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Near-Field Optical Characterization of Nanocomposite Materials
Lukas Novotny
The Institute of Optics. University of Rochester. Rochester. New York
*We present a near-field optical technique *-hich makes use of
the strongly enhanced optical field at a laser-illuminated metal
tip. The enhanced field is used to locally excite the sample
under investigation by multiphoton absorption. An optical
scan image w-ith spatial resolutions dow-n to 20 nm is established by detecting the emitted fluorescence. The principle of
the method is described and experimental results are demonstrated for samples of J-aggregates of PIC dye molecules.
Ongoing experiments on nanocomposite, Er 3"-doped oxyfluoride glass-ceramics are discussed.
.

IL. Near-Field Optical Mlicroscopy and Spectroscopy with
Laser-Illuminated Metal Tips
Optical spectroscopy provides a wealth of information on
structural and dvnamical properties of materials. Combining optical spectroscopy with microscopy is especially desirable because
the spectral features can be spatially resolved. In recent vears a
novel microscopy. called near-field optical microscopy.,' has
extended the range of optical measurements beyond the diffraction
limit and stimulated interests in manv disciplines, especially
material sciences and biological sciences. 4 In the most widely
adapted aperture approach. 5 light is sent down an aluminumcoated fiber tip of which the foremost end is left uncoated to form
a small aperture. Unfortunately, onl\ a tiny fraction of the light
coupled into the fiber is emitted through the aperture because of
the cutoff of propagation of the wavegulide modes. The low light
throughput and the finite skin depth of the metal are the limiting
factors for resolution. Nowadays. it is doubted that an artifact-free
resolution of 50 nm will be surpassed by the aperture technique.
However, many applications in nanotechnology require higher
spatial resolutions.
To overcome this limitation, we introduced a new apertureless
technique." It makes use of the strongly enhanced electric field
close to a sharply pointed metal tip under laser illumination.
Depending on the tip material and the polarization of the excitation. the energy density close to the metal tip can be 2 to 3 orders
of mannitude larger than the energy density of the illuminating
laser light. The field enhancement arises from a high surface
charge density at the tip induced by the incident light polarized
along the tip axis. In contrast. incident light with polarization
perpendicular to the tip axis results in no field enhancement.
Figure I shows the calculated field distribution and induced
surface charge density when the gold tip is illuminated with the
polarization along the tip axis. Notice that the field enhancement is
niot based on a surface plasmion resonance condition. Instead. it is
generated by the quasi-electrostatic singularity at the tip (lightning
rod effect).
The principle of the experinmental setup is shown in Fig. 2. A
laser beam is focused by a high numerical aperture objective onto
the sample surface and the tip is laterally positioned into the focal
spot. The laser w%a'elength and polarization are optimized to
maximize the tield enhancement at the metal tip. The enhanced
fields near the tip form a local excitation source which allows for
a highly confined optical interaction with the sample surface. This
interaction gives rise to a spectroscopic response which is collected by the same objectie lens and directed onto a confocal
pinhole and a subsequent optical detector. To establish an optical
image of the sample surtace, the sample is laterally raster scanned
while assigning to each point on the sample surface a corresponding spectroscopic signature. The metal tip is maintained within
()_.5- nm above the sample surface by using a tuning-fork
feedback mechanism. A highly sensitixe preamplification allows
us to keep the interaction fiorces between tip and sample in the
range of 10-1()0 pN. Forces in this range do not damage the soft
metal tips. A phase-sensitive detection scheme' with a fast time
response has been developed to circumvent the limitations imposed by the high Q factor (1600) of the tuning fork resonance.
The vertical noise (electrical and mechanical) of the entire system
is less than 0(.1 nm (rms).

Introduction

NANOCOMfPOSITF
materials consist of nanoscale constituents
w`vhich exhibit optical and electronic properties that differ from
the corresponding macroscopic properties. There is a wx
ide range of
potential applications of nanocomposite materials. Among them
are electrical and optical sensors. dispersions. coatings. and novel
optical glasses. While there is a strong effort in the synthesis of
nanostructures and nanocomilposite materials, there is also a need to
develop suitable techniques to probe the ph!sical properties of
these novel materials. In fact, the recent rapid advances in
nanotechnology are due in large part to our newul acquired ability
to measure and manipulate indi idual structures on the nanoscaile.
Among these techniques are scanning probe microscopes. optical
tweezers, high-resolution electron microscopes. and others.
Currenl]. there is a big effort to understand the physical and
chemical properties of nanoscale ssstems. In the bottom-up approach one first intends to understand the building blocks on a
nanometer scale before assembling them into a functional device.
However, the properties of the building blocks can change once
thex are embedded into a macroscopic structure. This change is
due to interactions between the building blocks and also interactions %vith the environment. In fact, one of the most interesting
aspects of materials at the nanoscale involves properties dominated
by collectixe phenomena. In some case, collective phenomena can
bring about a large response to a small stimulus. To investigate
such phenomena it is necessary to study the properties of single
nanostructures in a complex en ironment. However, this requires
instrumentation wkith high spatial resolution.
In this paper xwe describe a near-field optical technique for the
characterization of nanocomposite materials. Using this technique.
spectroscopic measurements with spatial resolutions of 20 nmi
have been demonstrated.' Here, we w%ill first present experimental
results for samples of i-aggregates of PIC dxe molecules. These
results demonstrate the principle and the capabilities of this
near-field optical technique. We then discuIss our current experiments on nanocomposite oxyfluoride glass-ceramics.
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Fig. 1. (a) Calculated field distribution (E) near a gold tip illuminated by a plane wave polarized along the tip axis. The electric field is considerably
enhanced beneath the tip. (b) Induced surface charge density. The surface charges form an oscillating standing wave. The large surface charge accumulation
at the foremost part is responsible for the field enhancement. From Ref. 9.

The direct illumination of the sample surface gives rise to a
far-field background signal. If we consider an optical interaction
that is based on an nth-order nonlinear process and assume that
only the sample surface is active, then the far-field background
will be proportional to
Sf - Alo

()

where A is the illuminated surface area and In is the laser intensity.
The signal that we wish to detect and investigate (near-field signal)
is excited by the enhanced field at the tip. If we designate the
enhancement factor for the electric field intensity by f, then the
near-field signal of interest is proportional to
Snf - a0o)"

(2)

where a is a reduced area given by the tip size. If we require that
the signal be stronger than the background (S,,IS,, > 1) and use

realistic numbers for the areas (a = (10 nm)2 , A = (500 nm)2 ),
then we find that an enhancement factor of
f > "200

(3)

is required. For a first-order process (n = 1) such as scattering or

fluorescence an enhancement factor of 3 to 4 orders of magnitude
is required, which is beyond the calculated values. Therefore, the
scheme is not applicable to first-order processes and it is necessary
to involve higher-order nonlinear processes. For a second-order
nonlinear process the required enhancement factor is only 50. This
is the reason that our first experiments have been performed with
two-photon excitation. Since the enhanced field is highly localized
at the end of the tip, the achievable resolution is on the order of the
tip diameter. Previous experiments with ultrasharp gold tips
produced by focused ion beam milling demonstrated spectroscopic
measurements with spatial resolutions on the order of 20 nm.9 To
date, this is the highest reported spatial resolution of a spectroscopic optical measurement.

III.

Experiments on J-Aggregates Using
Two-Photon Excitation

The enhanced field at the tip can be established only if the
exciting laser light has an electric field component along the tip
axis. Therefore, in an on-axis illumination as shown in Fig. 2 one
would not expect a strong field enhancement. However, this is true
only for a focused beam in the paraxial (weakly focused) approximation. For a beam focused by a lens with a high numerical
aperture (NA) an appreciable longitudinal field is built up in the

focus of the beam.'° The longitudinal field is zero on the optical
axis. In the focal plane it forms two distinct lobes aligned in the
direction of the beam polarization. The strength of this longitudinal
field increases with increasing NA of the focusing lens. For a

strongly focused beam as encountered in our setup, the longitudinal field strength is only a factor of 5 weaker than the transverse
field strength (cf. Fig. 3(c)). An image of the two longitudinal field
lobes is shown in Fig. 3(a). To record these images we made use
of the fact that the field enhancement is accompanied by increased

Fig. 2. Principle of the near-field optical technique. A laser beam is
focused on a sample surface and a sharply pointed metal tip is held in close
proximity above the surface. The enhanced fields at the tip locally interact
with the sample surface, thereby exciting a spectroscopic response that is
detected by the same objective and directed onto a detector.

second-harmonic generation at the metal tip surface. The light of
a mode-locked titanium-sapphire (Ti:S) laser (X = 830 nm)
generating 150 fs laser pulses has been focused by an NA = 1.4
objective lens on the surface of a bare glass surface and a sharp
gold tip was scanned line by line through the focus. An image was
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Fig. 3. LonLitidinal tield lobes in the focal plane ot stronegl tfocused laser bearm.
The experimental miiage (a) has been measured by raster scanning the
gold tip throu-gh the focal plane of the laser beamn and recordinLg he sccond-harmionic light generated aItthe surflace
of the tip. The two lobes are aligned in
direction of the laser polarization in aereeient with tle calcUlated pattern tb. The arrows indicate the
direction of polarizationi. (c) Longitudinal field strength
E -i. trani erse tield strength IE ).anid total tfield trength tE-) as a tunction ot the radial coordinate in the tocail
plane.

generated b7 recording the intentsitx of the generated seconidharmonic
nd
ht for each tip position. FigLure 3ibh shows that the
obtained inmage is in agreemnent \ ith the calculated patteril. If the
polarization of the laser beatii is rotated b- 90. the two lobes
rotate as well. Fi-gure .,c)depicts the longitudinal (E -) and
trans -erse (E -I held strength as a fuinction of the radial coordirtate
ialong the polarization directiont in the focal plane.
To demonstrate the imnaging properties of the field enhancemilent
technique \\e chose a satiiple which simultaneousi! generates a
near-field and a far-field imrage. This sample consists of singie
nanoscale PVS I poiv\inl\ sulfate strands with J-ao-renates of
PIC (pseudoisoc anine) dye.' The gold tip has been positioned

and the enhanced field at the gold tip excite the J-aggregates by
two-photon absorption. The emitted fluorescence is detected and
Ltsed to establish an optical raster-scan image. Figure 4(a) shows
the topographic (surface profile) image of a single strand of
J-aggregates. and Fig. 4/bI shows the simultaneously recorded
fluiorescence image. The curves beneath the images show an
arbitrarv cross section. The size of the J-aggregate strand was
choseni such that two distinct features can be recognized in the
fluorescence imnage: (i) a broader shoulder due to fluorescence
excited bv the focused laser light and (21 a sharp peak which
corresponds to the fluorescence excited bv the enhanced field at
the gold tip. Thtis. the optical image is a superposition of a far-field
inmage and a near-field image. The near-field peak disappears if the
tip is retracted from the sample surface during the imaging process.
but the iar-field shoulder remains unaffected. Figure 4(c) shows

above a longitudinal field lobe in the laser focus and the sample

with a single strand of J-aggregates was iaterall\ scanned as
schemiaticaill shown in Fig. 2. Both the fottCsed Ti:S laser light
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the spectrum of the emitted fluorescence as determined by the PIC
dye molecules. If the tip is retracted, the intensity of the spectrum
drops because the near-field signal is lost. It can be clearly
recognized that the near-field generated vertical line in Fig. 4(b) is
slightly displaced from the center of the far-field image. The
reason for this displacement is the off-axis location of the
longitudinal field lobes. While the far-field image is generated by
the total field strength (E2 in Fig. 3(c)), the near-field image is
excited by one of the two longitudinal field lobes (E,2 in Fig. 3(c)).
Notice that only the surface of the J-aggregate strand contributes to
the near-field signal. On the other hand, the entire thickness of the
strand determines the strength of the far-field signal. Therefore, by
imaging smaller strands it is possible to completely reject the
far-field contribution. ' 2
IV.

Experiments on Nanocomposite Materials

While previous investigations on J-aggregates provided a good
understanding and quantification of the field enhancement effect,
our current research is focused on nanocomposite materials. One
of the systems studied is rare-earth (RE) doped transparent
oxyfluoride glass ceramics. These samples consist of a glass
matrix with embedded LaF3 nanocrystallites.' 3 Because the phonon energy in LaF3 is roughly a factor of 3 lower than in glass,
phonon quenching of excited RE ions is smaller inside LaF3
nanocrystallites than in the glass matrix. Therefore, the lifetime of
excited RE ions inside LaF 3 nanocrystallites is higher than in the
glass matrix and the stimulated emission cross section is increased.
Thus, the optical properties of RE-doped oxyfluoride glass ceramics are controlled by the nanoscale fluoride crystal hosts, whereas
the mechanical properties and the durability are determined by the
oxide glass. Oxyfluoride glass ceramics are promising materials
for fiber amplifiers and up-conversion devices.' 4
Our experiments are aimed at optically resolving individual
LaF3 nanocrystallites on the surface of a thin Er3 '-doped oxyfluoride glass ceramic sample. The erbium ions are excited from the
41,,,, state by the simultaneous absorption of two photons at X
850 nm. This excitation scheme depends quadratically on the
excitation intensity and therefore provides good suppression of the
far-field background signal. The intermediate virtual level has to
be sufficiently separated from the excited levels 419,2 and 41, 1/2 to
avoid excitation by excited-state absorption and excited-state
energy transfer between individual ions. Photons at A = 550 nm
generated by spontaneous emission from the 4S31 2 state are
detected to image and optically characterize the sample. The
excited-state lifetimes of Er3 + are determined by time-correlated
photon counting. With our ongoing experiments we are investigating the following: (l) Er 3 + concentrations in LaF3 nanocrystallites compared with concentrations in the glass matrix, (2) the
homogeneity of Er3 + dopants in the sample, (3) the excited-state
lifetimes of Er3 + in individual LaF3 nanocrystallites and in the
glass matrix, and (4) spectral differences of Er3+ emission and
absorption due to interactions with the local environment.
The separation between individual LaF 3 nanocrystallites is
typically 30-60 nm as determined by atomic-force microscopy.' 5
This is an ideal size range for the here-described near-field optical

technique. It is important to use very thin samples and a confocal
detection scheme to reduce the far-field background signal. To
increase the signal-to-noise ratio it is also possible to apply a
three-photon excitation scheme with excitation pulses at A 1.25
p.m. The signal-to noise ratio can be further increased by illuminating the metal tip with a higher-order laser mode having a
longitudinal field at its focus.'6 A convenient conversion scheme
to produce such modes has been developed recently.' 7
V.

Conclusions

We have described a near-field optical technique with optical
spatial resolution down to 20 nm. This method is based on the field
enhancement effect at laser-illuminated metal tips. Initial experiments on J-aggregates of PIC molecules demonstrate the principle
of the technique. Ongoing experiments on nanocomposite glass
ceramics are aimed at optically resolving individual LaF3 nanocrystallites and measuring the concentration and lifetimes of Er3 +
dopants.
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