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ABSTRACT
We demonstrate a near-field tomography method for investigating the coupling between a nanoscopic probe and a fluorescent sample. By
correlating the arrival of single fluorescence photons with the lateral and vertical position of an oscillating tip, a complete three-dimensional
analysis of the near-field coupling is achieved. The technique is used to reveal a number of interesting three-dimensional near-field features
and to improve image contrast in tip-enhanced fluorescence microscopy.

Light-matter interactions are of fundamental importance for
a host of nanoscale phenomena and emerging nanotechnology applications. Such interactions can be altered by
proximate surfaces, particularly near nanostructures with
sharp facets such as lightning rods,1,2 optical antennae,3-5
and roughened surfaces.6-8 For example, in surface-enhanced
Raman spectroscopy (SERS) the optical scattering cross
section is enhanced for molecules near “hot spots” on a
nanostructured surface, leading to an increase in the molecular detection efficiency.9 The enhanced near-field at the end
of a sharp tip can also be used for high contrast optical
microscopy/spectroscopy of molecules on a surface with
spatial resolution down to the nanometer scale.10-12 Recently,
a large amount of effort has been dedicated to optimizing
the size and shape of optical nanoantennae to enhance
light-matter interactions, thereby altering the direction and
rate of a dipole’s radiated emission.3-5,13
Within the context of apertureless near-field scanning
optical microscopy (ANSOM), the optical signal is generally
proportional to a dipole’s excitation rate, which in the linear
regime is in turn proportional to the local light intensity.13
In ANSOM, the tip can enhance the optical intensity via both
the lightning-rod effect2,14 and plasmon resonances3-5,13 and
can also induce an interference pattern from the superposition
of the excitation light and the light scattered off the tip.11,15-17
These two effects act independently to create a threedimensional intensity pattern that contains fluctuations on a
number of length scales ranging from nanometers to roughly
the wavelength. Additionally, a proximate tip can also
suppress a dipole’s spontaneous emission rate via nonradiative energy transfer (fluorescence quenching).18-24 The
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quenching efficiency depends sensitively on the probe
material, being highest for metals. All three tip-induced
effects, field enhancement, optical interference, and fluorescence quenching, are exquisitely sensitive to tip geometry.
The interplay of the complex intensity pattern and the
quenching distribution yields an optical image with rich,
three-dimensional structure whose precise shape is due to
the particular tip-sample coupling mechanisms at play for
the given experimental conditions.25 In this Letter, we present the first method that can produce a three-dimensional,
subnanometer precision map of the optical signal resulting
from these tip-sample interactions.
A three-dimensional theoretical model of the interplay
between the complex tip-modified intensity pattern and the
fluorescence quenching distribution is quite difficult to
generate and is left to the future. Rather, in this work we
use the three-dimensional structure of the resulting optical
signal to demonstrate the capabilities of our tomographical
reconstruction technique. In particular, we reveal this intricate
pattern by scanning 20 nm diameter dye-doped latex spheres
through the region near the apex of an illuminated atomic
force microscope (AFM) tip. These spheres contain several
tens of individual dye molecules (up to ∼200) with random
orientations, thus mitigating effects related to the direction
of the emission dipole moment. With these spheres, the
topographical signal is easily and accurately registered with
the optical image. The resulting composite images reveal
three-dimensional features of the tip-sample coupling mechanisms in extraordinary detail. This work differs from
previous reports in that it reveals the full three-dimensional
structure of the net tip-sample coupling map, rather than
simple one-dimensional approach curves17,22,23,26 or two-

Figure 1. Schematic of experiment. A laser beam is directed
through a beam mask (BM), producing either a radially polarized
laser beam or a 60° section (wedge) of an annular beam. A
microscope objective (OBJ, NA ) 1.4) focuses the laser beam and
collects emitted fluorescence, which is focused onto an avalanche
photodiode (APD). The laser focus is positioned onto an AFM tip
(oscillation amplitude 10-500 nm) using a scanning mirror (SM).
The sample is raster-scanned laterally, where by convention the X
axis corresponds to the fast-scan direction. The inset shows the
tip-sample interaction region in more detail. Other important
components include an optical fiber (OF), a dichroic mirror (DM),
and a spectral filter (SF).

dimensional maps that obscure structure in the third (vertical)
dimension.,12,17,20,23,27,28
Our method is based on ANSOM, or more particularly,
tip-enhanced fluorescence microscopy (TEFM).27,29,30 In this
technique, a focused laser beam illuminates a nanometerscale AFM tip composed of either metal (typically gold) or
silicon, which is brought into close proximity with the sample
of interest (Figure 1). The fluorescence rate is monitored with
an avalanche photodiode (APD) as the sample is scanned
laterally relative to the tip position. Significantly, large
amplitude (>10 nm) vertical oscillations in the tip-sample
distance are obtained in intermittent-contact (tapping) mode
by driving the cantilever on resonance via a piezoelectric
transducer. As described below, these oscillations provide
the means to map the tip-sample coupling in the vertical
(Z) direction, i.e., transverse to the sample plane. Any method
of tip-sample distance control that can be made to induce
significant vertical oscillations of the tip, including all types
of both cantilever and tuning-fork-based ANSOM techniques,28 can be employed to produce the desired threedimensional map.
Our TEFM system utilizes a commercial AFM (Asylum
Research) sitting atop a custom optical setup. A green
He-Ne laser (λ ) 543 nm) is used for excitation and the
laser beam is directed either through a radial polarization
converter (Arcoptix) or through a focused-TIRF (total internal
reflection fluorescence) arrangement. The radially polarized
beam produces longitudinal polarization (along the tip axis)
at the sample interface. In focused-TIRF, all but a small
wedge of supercritical rays are blocked in the infinity space
behind the microscope objective, producing an evanescent
field above the interface within a near diffraction limited spot
(≈1.5 µm × 0.5 µm). The polarization of the annular beam
can be adjusted to produce longitudinal or transverse
polarization at the interface. The laser beam is focused
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through a high numerical aperture objective (NA ) 1.4), and
fluorescence signals are collected through the same objective
and detected by an APD (Perkin-Elmer). The laser focus is
aligned onto an AFM probe; when the excitation polarization
is longitudinal, an enhancement in the optical intensity is
expected at the tip apex due to a nonresonant lightning-rod
effect (i.e., far from any plasmon resonance). Topographical
and photon sum signals are recorded simultaneously via the
AFM controller and displayed in real time. The APD signal
can also be analyzed in real time using a commercial lockin amplifier (Stanford Research Systems).27,30 These real time
signals are primarily used for aligning the tip and laser and
to produce one- and two-dimensional maps of the near-field
coupling between the tip and sample.
To obtain three-dimensional maps, a pair of data acquisition cards (NI PCI-6251, NI USB-6210) is used to sample
(at 80 MHz frequency) and record the arrival time of each
detected photon and to generate time stamps for each tip
oscillation and AFM line marker. The tip oscillation time
stamps are obtained by transforming the AFM deflection
signal into a square wave that triggers a time measurement
at a particular phase of each oscillation cycle. After these
data channels are acquired, the tip oscillation phase corresponding to each photon arrival is computed and recorded
to a computer disk. If the cantilever oscillation is harmonic,
the photon phase delays can be correlated with the height of
the tip above the sample after calibrating the tip oscillation
amplitude. Alternatively, if the cantilever oscillations are
anharmonic, the AFM deflection signal can be recorded by
an analog-to-digital card at a predefined sample rate, enabling
real time measurement of the precise cantilever trajectory.
In either case, the fluorescence rate can be correlated with
the lateral position of the probe using the AFM line markers.
As the sample is rastered, histograms of photon phase
delays are accumulated and parsed into the assigned lateral
(x-y) pixels. This results in a two-dimensional array of
vertical approach curves, which represents a three-dimensional map of the near-field coupling between the tip and
sample. The photon sum for each three-dimensional pixel
(voxel) is normalized to its corresponding acquisition time.
Thus, the value of a given voxel within the three-dimensional
image space corresponds to the fluorescence count rate at
that particular coordinate (x, y, z). Since the photon count
rates are stored as a three-dimensional array, the data can
be sectioned arbitrarily. This method for producing threedimensional tomographical reconstructions relies upon the
phase-correlation of single photons, and we therefore call it
single photon near-field tomography, or SP-NFT. It is
important to note that the SP-NFT data are not a direct map
of the near-field optical intensity pattern but rather the signal
that results from the interplay of all tip-sample interactions.
Figure 2 shows an X-Z slice generated by graphically
displaying a linear array of vertical approach curves at a
particular value of y (the slow scan axis). Here, the nearfield coupling between a 20 nm diameter fluorescent sphere
and a gold tip is measured along a Y section that cuts through
the topographical center of the sphere. When the tip is
sufficiently far from the sample (z ∼ ∞) such that no
3441

Figure 2. Tomographical reconstruction of a 20 nm diameter fluorescent sphere. The vertical approach curves and associated phase histograms
shown in panels (a-c) correspond to the lateral positions indicated by the dashed lines a′, b′, and c′ in panel d. The lower image panels are
total (d) and far-field subtracted (e) X-Z sections where each column of pixels corresponds to a vertical approach curve. In all panels, the
detected photon counts have been normalized to the relevant acquisition time to generate photon count rates. For these data, focused-TIRF
illumination was used (Figure 1) to produce an evanescent field with polarization parallel to the long axis of a gold-coated tip. The scale
bars correspond to 50 nm.

tip-sample coupling occurs, voxel values reflect the laserinduced far-field fluorescence rate, Sz∼∞ ≈ Sff. Thus, a precise
measure of the local far-field contribution to the fluorescence
rate is obtained at each lateral position by averaging the
values of a number of voxels corresponding to large tip
heights. At small tip-sample separations, the fluorescence
signal contains contributions from both far-field and nearfield interactions Sz∼0 ≈ Snf + Sff. The tip-induced modification to the fluorescence rate is then easily isolated by
subtracting the local far-field rate, as shown in Figure 2e.
This subtraction dynamically accounts for spatial variations
and temporal fluctuations in the laser intensity and also for
single-molecule blinking or slow photobleaching of a multichromophoric sample. To further elucidate three-dimensional variations of the tip-sample coupling, the fluorescence
data can be superimposed onto the topographical data. This
is shown in parts d and e of Figure 2 as the white cutout
region at the bottom of the image panels; the actual size of
the fluorescent sphere is indicated by the circular outline in
that region. Duplicity in the fluorescence signal acquired with
the data acquisition card and the AFM controller accounts for
any electronic delays between the two, ensuring that the
topography signal is properly registered with the SP-NFT image.
Figure 2 reveals a number of interesting effects that would
be difficult to capture accurately with either a twodimensional lateral image or a one-dimensional approach
curve. First, there is a three-dimensional “halo” of reduced
fluorescence signal extending ∼100 nm from the surface of
the sphere. In this region there is no observable enhancement
in the fluorescence signal even though the axial polarization
of the excitation field should lead to an enhancement in the
3442

optical intensity at the tip. For metal tips with a closed
geometry, such as a sphere or prolate spheroid, the lightning
rod effect and surface plasmon resonances can augment each
other leading to exceedingly large field enhancement factors
near the plasmon resonance frequency. However, for metal
tips with an open geometry, such as commercial AFM
probes, surface plasmons will be strongly dissipated.14,17,23,25
Furthermore, elongated tip geometries lead to a large red
shift in the plasmon resonance spectrum. These two factors
act to suppress plasmon-based field enhancement in this
experiment, which used commercial gold-coated AFM tips
and a green excitation wavelength (543 nm).
Ohmic dissipation mechanisms are responsible for strong
quenching of fluorescence by metal tips, and reduce the
optical signal in direct competition with field enhancement.19,20 This tug-of-war has been observed in recent onedimensional approach curve measurements using spherical
gold tips.22,24 In those studies, the closed spherical geometry
led to clear field enhancement, which was mitigated by
quenching only at very short range. For tips with open
geometries, the balance between field enhancement and
fluorescence quenching is pushed toward weaker enhancement and stronger quenching.31 In this work, commercial
gold-coated AFM tips were used, and the quenching evidently overwhelms field enhancement even at very short
tip-sample separation distances. The complete lack of
observable signal enhancement for metal-coated tips with
pyramidal geometry has also been observed in previous
work.17,19,20,23
Note that the approach curve shown in Figure 2a corresponding to axis a′ to the left side of the sphere exhibits
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partial recovery in the fluorescence signal. If Figure 2a had
been obtained in isolation, it would be tempting to attribute
the partial recovery to a more favorable balance between
field enhancement and fluorescence quenching. However,
after several tens of measurements at this illumination
wavelength (543 nm), such a partial recovery has never been
observed when the approach curve is measured along an axis
directly above the geometric center of the sphere, e.g., panel
b corresponding to axis b′. Thus, we attribute the partial
recovery in this case to the particular location with respect
to the detailed shape of the tip-sample coupling map at
which this approach curve was acquired. Specifically, at this
location the sample is quenched to a lesser extent so that
the fluorescence signal begins approaching the far-field
background rate as the tip is lowered to the glass surface.
On the other hand, Figure 6 in the Supporting Information
shows approach curve data obtained using an excitation
wavelength of 633 nm. In that case, the partial recovery in
the fluorescence rate is due to a more favorable balance
between enhancement and quenching. This more favorable
balance is expected at longer wavelengths given the elongated tip geometry, as discussed above.
The optical interference pattern generated by the superposition of the direct excitation light and that scattered from
the tip also contributes to the three-dimensional structure of
the image. In Figure 2, this interference pattern manifests
itself as the bright region to the left of the sphere position,
which arises from the constructive interference between the
evanescent wave and the light scattered off the tip when it
is downstream of the sphere. For these data, focused-TIRF
illumination was used (Figure 1, annular wedge beam mask)
yielding a vertically polarized evanescent field at the
glass-air interface traveling from right to left. Such interference features have been observed in previous work when
similar illumination conditions were used.11,15-17 As shown
in the Supporting Information, when the polarization of the
evanescent field is horizontal (perpendicular to the tip axis)
these long-range features are strongly suppressed and only
the primary dark halo is visible.16 This is reasonable since
the effective dipole moment of the tip should be predominantly along the tip axis, so light scattering should be weaker
for horizontal polarization.
Note that the dark halo shown in Figure 2 is not spherically
symmetric and is skewed to the left. This asymmetry is
independent of both the propagation direction of the evanescent field and the sample scan direction (see Supporting
Information) but does depend somewhat on the particular
tip used. Thus, the asymmetry of the halo is evidently a tipspecific effect. Although a detailed explanation of this effect
would require more extensive investigation, it is likely that
the redirection of fluorescence emission caused by an
antenna-like coupling between the tip and the fluorophores
in the sphere plays a role. This type of coupling has been
demonstrated previously,5 and would contribute to the observed
reduction of the fluorescence signal by biasing the emission
pattern toward the tip, and thus away from the collection solid
angle of the microscope objective. Within this context, the
observed skew in the dark halo is likely caused by a tilt in the
Nano Lett., Vol. 9, No. 10, 2009

Figure 3. Three-dimensional tomographic reconstruction of a 20
nm diameter fluorescent sphere using a silicon tip. The intersection
of two vertical planes, X-Z and Y-Z, that cut through the
topographical center of the sphere is shown on top of a z ∼ 0 plane.
The local far-field fluorescence rate has been subtracted from these
data as described above. Note, the color bar has been chosen to
emphasize the spatial extent of the enhancement and the surrounding
dark halo.

effective antenna axis of the gold tip or by an asymmetric shape.
In this case, this effect is subtle since the sample is composed
of a large number of fluorescent molecules with random
dipole orientations, and only due to the extremely high
precision of our technique is it visible at all.
SP-NFT can generate two-dimensional planar sections with
arbitrary orientation and position. To illustrate this ability,
Figure 3 shows the intersection of an X-Z and a Y-Z plane
on top of an X-Y plane (z ∼ 0) for a 20 nm diameter
fluorescent sphere. In this image, strong enhancement in the
fluorescence signal is clearly visible only when the tip is
directly above the sphere and within ∼10 nm of its surface.
These data were taken using a silicon tip with radial
polarization, and the fluorescence enhancement is attributed to the lightning-rod effect in agreement with
previous observations.2,11,12,26,27,30 The signal enhancement
factor (Sz∼0/Sz∼∞ - 1) under these conditions has been
measured to be as large as ∼8. Since the enhanced-field
volume is much smaller than volume of the fluorescent
sphere, however, the field enhancement factor is significantly
larger.26,30
The interference pattern generated by the superposition
of the excitation light and that scattered from the tip is clearly
visible in Figure 3 as the three-dimensional halo of fluorescence suppression that surrounds the sphere and a bright halo
beyond that. In this case, the radial polarization beam mask
was used, so the interference pattern is fairly symmetric
around the sphere. The three-dimensional symmetry of the
halo would be very difficult to deduce from one- or twodimensional measurements. Evidently, short tip-sample
separation distances correspond to destructive interference,
presumably due to a 180° phase shift upon scattering from
the tip, irrespective of whether the tip is silicon or gold. The
resulting dark halo surrounding the tightly confined enhanced
near-field region extends ∼120 nm away from the tip. These
three-dimensional renderings clearly show that the length
scale for tip-induced interference is much longer than field
enhancement, but comparable to quenching. For silicon tips
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the interference pattern is not obscured by quenching at short
tip-sample separations. For gold tips, however, it is difficult
to fully separate the contributions of these two effects without
performing lifetime measurements.
Another important aspect of the single-photon analysis
method described here is the potential to increase contrast
in tip-enhanced images. This will be particularly important
for complex samples composed of closely spaced fluorophores, such as biological samples, where the background
fluorescence signal will be large.30 One way to increase
contrast is to demodulate the fluorescence signal at the tip
oscillation frequency,12,26-28,30 which can be done by directing
the output pulses from the APD into a commercial lock-in
amplifier, along with a reference wave from the cantilever
oscillation signal27,30 (Figure 1). In the context of our single
photon counting technique, each photon can be considered
a unit vector in phase space whose angle is given by its phase
delay relative to the preceding tip-oscillation time stamp.
Computationally, a lock-in algorithm is essentially equivalent
to performing a Vector rather than a scalar sum of the photon
signal. Thus, photons arising from tip-induced field enhancement cluster around the particular phase corresponding to
tip-sample contact, while background photons are distributed uniformly in phase space. By the same token, tipinduced fluorescence suppression (e.g., quenching) results
in a relative lack of photons at the tip-sample contact phase,
and thus the net lock-in phase tends toward the value
corresponding to maximum tip-sample separation. Note that
the offline lock-in analysis described here generally yields
better performance than a commercial lock-in amplifier
because the fidelity of each photon is preserved perfectly.
In addition, averaging windows and spectral filters can be
made arbitrarily sharp.
Figure 4 shows a detailed comparison between near-field
images of a 20 nm diameter fluorescent sphere generated
by sectioning the data into X-Y planes (a-c) and the offline
lock-in algorithm described above (e-g). These data were
obtained using radial polarization and a silicon tip. Although
difficult to display on a two-dimensional page, SP-NFT can
easily generate a stack of two-dimensional images to
elucidate the full three-dimensional symmetry of the
tip-sample interaction (see Supporting Information). Panels
a and b of Figure 4 show two such X-Y sections corresponding to two different ranges of tip height, z g 200 nm
(a) and z e 1 nm (b). Panel c is the difference between the
two panels (b - a) and thus provides a graphical representation of the tip-sample coupling at z ∼ 0. In panel e, the
value of each lateral pixel is the magnitude of the vector
photon sum normalized to the pixel acquisition time, while
panel g shows the phase angle of this resultant vector. Panel
f shows the vector photon sum after the application of a phase
filter that eliminates photons which do not contribute to the
near-field signal, as described below.
Note that it is not possible to determine if a particular
commercial lock-in signal corresponds to an increase or
decrease in the fluorescence signal at tip-sample contact.
However, since the offline lock-in analysis is derived from
the same data set used to generate the X-Y sections, it is
3444

Figure 4. Comparison of tomographical and lock-in analyses. All
color bars represent count rates ×105 counts s-1 (except for panel
g which is in radians). Panel a shows an X-Y section corresponding
to the scalar count rate of photons when the tip is far from the
sample (z g 200 nm), panel b corresponds to z e 1 nm, and panel
c is their difference (b-a). The signal profiles in panel d are taken
along the dotted line and include the count rate from panel a in
blue and the count rate from panel b in green. Panel e shows the
magnitude of the Vector sum of all detected photons within each
pixel, which is essentially equivalent to lock-in amplification. Panel
f shows a phase-filtered lock-in algorithm generated from the vector
sum of photons within narrow phase windows. Panel g shows the
phase of the resultant vector from (e). The signal profiles in panel
h include the count rate from panel e in green, the count rate from
panel f in red, and count rate from panel c in blue. The data
in panel h has been normalized to the peak value of the profile
from panel c. The scale bar in panel c corresponds to 200 nm and
the horizontal scales in panels d and h are in nanometers.

trivial to perform this correlation with our system. Furthermore, a lock-in amplifier essentially reports the net change
in fluorescence signal as the tip-sample distance is modulated during an oscillation cycle. As such, a lock-in analysis
cannot reveal nonmonotonic variations in the fluorescence
signal as a function of tip-sample separation distance. In
contrast, such variations are preserved through SP-NFT. For
instance, Figure 3 shows both a decrease and increase in
the fluorescence signal for decreasing tip-sample distance
Nano Lett., Vol. 9, No. 10, 2009

for lateral positions directly above the sphere. These nonmonotonic signal variations are also present in the data
corresponding to Figure 4 but are not visible in the lock-in
image. These observations demonstrate another way in which
SP-NFT outperforms a commercial lock-in amplifier when
demodulating near-field images. Furthermore, this performance is achieved at a fraction of the cost of a commercial
instrument.27,30
The lock-in image pattern in panel e of Figure 4 is similar
to the far-field subtracted image in panel c, with a sharp
central maximum due to tip-induced field enhancement,
surrounded by a diffuse ring corresponding to the interference
effect discussed above. For imaging purposes, the interference pattern is artifactual, as it will reduce contrast particularly for dense samples. One way to suppress such artifacts
is to apply a phase filter to the data before performing the
vector sum, as shown in Figure 4f. Here the phase filter was
chosen to eliminate all photons from the data set except those
within a narrow phase window centered at tip-sample
contact (z ∼ 0). To help offset the far-field contribution
within this window, photons within an equal-width phase
window centered 180° from tip-sample contact (z ∼ ∞) are
also included in the vector sum.12,26 This algorithm eliminates
photons corresponding to features with long length scales
in the vertical (z) direction, without affecting those photons that contribute directly to the near-field signal.30 This
algorithm is globally applied photon by photon, and the
signal cross sections in Figure 4h clearly demonstrate that
the halo-like imaging artifact is suppressed, although not
completely eliminated. It is crucial to note that there is no
limit to the number and variety of analysis algorithms that
can be implemented to optimize image contrast for any
particular situation.
The tip-induced interference pattern is visible as the dark
halo in Figure 4c but is most clear in the lock-in phase image
shown in panel g. Under these conditions, the lock-in phase
primarily adopts two values in the tip oscillation trajectory
corresponding to tip-sample contact and maximum tipsample separation, which very sensitively report an increase
or decrease, respectively, in the fluorescence rate relative to
the background. This binary distribution of the lock-in phase
holds fairly rigorously even when the tip is relatively far
from the fluorescent sphere. When this is the case, the sphere
is illuminated by the periphery of the laser focal spot (e.g.,
Figure 4a) where the intensity is quite low, while the tip is
positioned near the center of the focus. Despite this, the lockin phase is not strictly random, which clearly highlights the
spatial extent of the tip-induced optical interference pattern.
A number of measurements using different tips, both silicon
and gold, demonstrate that the symmetry of the interference
pattern depends on both the detailed intensity pattern within
the far-field focal spot and the particular tip geometry. For
clarity, we have chosen a data set with minimal asymmetry,
but the pattern can become distorted when using tips with
different geometries, or if the illumination conditions are
altered significantly (e.g., focused-TIRF vs radial).
In summary, we presented a single-photon counting
technique for generating three-dimensional tomographical
Nano Lett., Vol. 9, No. 10, 2009

reconstructions of tip-sample interactions in tip-enhanced
fluorescence microscopy. Our technique has a number of
advantages compared to previous near-field tomographical
measurements.32-34 Most importantly, all three spatial dimensions of the fluorescence map are acquired simultaneously
in a single measurement along with standard AFM channels
(topography, oscillation amplitude, and phase). Thus, fluctuations in the fluorescence signal unrelated to tip-sample
coupling can be easily detected and removed. Furthermore,
uncertainties in the tip position relative to the sample are
largely eliminated. The versatility of the technique was
demonstrated by revealing a number of interesting threedimensional features when imaging 20 nm diameter fluorescent spheres. In particular, the extremely high sensitivity
and precision of this technique enabled the first measurement
of the three-dimensional image pattern resulting from the
complex interplay between field enhancement, fluorescence
quenching, and tip-induced optical interference.
The ability of this technique to tomographically map the
full three-dimensional dependence of the tip-sample interactions makes it quite powerful for developing and testing nearfield models, and we anticipate its extensive use in the future
to aid in the study of a variety of nanophotonic phenomena
and in the development of materials with increased functionality. It may be particularly useful in the design and
development of novel nanoantenna geometries based on
plasmon resonances, a topic which has gained considerable
attention in recent years. Furthermore, this technique can be
applied to study the near-field interactions between any two
particles, provided one of them can be attached to an AFM
tip. For example, it is now being used to study energy transfer
between various fluorophore species (quantum dots, organic
polymers, etc.) and carbon nanotubes attached to the tip, with
the ultimate goal of designing nanotube-based photovoltaic
materials. Finally, the technique can be used to improve
image contrast in tip-enhanced fluorescence microscopy, as
demonstrated by applying a number of phase-sensitive
analysis algorithms.
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