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1

Introduction

Near Field Scanning Optical Microscopy (NSOM) is one way, probably the oldest way,
to actually beat the diffraction limit in optical microscopy. It works in the optical near
field zone where the evanescent waves, linked to sub-wavelength objects, are
predominant. Access to the evanescent waves allows achieving high optical resolution.
NSOM, as other members of the scanning probe microscopy (SPM) techniques, started in
the eighties with different forms. Numerous review papers and books have been devoted
to NSOM over the years [1–13], so we seek here to discuss the potentials of NSOM
starting from its development toward its recent advancements. Indeed, progress in
nanofabrication and instrumentation (detection, feedback, and optics) arrived at such
advanced levels that they can now greatly contribute to the further development of
NSOM [14].
We therefore briefly review the NSOM roots and underlying principle in Section 1.
In Section 2, we discuss the various NSOM configurations including the most promising
modalities. Finally, we will conclude, in Section 3, with a brief description of recent
developments based on the concept of optical nano-antennas and some proposed NSOM
applications.

2

NSOM roots and principle

2.1 NSOM roots
The rather slow development of NSOM may be summarised through the different
historical steps shown in Figure 1. The conceptual idea is actually quite old as it comes
from Synge’s work in 1928, as depicted in Figure 2(a)). He was the first to introduce
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the concept of near-field optical resolution beating the diffraction limit [14]. But one
had to wait until 1972 to see the first experimental demonstration in the microwaves
and finally by the mid-80s we enter the optical regime. Indeed, in 1984, Lewis et al. [15]
used the same configuration as proposed by Synge using a fabrication process for
sub-wavelength aperture developed in 1981 by Murray et al. [16] using electron beam
lithography. They made nanoholes in metallic or dielectric sheets with diameters
down to 50 nm allowing demonstrating high resolution capability (down to 50 nm).
In the meantime, in 1984, Pohl et al. [17] went further combining Synge’s idea with the
concept of stethoscope as in medicine. They developed the first NSOM, with a
configuration similar to the ones used nowadays, that was called optical stethoscope.
They demonstrated a ‘revolutionary’ optical resolution down to 50 nm. They also already
pointed out drawbacks, such as control of nanometric working distance (i.e., sample-hole
distance), or weak depth of focus limiting this imaging technique to surface studies.
However, from that point, different configurations or modalities appeared. In 1986,
Ferrell et al. [18] and Courjon et al. [19] developed independently and respectively the
Photon Scanning Tunnelling Microscope and Scanning Tunnelling Optical Microscope,
both based on the frustrated total internal reflection. All these first studies together with
progress in the probe-sample distance control (electronic feedback development) [20–25]
and fabrication processes [26–30] led to the blooming of NSOM in the 1990s.
Figure 1

NSOM milestones, from concept to applications (see online version for colours)

Research groups started then to use NSOM for imaging plasmonic structures or
biological samples (when combining NSOM with single molecule detection) with high
resolution (below the diffraction limit). However, the complexity of use and the difficult
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interpretation of the obtained images were drawbacks that prevented a full development
and use of NSOM, for example compared to Atomic Force Microscopy (AFM). Indeed,
while the AFM has become a standard tool in metrology and microscopy for local
characterisations, NSOM remains primarily at the level of research invoked by only a few
research groups.
Figure 2

(a) Synge’s representation of NSOM by an opaque screen with a sub-wavelength hole
brought in the near field zone. (b) Actual NSOM configuration: feedbacked nanoscale
probe to study the sample in the near field zone (see online version for colours)

However, renewed attention is anticipated to occur in the mid-21st century with the
emergence of a new generation of NSOM probes based on optical antennas. As we will
see in Section 3, optical antennas will contribute to the rebirth of NSOM with the
tip-on-aperture configuration [31–33]. This will most definitely bring NSOM into the
game for high optical resolution and high contrast imaging.

2.2 NSOM principle
What is the underlying mechanism for the operation of NSOM? In Figure 3,
we summarise the main elements required for NSOM. Briefly, a probe with a
sub-wavelength apex is scanned over the sample while maintaining a (probe-sample)
distance of a few nanometres (as depicted in Figure 2(b)). Since NSOM utilises the
advantages of both optical microscopy and SPM, it may be envisioned as a combination
of both.
As already mentioned, NSOM operates in the near field zone, that is, in a region,
where probe-sample distance remains below the excitation wavelength. Figure 2(b))
schematically represents the different zones together with the optical wave’s
characteristics. In the near field zone, the evanescent waves associated with the small
details (size << λ) of the investigated sample, become prevalent. However, these
evanescent waves decay exponentially with the distance to the surface, explaining the
need to control and maintain the probe-sample distance in sub-wavelength domain.
To control the probe-sample distance, the main implementations are shear (lateral) force
[20,21], normal force (tapping) [22,23] similar to AFM modes, or tunnelling current
[24,25] feedback. Once this distance control is established (z-direction in Figure 2(b)),
the probe is scanned over the sample plane and the topographic and optical signals are
simultaneously recorded point-by-point to reconstruct an image.
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Figure 3

Near-field Scanning Optical Microscopy. The probe type and the feedback system
are of prime importance for a given sample type. Numerous samples can be imaged
and/or spectroscopically studied with the appropriate NSOM configuration (see online
version for colours)

Therefore, on one hand, the main drawbacks are identified in the complexity of the
technique and its slow speed of recording. But on the other hand, in addition to the high
resolution achievement, one can access the morphological and ‘optical and chemical’
information simultaneously and correlate the two with the sub-wavelength precisions.
This last asset is of importance to observe sub-wavelength objects such as fluorescent
(chemical or biological) molecules, polymers, or quantum dots, or near field phenomena
such as resonances in plasmonic devices or photonic crystals to mention a few. Several
configurations have been developed over time to be adapted to the samples, and thus the
associated physical effect, under study. In the upcoming section, we explain the most
common NSOM configurations and the varieties of NSOM probes that also contributed
to different configuration developments.

3

NSOM configurations and probes

3.1 Various configurations
The most basic form of an NSOM probe is therefore composed of an elongated optically
conductive material such as a pulled optical fibre. To control and guide light a few tens
of nanometre, a metal such as aluminium, can be deposited on the probe. Simplified
examples of these probes are shown in Figure 4, where the TM field propagation into the
probe is computed using finite element method to solve the electromagnetic wave
equation. The field localisation and enhancement can be demonstrated in the static limit
for spherical and ellipsoidal particles as in Figure 5 showing field confinement and
enhancement at both edges of the particles in the direction of the excitation polarisation.
Both the confinement and enhancement are more and more pronounced as the particles
curvature becomes sharper (from Figure 5(a)–(c)). This calculation can now be adapted
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to the case of NSOM probes by considering half an ellipsoid, as shown in Figure 6
for a series of successively sharpened probes. While the actual field enhancement
determination requires careful examination as the values generated can be mesh
dependent, the overall field distribution is clearly demonstrated. During the evolution
of NSOM, different configurations have been developed in the research laboratories
around the world, giving rise to several denominations starting with Scanning Tunnelling
Optical Microscope (STOM) and Photon Scanning Tunnelling Microscope (PSTM).
They are based on the frustrated total internal reflection (FTIR), as illustrated by the
FTIR configuration of Figure 7(b)), where the sample is illuminated with a totally
reflected incident light engendering an evanescent wave. This technique is only intended
for optically transparent samples. NSOM (or SNOM) is the general most commonly used
terminology as it gathers all the denominations in only one. We depict in Figure 7 the
most established configurations. They originate from three identified sources composing
NSOM; the type of investigated sample or induced physical effect (see Section 3.3),
the type of NSOM probes (see Section 3.2) and the corresponding optical path
(illumination and detection).
Figure 4

Computed electromagnetic field coupled into unpulled and pulled optical fibres.
(a) For uncoated fibres and (b) for Aluminium-coated fibres (see online version
for colours)

Figure 5

Electric field distribution around a sphere (a) and ellipsoids with different curvatures (b)
and (c). The field is enhanced and confined at the edges of the structures in the direction
of the excitation field (E). This effect is more and more pronounced as the structure gets
sharper and sharper (see online version for colours)

In general, the probes are categorised into two kinds: the ‘aperture’ or ‘sharp solid tip
(apertureless)’ probes. They guide the optical path as they can serve either as
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•

a nano-source of light (illumination mode) that is collected in the far field, or as

•

a nano-collector of light (collection mode) that is illuminated from far field,
or sometimes as

•

both near-field illuminator and collector (see Figure 7(a)).

In addition, the sample determines the measurements to be carried out (see Figure 7(b))
that can be: in transmission (with propagative (left of Figure 7(b)) or evanescent (right of
Figure 7(b)) waves) where the sample has to be transparent, or in reflection where no
condition on the sample is required. Finally, the last criterion considered to actually
choose the appropriate NSOM configurations is the field of applications (or physical
effect under study). For example, for fluorescence investigations, the aperture probe
NSOM in illumination mode is mainly used whereas, for photonics/plasmonics studies,
the aperture probe NSOM in collection or the apertureless NSOM in collection
configurations are preferred. We give one example from our previous work in
Section 3.3, but basically for fluorescence measurement one needs high optical contrast at
the expense of the optical resolution (i.e., aperture probes) whereas in resonant
phenomena, strong fields exist and therefore the optical contrast is not as critical as high
resolution (i.e., apertureless probes).
Figure 6

Computed electric field at the apex of probes with different curvatures. From large
curvature (a) down to the classical case for NSOM (f). In each case, the maximum
of the E field (EMax) is located at the apex. As its radius decreases, E gets stronger
and more localised. The inset of Figure (f) shows the E field distribution (see online
version for colours)

Figure 7

The most exploited NSOM configurations. Their use is chosen with respect to the
sample under study and the physical effect involved, defining the illumination mode
and the corresponding NSOM probe to be used (see online version for colours)
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3.2 Variants of NSOM probes
As we mentioned above, the NSOM probes can be divided into two kinds: the aperture
and apertureless types. However, here we briefly describe and distinguish NSOM probes
via the constituting material and the fabrication process.
Optical fibres: The most widespread support for NSOM is pulled optical fibres that allow
making apertureless and aperture probes. Starting from a pulling process that can be
chemical [26,27] or mechanical [28–30], the apex of optical fibre is narrowed down to
few tens of a nanometer. Thereafter, this pulled fibre can be either used directly or metal
coated by vacuum deposition. One can lastly mill the apex of the covered pulled fibre,
using Focused Ion Beam (FIB) [34], to fashion a well-defined aperture probe. For these
latter, one usually utilises aluminium coating to create good optical guidance toward the
tip apex whereas for apertureless probe gold is preferred (gold being optically interesting
and inert).
Metallic tips: As in Scanning Tunnelling Microscope (STM), metallic tips are easy to
make in a controlled way and with a large panel of materials using electrochemical
techniques. They also benefit from the large knowledge from STM probes fabrication.
Microcantilevers: They have been developed for commercial AFM, and the NSOM
technique benefited from it. They are reasonably cheap and can be reproducibly
mass-produced. As for the optical fibres they can be designed as aperture or apertureless
probes. For these reasons, they are mainly used in commercialised NSOM systems.
A combination of both the fibre-based and cantilever-based probes: These probes are
made of bent optical fibres [35–37] used as a microcantilever. Although, these NSOM
probes offer some advantages (i.e., AFM electronics), they are not extensively used as the
optical losses are large due to the bent and the fabrication process is complicated and not
well-developed.

3.3 Examples of NSOM uses
To briefly sum up, in order to obtain workable NSOM measurements, one needs
•

a sample with interesting optical properties

•

an appropriate NSOM probe

•

a controlled feedback loop (see chart of Figure 3).

To give examples of NSOM applications, we concentrate only on near-field
measurements pertaining to plasmonics and single molecule fluorescence imaging and
spectroscopy, based on some of our early work.
NSOM and plasmonics
Looking at plasmon resonances with NSOM seems natural as the two concepts induced
evanescent waves (EW); plasmon excitation implying an exponentially decaying wave
at the interfaces and NSOM working in the near field zone. It actually started that way
especially in the PSTM and STOM configurations but also in the earlier configurations.
Large volumes of work can be found on NSOM and plasmonics and as an illustration, we
briefly present some of our previous work using PSTM on thin metallic films [38–41].
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In this work, illustrated in Figure 8, the Kretschmann configuration [42] was used to
excite two counter-propagating surface plasmons at the dielectric prism and gold thin
film interface. The used prism was a right angle prism in order to exploit total internal
reflection to make the two surface plasmons interfere from the same extended laser beam.
We thus established a plasmonic standing wave observed by PSTM. The PSTM probe
(here a dielectric pulled fibre) was used to collect the signal from the established
plasmonic standing wave. Different excitation wavelengths were used ranging from
488 nm up to 1550 nm highlighting various fringes separations from 185 nm up to
770 nm. We showed that plasmonic standing waves can be established over large areas
with respect to the excitation wavelength. We suggested this technique as a good
candidate for optical lithography, which was demonstrated as such very recently [43,44].
This field has lots of fundamental interests for light-matter interactions, as well as for
applications such as plasmonic sensing, or the development of new photonic components.
Figure 8

PSTM imaging of plasmonic standing waves over 10 × 10λ. Two surface plasmons
are excited simultaneously in opposite directions using the Kretschmann configuration
and a 632.8 nm laser beam. θ p indicates the plasmon resonance angle (see online
version for colours)

In the same field, we have studied the plasmon resonances in nanostructured films
(or also called nanoantennas using aperture probes in transmission and reflection with
fibre-based and microcantilever-based probes. You can find details on these observations
in [45–47]. Note that numerous work were carried out on such nanostructures arrays,
see [45–52] and references therein (to mention a few).
NSOM with fluorescence detection
Another domain of applications is by combining NSOM with single molecule detection
[45,46,53–61]. In this field, the used NSOM configuration is mainly the aperture probe
as a nano-source with detection in transmission in the far field. This configuration
is preferred because illuminating local in the near field leads to a great optical contrast
by eliminating any far field background. This is of great importance while imaging
at the single molecule detection. This field attracted lots of research groups as
fluorescent measurements are directly associated with markers utilised in biology
imaging. Note also that combining NSOM with other ‘fluorescence’ techniques such
Raman spectroscopy, Fourier Transform Infrared spectroscopy as well as Fluorescence
correlation spectroscopy, attracted even more attention on NSOM with fluorescence
detection capabilities.
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NSOM has the capability to image samples of large concentrations with high spatial
resolution and to exploring faster dynamic processes (disabling the scanning aspect).
However, even though the NSOM optical resolution is much better (80–100 nm)
compared to confocal microscopy (widely used in biology and with a resolution around
300 nm), the complexity and delicacy of NSOM slowed down its evolution especially
in biology where the observed samples are already very tricky to investigate. Note that
lots of researches on NSOM also concentrate on increasing the speed of scanning to also
improve the NSOM pliancy.
Two main directions can thus be considered to expand the use of NSOM in the
biology field: apart from combining with other powerful techniques as cited above.
•

make simpler the use of NSOM especially by using commercial probes
(microcantilever-based) as in AFM

•

improve even more the optical resolution to really gain in accessible information
without losing optical contrast.

A question remains then, “How can we improve even more the NSOM optical resolution
while keeping high optical contrast?”
To reply to this question, one has to have in mind that: aperture probes have high
throughput leading therefore to high optical contrast but with resolution around 100 nm,
and apertureless probes induce high resolution down to 15–20 nm but with an optical
contrast disturbed by the far field illumination.

4

Toward a ‘super’ NSOM

Basically, we want to merge the best of both worlds that is high resolution (down to
15–20 nm) given by apertureless probes and background free (i.e., great optical contrast)
of the aperture probes. A solution, proposed by Frey in 2002, is to graft a ‘nanoantenna’
(mimicking the apertureless probes) at the apex of an NSOM aperture probe [31,32].
This configuration was named tip-on-aperture configuration. Note that at that time,
nanoantennas started to be extensively studied fundamentally and for applications in
various fields. Nanoantennas [62–66] are sub-wavelength structures that can convert
propagative waves into evanescent waves and conversely. Their extraordinary properties
attracted lots of photonic-based developments.
In the field of NSOM, they were used to create new generations of NSOM probes.
Starting from Frey’s proof-of-principle, intensive studies were carried out by Taminiau
et al. [33,67] where a 25 nm resolution was reported on single molecules. Other
approaches have been investigated in parallel, for example, with a bowtie milled
at the end face of a NSOM microcantilever tip [68] or with a gold nanoparticles glued
at the apex of an apertureless probes [69,70]. In the first case, they showed
photoluminescence enhancement of a single quantum dot in the presence of the
nanoantenna, whereas in the second case, they improve apertureless NSOM optical
contrast by grafting a gold nanoantenna at the probe apex. These examples are just
selected to highlight the added value of combining nanoantennas and NSOM probes.
This is still an ongoing research but these new generations of NSOM probes have already
updated NSOM capabilities toward biology applications such as cell membranes imaging
[71–73]. Resolution down to 25 nm was already reported on single molecules [33,73]

498

A.L. Lereu et al.

and one expects to achieve 10 nm optical resolution. Another point that will contribute
to push the NSOM toward an inescapable characterisation technique is to combine it with
other techniques as we mentioned earlier. Undoubtedly, these new generations of NSOM
probes, based on nanoantennas, and/or the combination of techniques will expand the
NSOM capabilities and therefore will benefit its development and use.
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