1997, Jackson 1998), an antenna be-
haves like a dipole radiation, and the oscillating electric field
is confined in the gap (near zone) with the EM fields radiat-
ing into far field. Because of the locally confined field in the
gap of an antenna, Grober et al. (1997) suggested that the
bow-tie antenna can be used as a high efficiency near-field
optical probe. They have also demonstrated that this idea is
validated at microwave frequency. To examine this idea in a
nanometric region, the optical localization phenomenon and
the enhanced intensity of a nanometric bow-tie antenna are
investigated in our study. The dependence of field enhance-
ment on the gap size and thickness of the bow-tie antenna
and the fields at different z planes are studied.

Model

The structure of the nanometric bow-tie antenna is shown
in Figure 1. Figure 1a shows the construction of the antenna
and its corresponding coordinates. The angles of the isosce-
les triangles are 90° - 45° - 45°. We assume that all the ma-
terials are isotropic and nondispersive. The thickness and
total length of the antenna are 20 nm and l, respectively, and
the gap between two isosceles triangles is d. The total length
of the structure is (l = λ /2 + d ), and λ is the wavelength of
the incident light. Figure 1b displays the side-view of the
configuration of the antenna. The structure is illuminated
by an incident light along the z direction. The incident light
is a linearly polarized plane wave in the y direction with its
wavelength of 690 nm. The amplitude of the incident plane
wave is 1 V/m. The material used for the antenna is gold
with the refraction index, n = 0.16 + 3.8i; the substrate is
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FIG. 1 (a) Structure of the bow-tie nanoantenna, and (b) the sec-
tional view of the configuration.
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FIG. 2 (a) Distribution of the magnitude of the electric field on
the bow-tie antenna surface; (b) magnitudes of the electric field,
|E|,on x axis, y axis, and z axis, respectively; (c) the distribution ofthe
projection of Poynting vector on the surface of bow-tie nanoantenna.

a quartz plate with n = 1.5. In our calculation, we assume both
the air (n = 1) and the substrate to be semi-infinite. We use
a commercial finite-element method (FEM)-based electro-
magnetic solver, high frequency structure simulator (HFSS),
to study the distributions of optical near field numerically.

Simulation Results and Discussions

Figure 2 shows the simulation results of the distributions of
electric fields and the Poynting vector of the bow-tie antenna.
The gap d is set to be 50 nm in this case. Figure 2a shows the
distribution of the magnitude of electric field, |E|, at the plane
of z = 0, which is the interface of air and the antenna. The en-
hanced field generated at each corner of the triangles is due to
surface plasmon resonance and edge effects (Kottmann et al.
2001). The results show the magnitude of the field, |E|, in the
gap which is 67 times of that of the incident field. The optical
intensity, |E|2, is estimated to be 4,489 times larger than the
incident intensity at the apexes. One of the reasons for the
enormous enhancement of field and intensity is that the tri-
angle structure of the bow-tie antenna is near perfect. The geo-
metric accuracy is still limited by the spatial resolution of the
grid size of the calculation, which is around 2 nm in this case.
In reality, the accuracy of the structure of the bow-tie antenna
we calculated is restricted by the resolution of the fabrication
technology, for example, the electron-beam lithography. Fig-
ure 2b shows the magnitude of the field, |E|, along x, y, and z
axes, respectively. The field is a symmetric distribution from
the center (x = 0) to both sides on the x axis. The maximum
amplitude at the center is around four times that of the inci-
dent field, and the full-width half maximum (FWHM) is about
58.7 nm. In the y axis, the field distribution displays two sharp
peaks at two apexes (i.e., y = ±25 nm), and the amplitude
drops rapidly from 67 V/m (apexes) to 10 V/m (y = ±20 nm).
The amplitude of electric field drops to 4 V/m in the central
region of y = 20 nm to y = –20 nm. In the z axis, the field is
an exponential decay, and the decay rate of amplitude is about
–0.0433 from z = 0 to z = 110 nm. Figure 2c shows the dis-
tribution of the projection of the Poynting vector on the z = 0
plane. The result displays that the electromagnetic energy
flows to the gap of the antenna.

Figure 3 shows the spot size r and the central intensity |E|2

as functions of the gap distance d for x and y axes, respec-
tively. The spot size is defined as the FWHM of the central
fields. Figure 3a shows a linear relation between the spot
size and the gap distance for both the x and y axes. The spot
size is not only determined by the wavelength but also by
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FIG. 3 (a) Spot size r, and (b) central intensity |E|2 for different gap distances d on the x axis and y axis, respectively. a. u. = arbitrary unit.

the gap distance. The ratio of the spot size r and the gap dis-
tance d is approximately 1 for the y axis, and 0.67 for the x
axis. Figure 3b displays the dependence of intensity |E|2 for
different gap distances, d = 20, 40, 60, 80, 100, and 120 nm,
respectively. The enhanced intensity decays with the increase
of gap distance for both the x and y axes. The decay rate of
the intensity on the x axis is faster than that of the y axis. The
ratio of the decay rate on the x and y axes is around 8.84 in
the region of 20 to 60 nm of the gap. It implies that the en-
hancement factors of the electric fields are determined by
the gap distance for both x and y axes.

For a fixed gap length of 50 nm of the bow-tie antenna,
the distributions of the magnitude of electric field, |E|, along
the y axis are calculated and plotted in Figure 4a for various
heights (i.e., 4, 12, 20, 24, 40, 60, and 80 nm, respectively)
above the surface of the antenna. Two peaks of the distribu-
tion of the electric field are merged to one when the height
is >40 nm. The distinct feature of the field distribution is lim-
ited in the near-zone around λ/20. Figure 4b shows the spot
size r for various heights h. It seems that the spot size r is
proportional to height h in the direction of the x axis, but the
twin peaks of the distribution in the direction of the y axis
display two kinds of dependence because of the difference
between the near-zone and intermediate zone. The spot size
is strongly affected by near-field scattering and dipole inter-
actions of the arris in the near zone. In Figure 4c, the results
show that the enhancement of the central field decreases rap-
idly with the increase of the height. The magnitude of inten-
sity on the y axis at the height h of 40 nm is only 1/70 of that

of h = 4 nm; on the other hand, for the similar case of x axis
the decreasing ratio is only 1/7.5. As shown in the Figures
2b and 4c, the intensity along the y axis at the surface of the
antenna and at the height of 4 nm is 4489 and140 times more
than that of the incident intensity, respectively.

The thickness of metal film is another key issue to affect
the central intensity of the optical nanoantenna. Figure 5a
and b shows the central intensity on the x and y axes for the
metal film thickness of 5, 10, 15, 20, 30, 40, and 50 nm, res-
pectively. Results indicate a maximum intensity on both x
and y axes at a thickness of 30 nm. It is the thickness of gold
with the refractive index of 0.16 + 3.8i that can gather more
intensity at the center of the nanoantenna from scattering
and multiple reflection of the structure than the absorption
of gold film. The results of localization of intensity are sim-
ilar to those of a focusing lens. The advantages of using a
nanoantenna are its simplicity, small and compact size, and
high efficiency in localization of optical field and intensity.
Based on these advantages, a lensless system using a nano-
antenna has been suggested for the near-field optical head
(Challener et al. 2002, Sendur and Challener 2003) and the
near-field optical aperture (Oesterschulze et al. 2001).
These designs and ideas indicate that the using of tip and
edge of the triangle pattern is the key for dipole interactions
and plasmon polariton excitations. Similar developments
are the method of shape-control-like square aperture
(Sendur and Challener 2003, Tanaka and Tanaka 2003) or
C-aperture (Shi et al. 2003). Compared with the aperture or
a hole on a film (Oesterschulze et al. 2001, Sendur and
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Challener 2003, Shi et al. 2003, Tanaka and Tanaka 2003),
the nanoantenna of our calculation is an open system. The
versatility of the nanoantenna allows better and easier inte-
gration and application with other micro- or nano-optical
devices.

Conclusions

Near-field optical simulation and the localization of op-
tical fields of a nanometric bow-tie antenna have been stud-
ied by the FEM method. Results show the enhancement of
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the near-field intensity and the concentration of the optical
energy. Dependence of the thickness of the metal film and
the gap between two isosceles triangles of the bow-tie nano-
antenna are studied. Enhancement of three orders of the mag-
nitude of the optical intensity can be observed in the near zone
of the bow-tie nanoantenna. No localization and enhance-
ment of the optical field occurred in the case when the pola-
rization of the incident electric field is in x direction. It is very
clear that the direction of dipole oscillation of the bow-tie
nanoantenna is strongly dependent on the polarization of the
incident wave. Use of the bow-tie nanoantenna to achieve
the localization of the optical field and to obtain a confined
spot size are demonstrated in the simulation results. We trust
that the concentration of strong electric field energy in arris
of the bow-tie nanoantenna would make it a promising struc-
ture for advanced nanophotonics applications.
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Summary:We have investigated the behavior of surface plas-
mon polariton of a left-handed material (LHM) nano-slab.
The LHM slab is chosen to operate in visible region, that is, it
has negative permittivity and permeability within a frequency
range of visible light. The dispersion curves of the LHM slab
and the corresponding attenuated total reflection (ATR) spec-
tra have been calculated in this article.

Key words: surface plasmon polariton, left-handed mate-
rial, nano-slab, visible light

PACS: 07.05.Tp, 78.67.–n, 07.05.Pj, 07.79.Fc, 61.82.Rx.

Introduction

The spatial resolution of conventional far-field optical sys-
tems is limited by the diffraction limit. The main reason for this
limitation comes from the loss of high-frequency evanescent
components of the imaging wave fields. These high Fourier
evanescent components of the image can be produced by the
near fields of surface polaritons. To overcome the diffraction
limit, near-field optics and detecting technology have been
developed rapidly in the last 10 years. Pendry (2000) had pro-
posed a new concept that a slab of left-handed material
(LHM) could restore the evanescent wave-field components
which do not propagate in a radiative manner. The slab of
LHM could amplify the amplitudes of evanescent wave
fields when they pass through the LHM. Recently, the theory
of the “perfect image” has been improved by adding a large-
momentum cutoff of wavenumber (Gómez-Santos 2003,
Haldane 2002). This cutoff can be derived from a necessary

wavenumber-dependence of the constitutive relations and is
closely related to the resolution of the “perfect image.” The
microscopic surface structure of the lensing medium will de-
termine this cutoff and, therefore, will limit the resolution of
the image. On the other hand, some investigations (Rao and
Ong 2003a, b) have shown that the properties of amplifying
evanescent waves and subwavelength imaging in a lossy
LHM slab were closely related to the resonance of surface
plasmon polariton modes at the two surfaces of the LHM
slab. In this article, we will investigate the surface plasmon
polariton of a nano-slab, which is assumed to be left-handed
material in the visible region.

Methods and Model of Simulation

A surface plasmon polariton (SPP) is an electromagnetic
excitation at the interface between two media. Using
Maxwell’s equations and the boundary conditions for the
electric and magnetic fields, it can be shown that the elec-
tromagnetic field of SPP propagates along the interface but
decays away from the interface (Rather 1998). Considering
a slab of thickness d, and based on the evanescent behavior
of the SPP field, we can derive the SPP dispersion relations
as the following form (Ruppin 2001):

(1)

(2)

Equations (1) and (2) are the dispersion relations for p- and
s-polarization fields, respectively. ε(ω), µ(ω), and εm, µm are
the permittivity and permeability of the dispersive material

µ(ω) = − µm

k

k0
 tanh(kd/2) ,

µ(ω) = − µm

k

k0
 coth(kd/2) ,

ε(ω) = − εm

k

k0
 tanh(kd/2) ,

ε(ω) = − εm

k

k0
 coth(kd/2) ,
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of slab and its surrounding dielectric material, respectively.
Figure 1 shows that k0 and k are the z components of the wave
vectors in the corresponding regions. According to the evanes-
cent property of SPP wave, they are assumed to have the fol-
lowing form and are required to be real:

,

.

Parallel components of the wave vectors (denoted by h) are
the same in all regions.

It has been shown by Pendry et al. (1996, 1999) that the
effective permittivity and permeability of a left-handed ma-
terial in microwave region can be expressed as:

,

.

(3)

where ω is the frequency of the light, ωp is the effective plasma
frequency, F is a volume factor value, and ω0 is the magnetic
resonance frequency. The damping terms γ and Γ represent
dissipation of electromagnetic energy into the system. If the
values of γ and Γ are far smaller than the light frequency, ω,
they can be ignored. The parameters described above are all
dependent on the constitutive structures of the LHM. By scal-
ing down the characteristic dimension of the building blocks
of the LHM, it is possible to fabricate the LHM that operates
at optical and infrared frequencies (Panoiu and Osgood 2003).
The dispersion curves of the nano-slab consisting of the left-

µ(ω) =
 
1 −

Fω2

ω2 − ω 2
0 + iω�

ε(ω) =
 
1 −  

ω 2
p

ω2 + iωγ

k = [h2 − ε(ω) µ(ω)
ω 2

c2  ]
1/2

k0 = �h2 − εm µm

ω 2

c2  �
1/2

handed material can be calculated according to Eq. (3) together
with Eqs. (1) and (2).

If the dielectric materials surrounding the left-handed ma-
terial are different, the SPP dispersion relations will have a
slightly complex form. For example, the permittivity and
permeability of the dielectric material in z < 0 region are ε1and
µ1, and those in z > d region are ε3 and µ3. It can be shown that,
for the p-polarized wave, SPP dispersion relations are

where ki, i = 1, 2, 3, respectively, are the z components of the
wave vectors in the corresponding regions. They are required
to be real and have the form of

.

For the s-polarized wave, the dispersion relations are as
follows:

Results and Discussions

We have calculated the dispersion curves for a nano-slab
consisting of left-handed material with negative permittivity
and permeability within a frequency range of visible light.
For simplicity, we first consider the case that the dielectric
materials above and below the LHM slab are the same, and
assuming both εm and µm are equal to 1. For the LHM slab,
the value of ωp in Eq. (3) uses the plasma frequency of alu-
minum (3570 THz), assuming the damping term of the LHM
slab is very small so that it is neglected. When the light frequ-
ency is smaller than the plasma frequency, the permittivity of
the slab is negative, and the other parameters used in Eq. (3)
are: F = 0.56, ω0 = 3142 THz (corresponding to a 600 nm
wavelength). It can be shown that the permeability of the slab
is negative between the frequency range of 3142 THz (i.e.,
ω0) and 4736 THz (it is defined as ωmp). It can be seen that,
under these parameters, the LHM slab has both negative per-
mittivity and permeability in the frequency range between
ω0 and ωp, which is within the frequency range of visible
light. The thicknesses of the slab used in this calculation are
20, 44, and 60 nm, respectively.
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FIG. 1 Schematic diagram of the nano-slab and the electromag-
netic wave vectors of surface plasmon polariton.
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Figure 2 shows the dispersion curves of our calculated re-
sults. Branches p-1 and p-2 are p-polarized modes (magnetic
field is along the y direction in Fig. 1), which occurred in the
frequency region ω < ω0. In this region µ(ω) is positive, and
ε(ω) is negative. The slab behaves similar to conventional
metal in this region. Branch p-3 is also p-polarized mode,
and it lies entirely within the frequency range in which the
slab material is left-handed material. Branches s-1 and s-2
are s-polarized modes (electric field is along the y direction
in Fig. 1), and each of them crosses over from the region of
left-handed behavior into the region in which µ(ω) is nega-
tive and ε(ω) is positive. These various branches represent
the characteristic SPP modes which can be excited at the in-
terfaces under suitable conditions.

The SPP of the left-handed material slab in microwave fre-
quency range has been investigated by Ruppin (2001).
Comparing our calculations with Ruppin’s results, the main
differences are the relative positions of ωp and ωmp in the vis-
ible region. The plasma frequency (ωp) is chosen to be located
between ω0 and ωmp in our calculations. The permeability of
the slab is negative in this frequency range. The p-polariza-
tion branches (p-1 and p-2) behave very similarly in both our
results and those of Ruppin. The s-polarization branches (s-
1 and s-2) are all within the negative permeability frequency
region, but they do not cross over from the negative to the pos-
itive permittivity region in Ruppin’s calculations. For the rest
of p-polarization modes, there is only one branch (p-3) in our
calculation. For the second branch, h has no real solution in
the frequency range we have investigated; therefore, it is not
a suitable solution for the SPP dispersion relation.

Figure 3 is the calculated attenuated total reflection (ATR)
spectra for the corresponding thickness of the slab. The
configuration that is used to calculate these ATR spectra is
shown in Figure 4a. The permittivity and permeability of
the prism are set to be 3 and 1, respectively. The incident
angle of light, θ1, is 75°. The separation between the prism
and the slab of LHM, a, is 100 nm. Both the damping terms
γ and Γ of LHM are set to be 19.4 THz. Other parameters
of the LHM and its surrounding dielectric materials are the
same as those used in calculating dispersion curves. In the
graph of the ATR spectrum, the solid line is for p-polarized,
and the dashed line is for s-polarized incident light. We can
see that the reflective minimum for each SPP mode corre-
sponds well with the associated branch in the diagram of
dispersion curves. The small deviation of the peak position
may come from the finite value of the separation, a, which
we used in ATR calculation. When the separation increases
to 200 nm, there is almost no deviation of peak positions in
ATR spectrum (not shown here). It is obvious that the sep-
aration of s-1 and s-2 peaks decreases when the thickness
of the LHM slab increases. This is an expected result be-
cause the two s-polarized dispersion curves in Figure 2 are
close to each other when the thickness of LHM slab in-
creases. The same phenomenon was seen for peaks p-1 and
p-2. The resonance strength of the peaks does not show very
regular variation with the increasing thickness of the slab.

FIG. 2 Dispersion curves of the left-handed material slab with dif-
ferent thicknesses: (a) d = 20 nm, (b) d = 44 nm, (c) d = 60 nm. The
dielectric materials above and below the slab are the same (i.e., air).
In each diagram: Line (i) is h = ω/c; curve (ii) is h = [ε(ω)µ(ω)]

1/2ω /c;
line (iii) is the dispersion curve of the incident light in the calculated
attenuated total reflection spectrum.
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In general, the resonances of the s-polarized modes become
stronger with the increasing thickness of the slab. For the
p-polarized modes, we found that the resonance strength of
the p-2 mode rises with the increase in slab thickness, but
that of the p-3 mode decreases with the increase in slab
thickness.

We have also calculated the dispersion curves for the slab
of LHM with different surrounding dielectric materials above
and below it. Figure 5 shows the results of the dispersion
curves. The permittivity and the permeability of the substrate
(glass) are set to be 2.3 and 1, respectively. It can be seen that
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FIG. 3 Attenuated total reflection spectra for the left-handed mate-
rial (LHM) slab surrounded with the same dielectric materials (i.e.,
air) above and below the slab. The thickness of the LHM slab is (a) d =
20 nm, (b) d = 44 nm, (c) d = 60 nm. The solid line in each diagram
is for p-polarized light and the dashed line is for s-polarized light.
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the prism and the LHM slab, and the thickness of the LHM slab,
respectively.
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the behavior of the p-polarized branches is similar to that of
previous cases, except that the p-1 and p-2 branches do not
approach each other at a large wave number, that is, they do
not become degenerates. For s-polarized branches, their be-
havior is very similar to the previous case. Figure 6 shows the
ATR spectra associated with the dispersion curves of Figure5.
The configuration of this ATR calculation is shown in Figure
4b. It is similar to the previous case, in which the two peaks
of s-polarized modes approach each other as the thickness of
the LHM slab increases; however, in the two p-polarized
modes p-1 and p-2, they do not approach each other. Con-
sidering the resonance strength, it is seen that the resonance
of peaks p-2 and s-2 become stronger and those of peaks p-1,
p-3, and s-1 become weaker. Their behavior is similar to that
in the previous case. Comparing the influence of the sur-
rounding dielectric materials, for example Figures 3b and 6b,
it is seen that in the case of different dielectrics above and
below the LHM slab, the resonance strength of peaks p-1, p-2,
and s-1 decreases and that of peaks p-3 and s-2 increases; how-
ever, this is not the general phenomenon. In the case of a thin-
ner thickness of the slab (Fig. 3a and 6a), we can see that the
resonance strength of each mode becomes stronger. From the
investigations of Rao & Ong (2003a, b), we expect that the
thickness of the LHM slab will have some complex influence
on the coupling situations of surface plasmons at the two in-
terfaces of the slab. Therefore, the comparison between the
two results in Figures 3 and 6 are more complicated than the
previous cases.

Conclusions

The SPP modes of a left-handed material slab in visible fre-
quency region have been calculated with proper parameters.
It can be seen that the dispersion curves and the SPP resonances
are affected by many parameters such as ωp, ω0, F, and the
thickness of the slab, and so forth. These parameters all depend

on the constitutive structures of the slab. We can change these
parameters by modifying the constitutive structure or material
of the slab to obtain different behaviors of the SPP modes.
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