
Abstract.We discuss the operating principles of the apertureless
scanning near-field optical microscope (ASNOM), in which the
probe acts as a rod antenna and its electromagnetic radiation
plays the role of the registered signal. The phase and amplitude
of the emitted wave vary depending on the `grounding condi-
tions' of the antenna tip at the sample point under study. Weak
radiation from a tiny (2±15 mm long) tip is detected using optical
homo- and heterodyning and the nonlinear dependence of the tip
polarizability on the tip±surface distance. The lateral resolution
of ASNOMs is determined by the tip curvature radius (1±
20 nm), regardless of the wavelength (500 nm±100 mm).
ASNOMs are shown to be capable of providing a surface
optical map with nanometer resolution and carrying out spec-
tral- and time-resolved measurements at a selected point on the
surface.

Keywords: scanning near-field microscopy, Raman scatter-
ing, nanostructures, ASNOM

1. Introduction

In the last 10±20 years, scanning near-field optical micro-
scopy (SNOM, NFOM) with an option of optical spectro-
scopy has demonstrated significant success as a method to
investigate optical properties of surfaces. Like all other
similar scanning probe microscopy (SPM) methods, near-
field optical microscopy [1] was first proposed in 1984, soon
after scanning tunneling microscopy [2] (STM). STM first
demonstrated its simple and reliable technical abililty of
positioning a sub-nm sharp probe relative to objects located
on a sample surface. The invention of an STMwas therefore a
triggering event for the development of all other SPM
techniques.

Disadvantages of an aperture-defined SNOM. In the first
SNOMs [3±5], the tapered tip of an optical fiber was used as a
probe. To define a light-sensitive area on the tip apex, a small
(50±100 nm) hole was made in a metal mask covering the
tip [6]. The size of that pinhole determined the optical lateral
resolution of an instrument. Unfortunately, the light trans-
mission of such a pinhole in a metal layer [7] drops much
faster than the physical area of the hole itself, �1=4� pa 2. This
can be seen from the expression for the effective area of light
transmission calculated for a hole of diameter a formed in an
opaque metal plane:

s � a 2 64

27p

�
2pa
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8
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Here, s is the effective area of light transmission and y is the
incidence angle of the initial plane wave. As a result, an
improvement in the lateral resolution very quickly leads to the
disappearance of the signal being collected.

The light transmission of an optical probe formed by
mechanical tapering of a fiber is also reduced by the small diameter
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of its sharpened part. Any simply connected (1-connected)
waveguide has a low cut-off frequency, and the frequency of
light used in SNOM experiments is typically lower than the
cut-off frequency of the narrow part of the tapered fiber. As a
consequence, the light decays exponentially along the fiber on
its way in the tapered part of the probe. This general law was
especially considered for metal-coated tapered fibers [8]. It
was found experimentally in [9] that only about 10ÿ5 of the
light radiation injected into a fiber is emitted out of the
aperture hole.

One more effect that reduces the optical resolution in a
conventional (aperture-defined) SNOM is the electromag-
netic blur of the metal aperture edge caused by plasmonic
phenomena in the metal. The skin-layer depth in a metal is
about 5±6 nm in the visible-light frequency band. A ring-like
image of a luminescent-active cluster known to be a point-like
source [10] causes some doubts. We can assume that the light
oscillations from a source are not simply transmitted into the
fiber probe through the aperture (in that case, the image from
a few-nm source produced by a relatively large aperture
would have the shape of the aperture). Instead, the light
fields of an object under study excite the plasmonic waves on
(in) the metal at the nearest point of the mask edge (the points
are different due to raster scanning of the probe with respect
to the sample). These plasmon waves somehow propagate
along the tip, and some fraction of the light finally `leaks' into
the fiber core to be collected as a luminescence signal.

Thus, the aperture-definedmodification of SNOM suffers
from two fundamental limitations. Radiative modes of an
electromagnetic field are squeezed too tightly inside the probe
fiber, and nonradiative (near-field) modes around the probe
are confined too little.

2. Operational principle of an apertureless
scanning near-field optical microscope (ASNOM)

A breakthrough in the evolution of the technique occurred at
the turn of the century (2000) due to the change from
conventional (aperture-defined) SNOM to its apertureless
modification [11±13]. The basic principle of an apertureless
SNOM (Fig. 1) is [14] the implementation of a tapered metal
wire to couple the electromagnetic processes in the object
being studied to the fields of the electromagnetic waves in the
optical band. The wire mentioned above is similar to a rod
antenna in classical radio.

First, the electric oscillation in such a wireÐboth dipole
oscillations of the charge density and more complicated
plasmon excitationsÐeasily emit light waves into the
ambient space and, in turn, can easily be excited by light
waves coming fromoutside. Second, such a probe placed close
enough to the object to be investigated (e.g., a nanocrystal, a
virus, or a single molecule) comes into electromagnetic
interaction with the object, mainly with the electric near-field
modes. These electric fields are typically not emitted into the
ambient space (their coupling to propagating electromagnetic
waves is weak) and therefore cannot be optically excited or
detected from outside. But near fields provide a rather strong
electromagnetic coupling between the object being studied
and dipole oscillations inside the probe. The gap between the
probe and the sample acts in this case as a capacitor in a
conventional radio.

The lateral resolution of an instrument (0.8 nm [15], 1 nm
[12], 10 nm [16], or 50 nm [17]) is therefore determined by the
dimensions of such a `capacitor' corresponding to the tip

radius, regardless of the wavelength being used. In the
electrostatic approximation, it can also be claimed [18] that
the field amplitude Eloc in the gap between the tip and the
sample can be expressed in terms of the gapwidth d and the tip
potential oscillation amplitude Utip as Utip=d. In such a
model, the amplitude of the local field can become arbitrarily
high (as d! 0).

Because of the reasons listed above, ASNOM has become
widely accepted (see reviews [19, 20]) as an optical method of
surface investigations with nanometer resolution. Radiative
electromagnetic modes have enough space around the tip;
nonradiative (near-field) modes are confined to just the tip±
sample gap. Such antenna-like probes are widely offered by a
variety of vendors as part of cheap Si cantilevers, similar to
those used in an AFM [21] mounted on a carrier chip to make
reload easy. To fit theASNOMmethod requirements, the tips
are typically coated with a metal layer, a good choice being Pt
[22], which has rather good conductivity in the optical band
and is also mechanically hard enough to resist tip wearing
caused by the tip±sample contact. The radius of the tip in this
case is 10±40 nm.

2.1 Relation between the fields of an irradiating (emitted)
wave and the local field under the tip
For theoretical considerations, an obvious point of interest is
the degree to which the presence of an ASNOM tip increases
the efficiency of interaction between an external electromag-
netic wave and a nano-object located in the tip±substrate gap.
The simplest model of a probe [12] (a point-like dipole located
above a surface with a dielectric function es) is not able to
predict any field enhancement under the tip. A probing tip
near the surface was considered in various papers as a
pyramid [23], hyperboloid [24], or spheroid [25±27]. Simula-
tions in [28] using spherical and ellipsoidal shapes of the tip
also include a small gold sphere located between the tip and
the surface to model the nano-object being investigated.
Numerical simulations [29] (using commercially available
HFSSTM software [30]) in which the tip was represented as a
pyramid with a blunted tip apex (the most realistic model)
were able to also consider the excitation and contribution of
the plasmonic waves running along the tip from its apex and
thus to extend the consideration beyond the electrostatic
approximation used in analytic calculations.

In these models, typical ASNOM dependences were
calculated, namely, the approach curve [28] (signal depen-
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Figure 1. (a) SEM image of a commercially available tip (Micromash

CSC-37-Pt) on the AFM cantilever and an enlarged image of the tip apex.

The tip is coated with platinum to serve the needs of the ASNOMmethod.

Images are taken from the Micromash website. (b) ASNOM in terms of a

radio: the metallized tip is equivalent to a rod antenna, the dipole

oscillations in it driven by an external field depend on the grounding

conditions of the antenna end. The amplitude and phase of the divergent

wave re-emitted by such an antenna can be reliably detected.
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dence on the tip±sample distance) and spectral and angular
diagrams [29] of the signal scattered by the tip in the presence
of the surface. It was shown that the angle-of-elevation
diagram (which generally depends on the tip and sample
media) typically has one or two directional lobes. In all cases,
the optimal angle to couple external radiation to an ASNOM
tip is 60�ÿ70� to the normal to the sample surface. The
influence of the irradiation angle and polarization is also
mentioned in [23]. The simple dipole antenna behavior has
been described for the radio frequency band [31±33]; how-
ever, calculations of the optical fields applied to a particular
case of an ASNOM are certainly useful.

Significant field enhancement (4±5 orders of magnitude)
in the gap between the tip and the sample compared to the
field of an irradiating (emitted) wave is mentioned in many
papers [26, 34±36] and proved experimentally [24]. Theore-
tical considerations of the fields excited around an ASNOM
tip by external radiation in the presence of a sample surface,
as well as the fields emitted by an ASNOM tip into the
ambient space, vary in their details and methods. Never-
theless, they are similar in the following: (1) the electric field
amplitude near the tip apex is several orders higher than the
amplitude of the driving wave; (2) tip±sample interaction is
significantly enhanced at distances of about the tip curvature
radius; (3) effects arisemainly for a polarization of an external
wave such that the Eloc vector is normal to the surface
(directed along the tip shaft). For another light polarization,
the field enhancement is weak or completely absent.

2.2 Elastic scattering of a driving light wave
Presently, the most widely used mode of ASNOMs is `elastic
light scattering', which is often abbreviated as sSNOM
(scattering SNOM). In the commonly accepted model [37,
38], which works rather well despite its simplicity, the tip is
considered a ball with a dielectric permeability et, and its
polarizability in a homogeneous driving field is calculated in
the long-wave approximation [39]. Emission of the scattered
electromagnetic field by the tip into space is caused by dipole
oscillations in such a ball. Disregarding propagation delays,
the role of the sample surface can be well described by the
electrostatic image of a ball representing the tip in that model,
with the dielectric function of the surface es and the dielectric
function ei of the surrounding medium taken into account. In
such a case, the effective dipole polarizability of the tip with
its electrostatic image on the surface can be expressed as

aeff � a�1� b�
1ÿ ab=

ÿ
16p�a� z�3� ; �2�

where

a � 4pa 3 et ÿ ei
et � 2ei

; b � es ÿ 1

es � 1
:

The radius of the sphere that represents the tip in the model is
denoted here by a, the complex value of the sample dielectric
permeability is denoted by et, the tip dielectric function is
written as es (as a rule, corresponding to a platinum coating of
ASNOM tips), and ei denotes the dielectric function of the
medium in which the tip and sample are embedded (as a rule,
air; the value ei � 1 for the vacuum is typically used). Thus, at
a large distance (indicated in expression (3) by the1 symbol),
the scattered wave amplitude Escatt is proportional to the
amplitude Eloc of the electromagnetic field that excites the

oscillation in the tip, and also to the effective polarizability
aeff of the tip:

Escatt�1� � Elocaeff � Eloc�rtip� aeff
ÿ
rtip; es�rtip�

�
: �3�

This can be rewritten for clarity as

Escatt�1� � Eloc�rtipXY� aeff
ÿ
rtipZ; es�rtipXY�

�
: �4�

where the coordinate of the tip relative to the sample surface is
rtip in general. To make reading more easy, we note that the
local field Eloc that drives the dipole oscillations in the tip
depends mostly on the tip coordinates in the sample plane
(indicated by the subscript in rtipXY). Changes to the effective
polarizability of the tip are mainly caused by the sample
dielectric function at the tip location (denoted by es�rtipXY� in
our expressions) as well as the tip±sample distance (denoted
by rtipZ).

Scattering of light by a tip in the presence of a surface (with
thewavelength remaining constant in such a process) has been
calculated in many papers [19, 25, 40±43]. Taking the
frequency dependence of the sample dielectric function into
account, the authors were able to calculate the scattering
spectra of the probing tip. These simulations perfectly fit
experimental results for metals (Au [44], Al, W [41]), non-
resonant dielectrics (quartz, polystyrene, PMMA) [44, 45],
Si3N4, Si [41, 46], and resonant dielectrics (SiC [25, 42]). A
good quantitative fit to the experimental data (maps of the
ASNOM amplitude and phase) is demonstrated in analytic
calculations [12, 39, 42] that take the contribution of the free
carriers to the dielectric function of doped semiconductors
into account [41, 47].

In the model of a ``dipole over a dielectric surface,'' the
following statements are important:

(1) the amplitude of the light wave scattered by the tip into
the external space under the influence of an incident coherent
wave in the presence of a sample surface is, as a complex
number, proportional to the local electromagnetic field
amplitude;

(2) the amplitude of the wave scattered by the tip depends
on the tip±surface distance nonlinearly;

(3) the amplitude of the scattered wave is determined by
the local value of the surface dielectric function at the
frequency of light near the tip (at the tip contact spot whose
size is close to the tip radius).

These features allowASNOMs to work in the `elastic light
scattering' mode (scattering at the frequency of the irradiating
wave) for mapping the distribution of a local light field over
the surface or (and) mapping a sample dielectric function.

It was mentioned in [40], however, that some parameters
have to be adjusted for the theoretical simulations to fit the
experimental data (first and foremost, the gap between the tip
and the surface has to be adjusted). The inverse problem, i.e.,
reconstructing the dielectric permeability of the surface from
the ASNOM signal, is fraught with difficulty and ambiguity.

2.3 Optical homodyning
The amplitude of a light wave scattered by the tip in the
presence of a surface and then collected in a photodetector as
a signal is, naturally, vanishingly low. An efficient technical
trick to detect such a weak signal [48] is optical homodyning
[12, 49, 50] or heterodyning [51, 52] (Fig. 2). The photo-
detector signal in that case is determined by the square of the
light wave amplitude Idet � E 2

det � �Eref � Escatt�2. In the
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expression

�Eref � Escatt�2 � E 2
ref � 2ErefEscatt � E 2

scatt ; �5�

the term Eref is constant, and therefore the leading contribu-
tion to changes in the detected signal is made by the term
2ErefEscatt. The termE 2

scatt would play a role in the absence of a
reference wave that is coherent to the signal one. The term
Escatt in the expressions above denotes the amplitude of
scattered light, and Eref corresponds to a reference beam.
Hence, the sensitivity of the detector can be improved by
Eref=Escatt times, i.e., several orders of magnitude, because the
scattered wave is rather weak [53]. The expressions are written
here in terms of real numbers for simplicity, but a rigorous
consideration with complex numbers leads to the same
conclusion.

As is clear from (2)±(4), the effective tip polarizability
depends on the tip±surface distance in a highly nonlinear way,
because near fields quickly decay with distance. This
dependence was experimentally obtained in [54] by optical
homodyning in a Michelson interferometer (Fig. 3). The

photodetector output (homodyned optical signal) and the
tip displacement signal were used to plot a Lissajous figure.
Unlike the previously published dependence of the second
harmonic component of the tip oscillation frequency on the
tip±surface distance [55], experiment [54] is a direct measure-
ment, i.e., a direct dependence of the photocurrent on the tip
position is maintained.

A detector located at the output of a Michelson inter-
ferometer [56] was connected to the vertical displacement of
an oscilloscope beam, and the signal from the cantilever
displacement was connected to a horizontal input. In the
experiment, the amplitude of the tip vertical vibration was
about 60 nm, and this signal caused a horizontal sweep. The
ASNOM tip in that experiment was in `working contact' with
the surface of crystalline SiC (known for its strong ASNOM
response in the wavelength band 10.41±12.70 mm caused by
SiC lattice resonance). The tip, as well as the surrounding area
of the SiC surface, was irradiated by a focused beam of a
tunable 13C16O2 laser.

It can be seen that the detector output signal is first
constant (the right part of the curve in Fig. 3b) and then
changes within the left 30 nm of the plot. The polarity and
height of this feature (see Fig. 3) depend on the reference beam
phase in the interferometer in a sinusoidal way, as it must be
for an interference response.We note that theLissajous plot in
Fig. 3b contains an area (the leftmost 5±7 nm on the plot) in
which the detector signal apparently weakens. In reality, such
a change is caused by a phase shift of the scattered signal near
the surface, and this can be seen in similar Lissajous figures
taken at other values of the reference phase. An important
conclusion from Fig. 3 is that the amplitude and phase of
variations in the radiation scattered by an ASNOM tip
depend on the tip±surface distance in a highly nonlinear
manner, such that `touching the sample' modulates the
optical response just at distances of about 10±40 nm. The
changes due to the near field in the optical response appear in
the oscilloscope trace as bell-shaped peaks at the time of
touching (bottom points of the tip displacement sine curve). It
is also useful to mention that the polarity (phase) of these
features depends on the reference beam phase (determined by
the mirror position in a Michelson interferometer).
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Figure 2.Optical (a) heterodyning and (b) homodyning of light scattered by anASNOMprobe in the elastic scatteringmode (sSNOM). (a) AnHeNe laser

beam is partially scattered by the acoustic±optical modulator AOM into a reference beam. The direction of this ray is determined by the combination of

the wave vectors of light and sound in the AOM crystal, and the optical frequency is shifted by the sound frequencyD. This beam is redirected by amirror

to the photodetector. The objective lens collects radiation scattered by the probe tip that is in optical contact with the sample and directs this light also to a

photodetector. (b) In the optical homodyning (Michelson) scheme, the laser beam partially passes through a beamsplitter BS onto the sample and the tip.

Another part of the laser beam is reflected into the reference arm, whose length is modulated in the measurement process by displacing the mirror. The

higher harmonics of a frequency O of normal tip oscillations are recovered in the photocurrent by a lock-in detector at the frequency D� nO in the

heterodyne and nO in the homodyne setups [51].
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Figure 3. (a) Photocurrent signal [56] at the output of a Michelson

interferometer at different lengths of the reference arm. The horizontal

scale corresponds to the time, the vertical scale represents the position of

the tip (sine curve) and photocurrent (pulses of various phases). The

Pt-covered tip touches the SiC surface at the lower point of the sine curve.

(b) Dependence of the detector signal at an output of the ASNOM

interferometer (proportional to the amplitude of the electric field in the

scattered wave) on the tip height over a crystalline SiC surface, recorded in

[54] as a Lissajous figure with the first two signals.
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Nonlinearity in the optical signal dependence on the tip±
surface gap allows recovering just those components in the
optical signal that are exclusively caused by the near-field
(short-range) optical interaction between the tip and the
surface being investigated. Periodic modulation of the tip±
sample distance is typically present in ASNOM systems, e.g.,
resonant cantilever vibration used in TappingModeTM topo-
graphy feedback [57]. This sinusoidal tip vibration modulates
the complex amplitude of the light wave scattered by the tip.
The nonlinearity of the near-field optical interaction between
the tip and the sample at the separating distance is the only
significant nonlinearity in the system. Therefore, recovering
the higher harmonic components I

�nO�
det of the tip oscillation

frequency O (typically in the range 30±300 kHz) in the
detector photocurrent allows obtaining mainly a near-field
response [38, 58, 59], eliminating the much stronger signals
from scattering by the sample alone or by the tip alone.

In a heterodyne system [46], which is similar to theMach±
Zehnder interferometer (see Fig. 2), the light frequency in the
reference beam isD � 80MHz shifted with respect to the light
frequency o in the laser beam (633 nm) being scattered by an
ASNOM tip. A lock-in detector is tuned to the combination
frequency D� nO to recover the photodiode signal. Keeping
the homo- (hetero-)dyne recovery of the higher harmonic
components in mind, we can rewrite expression (4) as

I
�nO�
det �rtipXY� � Eloc�rtipXY� a �nO�eff

ÿ
es�rtipXY�

�
; �6�

which involves only the amplitude of the local optical field
Eloc over a surface point rtipXY where the tip is located, and the
averaged tip polarizability a �nO�eff (depending on the para-
meters of the cantilever mechanical oscillation), which is
mainly determined by the dielectric constant of the tip and
the surface below it.

We note that the near-field component of the signal in a
homodyning (heterodyning) system is a short pulse, whose
duration is only 5±10% of the tip oscillation period (see
Fig. 3). Thus, recovering just one single harmonic component
nO means that some part of the useful signal is ignored. As a
measure of the near-field fraction in the signal, it would be
interesting to detect thewhole area of the pulse that appears at
the time of contact. Unfortunately, as the tip approaches the
surface, not only the scattered wave amplitude but also its
phase is modified [60]. In addition, the complex approach
curve depends on the dielectric function of the tip and the
surface, on the shape of the tip, and on the wavelength. In
addition, the problem of the actual separation between the
tip and the surface remains open in the TappingModeTM

regime (themethod assumes a `blind area' between the sample
and the lower dead point of the tip oscillations). Therefore,
the problem of correct near-field component recovery in the
optical response has not been properly solved yet.

It was reported in [61] that 18 higher harmonic compo-
nents of the tip oscillation frequency were recorded in the
photocurrent spectrum simultaneously, along with their
amplitude and phase, using the tip-to-surface approach. The
scanning head in the reported experiment was used in the
TappingModeTM with the normal oscillation amplitude of
100 nm, and the Michelson setup was used for optical
homodyning. It was shown that the approach curve is
different for different harmonic components. The authors
reconstructed the true approach curve (dependence of the
photodetector signal on the tip-to-surface distance) from the
amplitudes and phases of all separately measured harmonic

components in the photocurrent spectrum. A successful
attempt to simultaneously use all higher harmonic compo-
nents in signal acquisition is doubtless an achievement, but
the question of ``what the real tip±surface distance was in the
experiment'' was left without an answer in [61].

We note that the field amplitudes in (3) are complex
quantities in a rigorous consideration. Therefore, the
changes in the photocurrent caused by the tip oscillation
depend on the phase difference between the reference beam
wave and the wave scattered by the tip (see Fig. 3a). To obtain
the true value of the near-field component, the measurement
results must be averaged over all possible phases of the
reference beam. In Keilmann's heterodyning system [46],
this is done automatically, because the acoustical±optical
modulator shifts the optical frequency of the beam scattered
in the first diffraction order by a running acoustic wave. The
modulation frequency is D � 80 MHz in [46], and therefore
the reference beam phase makes a full turn over the tip-
scattered wave phase 80 million times per second.

In the homodyning (Michelson-like) ASNOM system, the
reference beam phase should be modulated by the seesaw of
the reference arm mirror. Under the assumption that
interference of the signal and reference beams is ideal, only
two positions of a reference mirror suffice, corresponding to a
90� phase difference between them [62]. Nevertheless, most
ASNOM users [56, 63±65] prefer moving the reference mirror
smoothly (a minimum of a half-wavelength mirror stroke), to
store the detected signal at several points, and finally to fit the
interference (sinusoidal) curve in order to average over all
reference phases.

In [63], the reference arm length is modulated by a
sinusoidal law, and signal recovery is managed in a digital
system by a complicated decomposition of the signal over the
eigenfunctions of the problem. The mirror motion frequency
was reported in [63] to be 200 Hz, which means a 5 ms
acquisition time for a single raster point. In [65], the mirror
oscillation frequency was 500 Hz.

Nevertheless, a sinusoidal law of phase modulation does
not seem to be optimal from the measurement standpoint. In
such a mode, the mirror spends most of the time near the
motion dead centers, where its physical velocity is low. If an
ADC runs at a constant sampling rate (recommended by
hardware engineers), some values of the reference phase
would be recorded too densely in the signal, while the
contribution of other reference phases would become too
small. The sawtooth law of the reference mirror motion (with
smoothU-turns at its dead centers) implemented in [66] allows
the two signal recovery operations to be separated. First, the
peak caused by near-field interactions is recovered within a
single period of tip oscillation (as a single higher harmonic or
as the area of the pulse under the gate). Second, averaging over
the reference phase is done on the array of first-stage results in
order to recover the sinusoidal component of the signal
response to the reference phase modulation. All `intermedi-
ate signals' can also be shown by a virtual oscilloscope. Their
visual control has shown, for example, that the motion law of
a reference mirror differs from the expected ramp-like one.

Depending on the mirror mass, distortions with the piezo-
stage PI S-316 occur at frequencies of 50±250 Hz. Thus, the
acquisition time of a single point is limited by 4±20 ms. The
ramp-like law of mirror motion used in [67] made it possible
to connect the detector output (after recovering the second
harmonic component in the optical signal) to the input of a
conventional Fourier-transform IR (FTIR) spectrometer.
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In [64, 68], constant-velocity motion of the reference beam
mirror was used to store the signal dependence on the delay of
the sample response to an ultrashort light pulse.

An improvement in optical hetero- and homodyning is
also reported in [69]. To monitor the position of the reference
arm mirror, an additional HeNe laser beam is used, directed
parallel to the working beam. Such a trick was previously
used in Fourier-transform spectroscopy instrument design.
Interferometric direct measurement of the reference mirror
position helps to stabilize the phase of the ASNOM signal
stored at the working wavelength, while the precision of
mirror position control is then determined by the wavelength
633 nm, instead of the 5 to 12 times longer wavelength used
for measurements of the sample response.

2.4 Spectroscopy of elastic light scattering in an ASNOM
In the first papers investigating the spectral features of the
near-field tip response, researchers changed the working line
of a laser used to irradiate the probing tip and to detect the
scattered wave by optical homodyning [42, 51, 64, 70±73].
With a coherent laser line, it was enough to move the
reference mirror just a half-wavelength (a few micrometers).
Spectroscopy with such a setup was limited, however, by the
set of laser lines and by the width of the laser tuning band.
Both are typically rather poor. TheMichelson interferometer,
which is typically present in an ASNOM system, can in
principle be used to build a kind of conventional FTIR
spectrometer by increasing the length of the reference mirror
working stroke.

To calculate the scattering spectrum of a probing tip over
the sample, the CPU of a conventional FTIR spectrometer
can be used. Higher harmonic components of the tip
oscillation frequency [67, 74] must be used as the input signal
instead of the whole photodetector response. The spectral
resolution of the instrument is then determined by the mirror
working stroke in the reference arm. It must be some
millimeters or even centimeters in length in order to compete
with conventional FTIR spectrometers.

The capabilities of the ASNOM spectroscopy technique
are limited by the low angular brightness of the thermal
(blackbody) sources of radiation, which are in principle
expected to be used as the light sources to irradiate the tip.
Nevertheless, it was shown experimentally in [74] that the
brightness of a glow bar suffices for a FTIR spectrometer to
manage the quasihomodyning detection of light scattered by
the tip. Another approach might be to use a synchrotron as a
bright wide-band source [67]. A synchrotron and an FTIR
spectrometer (Bruker) were successfully used with an
ASNOM [67] to obtain the `absoption' spectra of g-globu-
line dried on an Si substrate and the spectra of peptoide
(N-substituted glycines) on an Au substrate. The authors
claim that the lines of Amide I, Amide II, and Amide III can
be recognized in the spectra. A comparison to spectra
obtained by conventional spectroscopy demonstrates almost
no difference. For an ASNOM operation, the conclusion was
reached that it is possible to use the libraries of spectra already
collected by chemists and biologists.

3. Material contrast in ASNOM images

3.1 Approach curve dependence on the dielectric constant
A rather detailed consideration of the sSNOM signal
dependence on the sample medium is contained in [40]. It is

mentioned in the paper that it is difficult to recover the value
of the sample dielectric function under the tip from an
ASNOM signal without ambiguity. The complex amplitude
of awave scattered by the tip [see, e.g., expression (2)] depends
not solely on the dielectric function values of the tip and the
sample under it. The shape of this approach curve is also
determined by the distance between the surface and the tip
apex. The dependence of the scattered wave amplitude on the
gap is highly nonlinear, and therefore an error in the absolute
value of the gap (tip height relative to the surface) can distort
the calculation of an optical approach curve dramatically. In
TappingModeTM feedback [57], where the amplitude of
cantilever beam-driven oscillations is relatively large (50±
150 nm), the changes in the tip oscillation phase or amplitude
are measured as a feedback input signal. In small-amplitude
(0.5±1 nm) feedback modes, the frequency [75] or the phase
[76] shift of cantilever oscillations caused by the shape of the
surface potential [77] is measured. We must keep in mind that
the absolute position of the optical interface with respect to
the tip location remains unknown in all these cases.

In systems using an STM sensor for topography feedback
[24], the absolute position of the surface is known by the
appearance of tunnel current. A disadvantage of the STM
sensor is that only well-conducting substrates can be used for
experiment. The jumping mode [78] is rather interesting for
implementation in an ASNOM instrument. In such a mode,
the approach±retract cycle of the tip is arranged at every point
of the scanning raster, typically in a seesaw mode with a
frequency of some kilohertz. In such a mode (also called
HybridModeTM byNT-MDT), the tip comes into full contact
with the sample at the bottom dead center of its motion, and
this can be detected by a slight cantilever bend. Thus,
HybridModeTM sensing of the tip±surface contact provides
information on the absolute vertical position of the surface,
and this advantageously differs from oscillatory modes in
terms of an approach curve interpretation.

3.2 Mapping of semiconducting structures
with an ASNOM of elastic scattering (sSNOM)
A signal collected by an ASNOM, as shown in expressions (4)
and (5), is determined by the effective polarizability of the
probing tip in the presence of a surface, and therefore by the
surface dielectric function value at the probe location. The
image of a bipolar transistor cleaved edge [41] in Fig. 4 was
collected at a wavelength of 10.75 mm. An Si base chip, SiO2

and Si3N4 insulators, and Al andW contact metals can easily
be distinguished in the picture. It can be seen that the
ASNOM provides the amplitude and phase of the tip
scattering simultaneously, and therefore doubles the amount
of information.

In this case, the ASNOM technique allows distinguishing
not only different materials of a sample by their dielectric
constant but also heavily doped (1020 cmÿ3) regions of silicon
from low-doped (1018 cmÿ3) ones. Doping contrast (mainly
present in the scattered wave phase) occurs because the
plasma of free carriers contributes mainly to the imaginary
part of the dielectric function value, while silicon itself has a
purely real dielectric constant (Si is known to be transparent
at the working wavelength 10.7 mm). Simulations based on
the Drude model [79] demonstrate a perfect fit to the
experimental data. The plasma frequency of the free-carrier
subsystem crosses a laser line during the scanning (this
frequency is below the laser line in low-doped regions of the
surface and above the laser line in heavily doped regions),
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such that the set of signal values collected with an ASNOM
forms a line close to the expected circle on the complex plane.

To estimate the optical spatial resolution of the instru-
ment, the authors of [41] considered an image of an Si3N4

layer nominally 10 nm in thickness. The ASNOM image has a
width of 40 nm, and this was claimed to be the optical
resolution of the instrument.

Images of Si3N4 nanocrystallites located on an Si substrate
also demonstrate the ability of an ASNOM to distinguish
semiconductors [71]. It can seen in the paper that an ASNOM
signal (which is literally the nonlinearity of a scattered wave
amplitude dependence on the tip±sample distance detected as the
second harmonic component of the tip oscillating frequency)
reflects the spectral properties of an object under the tip in a
slightly unusual way. With any line of a tunable CO2 laser
used as a coherent light source in the experiment, the optical
signal collected over an Si3N4 particle was divided by the
complex value of the signal collected over the Si substrate.
Silicon is transparent in this spectral band, and hence its
response can be assumed to be a reference value. Spectra
calculated in such a way contain peaks corresponding to the
spectra of Si3N4 particles known from conventional spectro-
scopy, butmainly in the phase of anASNOM signal, not in its
amplitude.

To explain the spectra obtained in the experiment, and to
compare the results with spectra collected by conventional
spectroscopy (e.g., in [80, 81]), the authors made rather
detailed and rigorous calculations [25]. The tip was assumed
to be a spheroid [39], and its electrostatic image on the surface
was considered [37, 38]. A substrate was also included in the
model, in addition to the tip and nanoobject being investi-
gated, and the finite height of all crystallites was also taken
into account. Finally, a rather good fit was achieved between
theoretical simulations and experimental data, and thus a

complex value of the ASNOM signal was reasonably
explained.

Images of InGaN crystallites grown on a GaN substrate
were presented in [82]. Additional factors were considered in
the paper (vertical displacement of the tip enveloping a
crystallite, tip±object electromagnetic interaction at inter-
mediate distances in the near dipole zone), which may cause
some distortions in the images being obtained. Boron nitride
nanotube images collected at different wavelengths corre-
sponding to different modes of lattice oscillations were
reported in [83]. Contrast images of boron nitride nanotubes
were also obtained in [61]. At light frequencies corresponding
to the surface phonon polaritons, the image contrast is
significantly higher than at frequencies outside the polariton
resonance band.

The performance of anASNOM in the terahertz band [84]
was demonstrated byKeilmann's group in a self-made system
with a tungsten tip with an apex radius of 200±300 nm. All
tests typical for an ASNOM experiment were carried out to
convince the researchers that the signal collected with an
instrument is in fact caused by the near-field interaction
between the probe and the sample surface. An approach
curve was acquired. The tip vertical position at which the
noticeable signal arises was reported as 50±70 nm at a
working frequency of about 1 THz (wavelength of about
300 mm).

In another paper [85], a semiconductor transistor struc-
ture (with the sample also prepared by the cleaved edge
technique) was mapped with an ASNOM simultaneously in
the mid-IR and THz bands. The image obtained at a
frequency of 2.54 THz (Fig. 5) corresponds, in general, to an
image obtained with a CO2 laser at a light frequency of
28 THz. It was shown that this method allows mapping the
surface response with a lateral resolution of about 40 nm and
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provides an image contrast not only between different
materials but also between different doping regions of the
same silicon.

The terahertz band was also used in an ASNOM to
investigate VO2 films on a sapphire substrate [86]. Detection
of a local plasmon response under the tip made it possible to
observe the formation of metal islands caused by a metal±
insulator phase transition. VO2 strips 3±100 mm in length
were formed on a sapphire substrate from one Cr/Au contact
pad to another. Voltage was applied between these contact
pads, and under some voltage (150±170 V, depending on the
temperature and VO2 strip length), VO2 becomes conducting,
judging by the macroscopic measurements of electric current.
The appearance of free carriers in the VO2 strip causes a
plasmonic term in the expression for the film dielectric
constant to appear, which, in accordance with (2), changes

the response of the CuBe tip attached to the sample top. The
tip radius was about 1 mm, sufficient to achieve a subwave-
length lateral resolution, which allowed the authors to
conclude that a metal phase formation occurs on the VO2

film by islands. We have the impression, however, that there
was no raster scanning in the experiment reported, because
there is no ASNOM map of the sample in that paper (in our
opinion, such amapwould have been a valuable addendum to
the paper).

The doping level, which varies along the InP nanocrys-
tallite with an elongated shape, was measured in [87] with an
ASNOM (Fig. 6) at a laser wavelength of 11.2 mm (the
893 cmÿ1 line of a 13C16O2 laser). As can be seen, the doping
level can be easily distinguished in the ASNOM pictures, but
is hardly visible in the scanning electron microscopy images.

Amap of the optical response was also obtained in [88] for
the domain structure on a ferroelectric surface. As reported in
[89], anASNOMproviding local optical spectroscopymade it
possible to detect the coexistence of LixFePO4 and FePO4

crystalline phases in LixFePO4 microcrystals that are
depleted in lithium.

Epitaxially grown islands of InGaNwere mapped with an
ASNOM [90] at various wavelengths. Islands were formed in
the 3D growth mode on a sapphire substrate with a GaN
buffer layer. The authors discuss possible reasons why two
ASNOM images of the same surface area acquired at
wavelengths of 532 and 633 nm do not fit each other. One of
the explanations is that the surface consists of relatively large
(100±300 nm) grains, comparable in size to the tip itself.
Under such conditions, enhancement of a local field and
therefore enhancement of the tip±sample interaction can
happen not exactly at the tip apex. In that case, there can be
wavelength-dependent variations in the amplitude of the light
wave scattered by the probe and obtained with an ASNOM.

Semiconductor structures and, occasionally, biological
samples require a low temperature for investigations, and
many authors have reported on the design of a low-
temperature ASNOM. The instrument geometry reported in
[91] is not the best solution in our view. The light from an
objective irradiates the tip from a direction along the tip shaft,
and therefore the interaction of the light electromagnetic field
with dipole oscillations in the tip is not optimal. In another
design [92], the light arrives to the tip at an angle to the tip
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axis, and one can therefore expect a much better coincidence
between the E vector in the irradiating wave and the direction
of dipole oscillations in the probe.

3.3 sSNOM imaging of biological objects
Naturally, the use of ASNOMs is not limited to investigations
of the response of semiconductor samples. On the contrary,
most images have been obtained by the developers of the
method in order to attract the attention of biologists and
chemists. In one of the first studies [15] devoted to ASNOMs,
the authors, following the tradition established by the
inventors of the scanning electron microscope, presented the
image of a tobacco mosaic virus, obtained at a wavelengths of
633 nm (HeNe laser) and 514 nm (Ar� laser). The tobacco
mosaic virus image, in that case taken in the mid-IR range,
was published [93] by Keilmann's team. The authors did not
confine themselves to taking an image. They claim that the
images obtained at different lines of a tunable CO2 laser allow
identifying the Amide-II absorption band (which corresponds
to the C � O vibrational mode in the amide group with a
characteristic frequency of 1650 cmÿ1). Moreover, the images
show that the amide group is located in the virus envelope.
The spectral history obtained at different lines of tunable CO2

lasers (modified to work in the 6 mm band instead of the
conventional 10.6 mm band) is also presented in [93]. The
raster points from which the spectral response was taken to
build a `spectral history' set are located on a straight line
across the virus body. Similarly, the emergence and disap-
pearance of the IR vibrational Amide-I line in the ASNOM
image was demonstrated in [72] on a purple membrane.

ASNOM imaging and spectroscopy of protein complexes
(tobacco mosaic virus, ferritin complexes, insulin aggregates,
E.coli membrane) were reported in [73]. A tunable quantum
cascade laser was used as a source of coherent radiation. It
follows that (a) surface mapping obtained at one selected
wavelength and (b) spectroscopy obtained at one selected
point are different modes of operation. Acquiring a tobacco
mosaic spectrum required 22 min in [73], which means that
ASNOM scanning of a surface with a simultaneous spectro-
scopy at each raster point would take an unacceptable length
of time.

3.4 ASNOM imaging of polymers
Contrast ASNOM images of polymers have also been
demonstrated in many papers (see, e.g., [73]). In [73] (Fig. 7),
a quantum-cascade laser (QCL) is used as a tunable radiation
source, a Michelson interferometer with a modulated refer-
ence phase is used for optical homodyning, and the near-field
component in the photocurrent is recovered at the third
harmonic component of the tip oscillation frequency. In a
co-polymer of polystyrene (PS) and polymethyl-metacrylat
(PMMA), areas of different chemical compositions are easily
distinguished with a lateral resolution of 20±40 nm.

Similar results were obtained earlier in [94], also at the optical
frequencies of 1650±1800 cmÿ1, with the only difference that the
impregnations of PS balls look more regular. A PMMA layer
90 nm in thickness can be well distinguished on an Si surface [70].
In that work, an attempt was made to identify the PMMA by
characteristic absorption lines of CÿOÿO, CH2, and C � O
groups.

3.5 Undersurface imaging of `buried' objects
The ASNOM operational principle is to use a change in the
tip optical polarizability caused by the presence of a sample

surface. The amplitude and phase of the driven dipole
oscillations in the tip can also be modified by objects
`buried' in the sample at a depth of the system characteristic
dimension, the tip radius. A sharp image was obtained in [45]
for Au islands covered by a PS layer. It is not surprising that a
graphene layer with its thickness of a few atoms allows
distinguishing [95] a submerged boundary of an SiO2 layer
formed on an Si substrate (Fig. 8).

Maps of a graphene sample (Fig. 9) containing single-
layer, double-layer, and triple-layer thick fragments of a
graphene film on an Si substrate, which is isolated from
graphene by an SiO2 layer, are obtained (at different bias
voltages of graphene with respect to the substrate) in [96]. It is
shown in that paper that bilayer and double-layer graphene
flakes could be distinguished in ASNOM maps. These flakes
(in the opinion of the authors) differ by the geometry of
stacking the crystalline layers. If a medium has some special
features in its refractive index (for example, a band of negative
values of the permittivity at optical frequencies close to the
SiC lattice resonance), the medium layer covering the objects
to be imaged can introduce complex distortions into the
image, which the authors (by analogy with optical metama-
terials) call `superlensing' in their paper.
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3.6 Visualization of surface polariton waves
As can be seen from expression (4) for the amplitudeEscatt�1�
of the wave scattered by the tip, this amplitude is proportional
to the effective tip polarizability aeff�rtipZ; es�rtipXY�� times the
amplitude of the local electromagnetic field Eloc�rtipXY� at the
point of the tip location. In experiments related to material
contrast, it is usually assumed that the local light field
amplitude Eloc is the same over any point of the surface,
being determined by the electromagnetic field in the laser
beam focused on the tip. Under that assumption, all changes
in a detected ASNOM signal are attributed to the sample
dielectric function es�rtipXY�, assuming, more or less reason-
ably, mechanical oscillations of the cantilever to be constant.
But the local electromagnetic field above the sample surface is
not always homogeneous. It can be distorted by objects
located on the surface (for example, by metal contact traces
on a semiconductor structure) ormay even get under the tip as
a surface wave excited by pump radiation on entirely different
areas of the surface.

An image of the Eloc�rtipXY� normal component distribu-
tion over a crystalline SiC surface in a running phonon±
polariton surface wave in the frequency band 880±940 cmÿ1,
which corresponds to an SiC lattice resonance, was obtained
in [98] (Fig. 10). In that particular case, as was shown in [56],
the ASNOM signal is, due to a lucky combination of problem
parameters, proportional as a complex number to the
amplitude of the local light field. The focal spot of the laser

beam that irradiates the area around the probing tip was
made quite wide (100±120 mm). Test measurements consist-
ing of focal spot 2D scanning around the fixed tip location
(see Fig. 6 in [99]) have proved that the pump beam phase is
described by the same wave vector j�x; y� � klasrxy within
the whole focal spot. Therefore, we can expect the whole
sample surface around the probe in Fig. 10 to be irradiated
by a monochromatic plane wave. Part of the crystalline SiC
surface was covered by a metal mask opaque to pump
radiation. On the open areas of the SiC sample, the plane
wave of driving radiation excites running and standing
phonon±polariton waves. The dispersion law of these
waves [100]

kxy�o� � o
c

����������������������������
evac eSiC�o�

evac � eSiC�o�

s
; evac � 1 ; �7�

fully corresponds to expectations [101±103] based on the SiC
constants [104, 105] used to calculate the dielectric function of
SiC:

eSiC�o� � eSiC�1�
�
1� o 2

L � o 2
T

o 2
T ÿ o 2 ÿ ioG

�
; �8�

where oL and oT are the longitudiunal and transverse
phonon mode frequencies, which are experimentally known,
and eSiC�1� SiC is the dielectric function value at frequencies
much higher than the lattice resonance frequency. The
amplitude and lateral period of the polariton waves excited
in the coinciding or counter-propagation geometry of the
pump radiation are similar to the SNOM maps obtained for
plasmonic waves [106].

A metal mask opaque to radiation contains arbitrarily
shaped openings 5±10 mm in size. These features leave an SiC
crystal surface open to pump radiation as well as ASNOM
probing. These areas can be regarded as small 2D particles in
the experiment. It was found that the light field amplitude in
phonon±polariton waves excited with a laser and measured
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with anASNOMover such `lakes' is several times higher than
the field amplitude of a running phonon±polarition wave on
an infinite open surface of SiC excited and measured in the
same geometry. An enhancement of the local field in the 3D
case was previously observed in [107]. This effect is similar to
plasmonic resonance in small metal particles (incidentally,
mathematical expressions that describe phonon and plasmon
surface polaritons are almost the same).

The distribution of the field amplitude measured by an
ASNOM over open SiC areas (see Fig. 10) is in excellent
agreement with calculations done by integrating the Green's
function over all the illuminated areas of the surface. The
signal I�x; y� collected by an interferometer detector for a tip
position �x; y� on the surface plane can be expressed in terms
of complex numbers as

I�x; y� � E �las�x; y�
�
atipElas�x; y� � atipx

�
�
XY

Elas�x 0; y 0�G�xÿ x 0; yÿ y 0� dx 0 dy 0
�
; �9�

where the term Elas�x; y� � E0 exp �iot� iklasrxy� describes
the field of driving radiation at a tip location point �x; y�,
delivered there directly as a laser beam with the wave vector
projection klas onto the sample plane. The integral, in turn,
describes all surface phonon±polariton waves excited by a
laser beam at other points �x 0; y 0� on the sample surface and
then delivered to the tip location �x; y� as divergent surface
waves. The complex factor x is used to recalculate the
subsurface local field in the running phonon±polariton
wave into the local field above the surface, which excites
dipole oscillations in an sSNOM probe. The notation XY
at the integral denotes all points of the surface uncovered
by the metal mask from which a polariton wave can
propagate toward the tip. A complex Hankel function
H0�kxy�o�DRxy� with the parameter kxy�o� equal to an
eigenfunction of homogeneous problem (7) was used as the
Green's function. Because the wave equation is linear, the
sum of homogeneous problem solutions must also be a
solution.

An ASNOM image [108] of a phonon±polariton wave
excited on an SiC surface in the presence of a round Au island
by external coherent radiation at the frequency of the SiC
lattice resonance can also be described well by Green's
function integration. A horseshoe metal mask formed on an
SiC surface becomes a source of a converging surface wave
[109] that can be used in developing surface optics devices
similar to those in the optics of surface plasmon waves [110].

Excitation and propagation of running phonon±polariton
waves (with the wavelength 7±7.25 mm) in boron nitride
nanotubes fixed on a gold substrate were investigated
in [111]. The dispersion law was plotted experimentally. The
role of the substrate roughness in the excitation of running
(standing) waves in such a one-dimensional structure has
been noted. An interaction between longitudinal and trans-
versemodes of phonon vibrations in a boron nitride nanotube
was investigated with an ASNOM in [112]. In contrast to
typical applications of ASNOMs, in this experiment an
ASNOM was used to irradiate the probing tip simulta-
neously with two lasers (at frequencies of the longitudinal
and transverse phonon resonances), and the optical response
obtained at one wavelength feels the influence of the other.

An ASNOM was used to acquire maps of the electro-
magnetic field distribution in surface waves in plasmonic

structures. Plasmonic states were excited in the visible
wavelength band (695±1250 nm) in Au nanodisks 200±
300 nm in diameter formed on a glass substrate. A very
elegant experimental trick was used to collect the images. To
excite the structures, s-polarized light with the E vector
parallel to the surface was used to irradiate the sample, while
the radiation scattered by the probing tip above the disk was
collected in p-polarization, with the E vector normal to the
surface plane. The metallized probe tip had a characteristic
size of 5±10 mm (more than 10 times larger than the Au disks
being investigated) and its direct response to a p-polarized
pump wave would be much stronger than the electromagnetic
response of the disks to be re-emitted by the tip.

Maps of plasmon±polariton waves excited in Au dipole
nanoantennas of various sizes and shapes were obtained
in [113]. Plasmonic response of elements of a Yagi-Uda
antenna at a light wavelength of 1064 nm was investigated in
[114]. Similar measurements, but at a 9 mm wavelength, were
reported in [115]. In that paper, the sample was also irradiated
from a substrate bottom to provide pump polarization with
the E vector parallel to the sample plane.

Nevertheless, maps of theE-field distribution in a running
plasmon±polariton wave collected with a metal-coated tip
using SNOM should be considered with some doubt. The
focus of measurements in an ASNOM is higher harmonic
components of the tip oscillation frequency contained in the
photocurrent signal of a detector mounted at the interferom-
eter output. As can be seen from the simplest model,
``a nanometer-size ball (tip) over a flat surface (sample)''
expressed by (3), the amplitude of light scattered by the tip
depends on the local field Eloc�rtip� at the tip location, and, in
particular, on the tip height rtipZ above the surface. The
amplitude in a running surface plasmon±polariton wave
decays exponentially in the normal direction, with a
characteristic scale less than the wavelength. With the tip
vibration span of 150±200 nm, the nonlinearity of the field
amplitude dependence on the tip position plays a significant
role even without any `electromagnetic contact' between the
tip and the surface. Higher harmonic components appear in
the photocurrent just because the probe moves vertically
from the area of a strong light field to that of a weak field. In
such a case, the lateral optical resolution is no longer
determined by the size of the contact patch between the tip
and the sample.

Investigating surface phonon±polariton waves, with their
decay scale equal to a fewmicrometers in the normal direction
due to a larger characteristic wavelength, we can assume that
the vertical (normal) oscillations of the tip do not significantly
affect the light field amplitude that drives the tip dipole. An
interpretation of the map images in the case of plasmon wave
observation becomes even more complex. Keeping in mind
the (large) dimensions of the probe and (small) dimensions of
the object, and also the plasmonic nature of electromagnetic
excitation in both of them, the signal being measured in an
ASNOM is ``plasmonic states in a probe slightly disturbed by
the object'' instead of the expected ``plasmonic states in an
object slightly disturbed by the probe.''

Although the published results principally agree with
expectations based on theoretical calculations and far-field
measurements, the field distribution measured by an
ASNOM differs from the real one, and the resonances on
the structures are significantly (by 20±30%) shifted in the
wavelength or disappear entirely. In that sense, phonon±
polariton surface waves are preferable as an object of
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investigation. The sizes of sample areas and the number of
carriers involved in the propagation of a surface polariton
wave are much larger than the dimensions of a metal tip, and,
in addition, the lattice centers oscillate under their resonance
conditions, in contrast to the electrons of the tip metal.

A nanotube of boron nitride was used as a sample in [61].
It was shown in this example that a signal of higher harmonic
components of the cantilever oscillation frequency detected in
the photocurrent greatly depends on the spatial decay of the
local electromagnetic field amplitude. In general, such a
statement does not raise any objections. The landing curves
presented in the paper are rather convincing. However,
the use of an object 100 nm in size, much smaller than the
probe (3±10 mm), as a proof of that statement is arguably
doubtful.

To reduce the distortions introduced into the plasmon
oscillations of a small (100 nm) gold coin with a huge probing
tip (10±15 mm), the probe in [116] was made of a fullerene
nanotube. This successful pioneering (2003) work made it
possible to measure the amplitude and phase distribution of
plasmon oscillations over a gold disk excited by an HeNe
laser wave. However, judging by the fact that the nanodisk is
mentioned in the text as just a point-like dipole, the authors
were not impressed with the results of comparing their
measured distribution of fields over the structure with those
of theoretical calculations.

Plasmon waves have also been observed with an ASNOM
on graphene structures. A dispersion law of surface plasmon
waves on graphene was obtained in [95]. In [117], a graphene
flake was placed on an Si substrate covered with an SiO2

isolating layer. The substrate was used as a gate in an FET,

and the bias voltage applied to it allowed shifting the Fermi
level in the graphene and thus modifying the mass of
electrically active carriers (Fig. 11). The shift of the plasma
frequency and the dispersion law of plasmon±polariton waves
caused by this were observed from the shift of the resonance
point in a two-dimensional Fabry±Perot interferometer
formed by a long narrow graphene wedge (with the opening
angle of about 8�). `Gate bias' was also applied to the
substrate lying under a graphene flake in [96, 117, 118], and
this also led to a change in the dispersion law for plasmon±
polariton waves observed with an ASNOM.

Plasmon±polariton waves were also excited in Ref. [119]
by external monochromatic radiation incident on a graphene
wedge (the wavelength of 10.8 mmused corresponds to one of
the CO2 laser lines). This wedge had an opening angle of
about 15�, and the graphene thickness was double-layer
(within 1 mm from the cusp) or single-layer (farther away).
In the image presented, an increase in the standing wave
amplitude is clearly seen for the width of the wedge that
corresponds to a Fabry±Perot resonance. The paper is mainly
devoted to the reflection of polaritonwaves on a film edge and
crystal grain boundaries, which are also well distinguished in
the ASNOM amplitude and phase images.

The peculiarities of the electron spectrumof graphene that
arise from the periodic modulation of atom positions in the
crystal lattice are discussed in [120]. If a graphene film is
mounted on top of a hexagonal boron nitride lattice (having
almost the same lattice constant), the carbon atoms in the
graphene lattice form a moir�e pattern, due to the incomplete
matching of the lattice period, and this leads to the
appearance of a miniband.
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Figure 11. (Color online.) (a) ASNOM responsemap (at the wavelength 11.06 mm) of a graphene wedge on the surface of an Si=SiO2 substrate at different

substrate potentials. (b) Filling of zones in graphene depending on the substrate potential. (d) Dependence of the resonance wavelength of a plasmon±

polariton have on the potential of the substrate, taking the contributions of interband and intraband transitions to plasmon decay into account (see

Fig. 11b). (d) ASNOM image of a 200 nm wide graphene strip in its dependence on the substrate potential, observed experimentally at the 10.7 mm
wavelength (top) and simulated theoretically (bottom) in that case [117].
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4. Ultrashort light pulses

Among methods in which the interference of light scattered
by a probing tip with a pump light beam is used to detect the
signal, the use of ultrashort laser pulses is especially
important. A Michelson interferometer equipped with parts
that allow the modulation of the length of a reference arm
suggest an idea to change the time delay of a short laser pulse
in the detecting system.

In Ref. [68], an optical parametric oscillator (OPO) was
used, pumped with Ti:Sa laser pulses (t � 200 fs and
l � 5ÿ8 mm). The correlation dependences of the signal on
the delay time of the reference pulse allowed obtaining the tip
scattering spectrum by a Fourier transformation. A signifi-
cantly long decay was observed in the optical polarization of
an Au cluster located on a PTFE (teflon) substrate near an
edge of an Au film. Such a cluster was, unlike its neighbors,
optically coupled to the neighboring large film in an optimal
way, and plasmon oscillation energy could therefore be
transferred from the cluster to the metal film and vice versa.

The spectrum of a pumping laser (n � 1100ÿ1300 cmÿ1)
covers the PTFE absorption lines n1 � 1160 cmÿ1 (symmetric
stretch of the C±F bond) and n2 � 1220 cmÿ1 (antisymmetric
stretch). The spectra were plotted corresponding to different
delays of a homodyne reference pulse (to build the spectra,
200 fs fragments of the entire correlation curve were used). It
was shown that for those clusters of gold that are optimally
connected to the electromagnetic air by an ASNOM tip
(which in this case acts as a rod antenna), the dephasing time
T2 of the n1 mode vibration in the PTFE substrate below them
decreases from the usual 680 fs to 610 fs. It is mentioned in [68]
that a decrease in the dephasing time of molecular vibrations
correlates, in general, with the improvement in the electro-
magnetic matching between the sample and the external
radiation provided by the ASNOM tip.

Ultrashort light pulses (pump pulse: t � 100 fs and
l�1:56 mm; probing pulse: t � 100 fs and l � 8:3±14:3 mm)
were used in [121] to investigate graphene samples on an SiO2

substrate. The spectra of the tip response to a probing pulse
were stored on a 300 nm thick SiO2 layer and then normalized
to the spectral response of Si, which is known to be
transparent in this spectral range and can therefore be
used as a reference. The spectral response of an ASNOM
contains the SiO2 lattice vibration lines na � 1125 cmÿ1 and
nb � 785 cmÿ1. After that, a graphene film was placed on the
surface, and the ASNOM spectral response was acquired on
such a sample. In most cases, the spectrum repeats the
scattering spectrum of an empty SiO2 substrate due to the
vanishingly small thickness of the graphene film, and the
difference between these two signals was used in further
considerations. It is shown that such a difference spectrum
depends on the presence of free carriers in graphene. The
contribution of the `hot' carriers produced by the pump pulse
at 1.56 mm can be separated from the contribution of `cold'
carriers, whose concentration was changed by shifting the
Fermi level in graphene and applying a bias voltage to the
`gate' (conductive Si substrate separated from graphene with
an SiO2 isolating layer).

The effect of lattice vibrations of SiO2 on the dispersion
law of Dirac carriers in graphene has been considered. The
weight of the Drude term in the dielectric function of
graphene, which depends on the carrier concentration,
describes the reflection spectra of graphene satisfactorily. It
is shown that the cooling of the carrier plasma lasts 1±2 ps, the

relaxation time being different for one-, two-, and three-
monolayer thick graphene flakes.

The cooling of a free carrier plasma and, accordingly,
changes in the plasmon properties of an InP sample, were
investigated with an ASNOM in [122]. The pumping energy
quantum (l � 1:56 mm) was sufficient to excite interband
transitions in InAs and therefore to create hot carrier plasma
in a semiconductor. The ASNOM tip was irradiated with the
probe light pulse (nprobe � 600ÿ2200 cmÿ1) of a variable
delay. The tip scattering spectrum contains a free-carrier
plasma response as broad peaks with a maximum at the
frequency n � 600ÿ900 cmÿ1. The spectral position of this
maximum depends on the pumping pulse energy, while the
plasma frequency depends on the carrier concentration. The
pulse duration of both lasers was 200 fs. Varying the probe
pulse delay within 30 ps allowed calculating the plasma
frequency and reflection coefficient dependence on time
(both parameters recovered in the experiment demonstrate a
sum of two exponentially decaying signals with the time
constants 1 ps and 64 ps).

5. Spectroscopy with an ASNOM

In the foregoing, we mostly discussed those papers in which
light scattered by an ASNOM tip was detected at the
wavelength of the driving light source (including tunable
sources). In those cases, optical homo- and heterodyning
allows a significant increase in the detector sensitivity due to
interference of a wave scattered by the ASNOM tip with a
relatively strong wave of a reference beam. The ASNOM, as
an instrument, is also applicable to other types of optical
measurements, namely, the spectroscopy of luminescence and
Raman scattering [123±130]. A probing tip acting as a micro-
antenna and having a rather small contact patch provides
quite effective coupling between the wave fields incident from
outside and/or emitted to the space and the nano-object
located on the sample surface.

5.1 Tip-enhanced Raman scattering (TERS)
The amplitude of the light field applied by an ASNOM probe
to an object located on a surface straight beneath the tip is
several orders of magnitude higher than that of a conven-
tional light wave used to irradiate the tip and the sample.
Hence, the efficiency rate of Raman scattering can be several
orders of magnitude higher in an ASNOM than in conven-
tional Raman experiments. One of the first TERS papers
[131] reports the acquisition of a Rhodamine-6G spectrum
with an ASNOM system. To enhance the signal to be
collected, the authors also used a thin silver island film as a
substrate, keeping the surface-enhanced Raman scattering
effect (SERS) in mind. The irradiating light was directed by a
high-NA objective from the bottom side of the substrate. As a
result, a significant enhancement of the collected signal in the
presence of an Ag-coated silicon cantilever-based tip was
demonstrated. The tip radius was reported to be 40 nm in that
case.

A similar approach (nonoptimal, as was found later) to
irradiate a sample was used in [132] with an aperture-defined
ASNOM (tapered fiber glued onto a tuning fork). The
authors focused a laser beam (l � 488 nm) onto a substrate
from its bottom, and they also hoped for SERSwith respect to
additional signal enhancement. Nevertheless, the capability
of an ASNOM to obtain the Raman spectra of a Brilliant
Cresyl Blue dye was demonstrated, and the spectra vanished
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on tip retraction. TERS spectra of C60 fullerene were also
presented in [132]. In general, the advantage of the aperture-
less SNOM technique over a conventional SNOM was not
clearly shown in these first papers.

An approach±retraction test to prove the near-field
nature of the collected signal was also done in [133] for a
thin layer of sulfur. A TERS spectrum of fullerene C60 was
initially located on a mica substrate and adhered to the tip
during the surface scanning. Raman scattering enhanced by
the tip increases the scattering cross section of a molecule
under study by 7±8 orders ofmagnitude [24], and according to
the estimates contained in the paper being cited, it corre-
sponds to nearly 100 molecules. It is shown with a TERS
system based on a tunnel current feedback sensor that a
TERS signal collected on a Malachite Green dye appears on
contact and disappears on tip retraction. It is also shown that
such a dramatic enhancement of the interaction cross section
causes a noticeable broadening of Raman lines.

Dye bleaching under focused high-intensity light is
mentioned in [24]. Similar observations (CNÿ ions on gold,
Malachite Green isothiocyanate on gold, platinum probing
tip) were reported in [134]. As a rule, the Raman signal is
rather weak (e.g., with aperture-defined SNOM [135], an
accumulation of the Raman signal on a raster of 32� 32
point dimensions required 10 h; other papers report 9 h [136]).
Apertureless SNOM may provide a significant gain in signal
collection. In [137], apertureless modification of SNOM (with
the tunnel current principle of topography feedback) required
an acquisition time of 3 s per spectrum andmade it possible to
obtain the spectrum of a single molecule (Fig. 12).

The TERS method is widely used to investigate biological
objects. The cells of Staphilococcus Epidermidis ATCC359
were studied in [138], and TERS spectra were obtained at
several points of a SNOM map. Changes in Raman spectra
suggest that the proteins migrate within a membrane at 20±
200 nm. A table of spectral lines of different biological
molecules is also given in [138]. The TERS map of K15
(cytokeratin 15)-positive human hair follicle ePCs (epithelial

progenitor cells) [139] was compared in [128] to a micro-
Ramanmap. It was shown that the TERS resolution is several
dozen times better. The Raman spectra of a cytochrome c
protein containing Fe in different oxidation numbers, Fe-II,
andFe-III, were acquired in [140] duringTERS scanning of an
isolatedmitochondrion (the spectrawere acquired along a line
on a sample surface with a step of 8 nm). The spectra clearly
indicate a change in the Fe oxidation state in the protein
caused by the scanning of the probe. Successful attempts at
DNA scanning have been reported. The fundamental possi-
bility of distinguishing amino acids by their TERS response
was demonstrated on thymine and cytosine [141] in 2006. The
spectra of adenine, thymine guanine, and cytosine in picomo-
lar amounts were obtained by TERS also in [142]. RNA
sequencing with TERSmicroscopy was also reported in [143],
although insufficient probe resolution was noted.

Because biological molecules are designed to operate in
water, it is extremely important for biologists to ensure the
operation of the TERS microscope in a liquid. Successful
attempts are reported in [144] to solve this problem techni-
cally.

It is useful to note that some gradient effects should be
expected in SNOM systems [145], caused by an inhomogene-
ity of the electromagnetic field around the tip apex. Hence,
the spectra obtained with TERS can differ from those
obtained in `classical' spectroscopy when the investigated
molecule is located in the field of a plane wave. In TERS
measurements, the selection rules caused by the symmetry of
molecular wave functions can significantly differ from the
`classical' ones.

Raman scattering provides some freedom in the geome-
try of the experiment compared to the elastic tip scattering
mode. The polarization of the pump and the Stokes
component need not coincide. Nevertheless, the dipole
oscillations in a probe tip most effectively interact with
external light waves when their E vector is directed along
the tip shaft, and this should be kept in mind. Scanning
systems designed specially for an ASNOM operation [99]
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enable the application and collection of light in the optimal
direction (as a rule, from several sides). If some other AFM
head is modified to be used in an ASNOMmode, the options
offered by the instrument may be somewhat reduced. The
pump radiation was directed in [146, 147] to the sample
through the underside of a transparent substrate (from the
bottom, in the traditional geometry for conventional micro-
scopy), and it was proposed to use radially polarized light
and a high-NA lens with a large proportion of sliding rays, in
order to increase the efficiency of the interaction of light
wave modes with the tip.

Because the interaction of electron density oscillations in
the object under study with dipole oscillations in the probing
tip for TERS systems does not fundamentally differ from
othermodifications of ASNOMs, the lateral resolution is also
determined by the radius of the tip. In various studies, it is
reported to be 10 nm [138], 10±20 nm [141], 20 nm [148], 40 nm
[147], 50 nm [131], 55 nm [132], and 100 nm [24,134]. In any
case, it is possible to claim that a lateral resolution of TERS is
much better than the resolution of the conventional Raman
microscopy, which is determined by the Abbe limit of some
part of the wavelength.

5.2 Photoluminescence
The efficiency of ASNOMs in collecting the luminescence
spectra of CdSe quantum dots in ZnS was demonstrated
in [149]. The work shows approach curves indicating an
apparent (up to 10-fold) increase in the photoluminescence
signal collected at a tip-to-surface distance of less than 5 nm.
The optical lateral resolution was reported to be 10 nm.
Similar CdSe/ZnS quantum dots with a characteristic size of
4 nm were used in [150]. It was shown that for the density of
quantum dots used, 14 mmÿ2, an ASNOM can distinguish
single quantum dots in the image. An optical approach
curve (the dependence of the collected signal on the tip±
sample separation) is reported in [151] for a CdSe/ZnS
quantum dot, acquired with an Si probe, Au-coated probe,
and a probe fabricated from a fullerene tube. The
characteristic distance at which the photoluminescence
significantly grows is about 7±10 nm. It is mentioned in
the paper that the presence of a metallized tip in the vicinity
of a quantum dot significantly increases the quantum yield
of some states (found to be relatively weak in a free-
standing quantum dot) and reduces the quantum yield of
other states (which dominate in a free-standing quantum
dot). Changes in the quantum yield of different states in a
quantum dot caused by the presence of a fullerene nanotube
nearby are also mentioned in [152].

The registration of the fluorescence spectrum of a single
molecule using a gold ball 80 nm in diameter fixed at the tip of
a conventional (tapered fiber) probe demonstrates sufficient
sensitivity and resolution of ASNOMs [153]. In that paper,
the signal dependence on the tip±object distance was also
investigated (a sharp increase in the signal occurs at a distance
of 15 nm on the approach curve), as was the shape of the
optical images taken from a known point-like source. The
shape of a collected image undoubtedly demonstrates a
`dipole' symmetry, indicating that some polarization on the
surface plane is clearly preferable. To improve the matching
of the incident wave and oscillations in the dipole of the
probe, radial-polarized light was used in the lens. For a
scanning system designed to operate in water, it was shown
[154] that its sensitivity is also sufficient for single-molecule
spectroscopy. An ASNOM system for scanning and lumines-

cence spectroscopy (with a tip fixed on a tuning fork) is also
presented in [155]. We note that the unsuccessfully chosen
geometry of the device (with the irradiating and collected light
beams directed along the tip shaft) limits the quality of the
two-photon spectra being collected; however, raster scatter-
ing scanning (using a much stronger signal) provides very
clean images.

6. Conclusions. Summary

Scanning near-field optical microscopy (especially aperture-
less scanning near-field optical microscopy) as an optical
technique to provide addressable optical access to a region
whose size is arbitrarily smaller than the wavelength of light
was apparently beyond reach prior to 1986. In reality, it is
only a matter of changing the idea of how an electromagnetic
field is applied to an object. From the wave principle (which,
like all wave optics/radiophysics, does not allow the wave to
be focused into a region much smaller than the wavelength),
researchers switched to transmitting a signal along a wire that
could be brought to the object with an accuracy determined
by the size of the probe tip. At the industrial current frequency
of 50Hz and the wavelength of 6000 km, equal to the radius of
the globe, it is not surprising that a voltimeter can locate an
outlet wire with millimeter accuracy.

An ASNOM probe (metallized AFM tip) is an extremely
efficient tool to match an external electromagnetic field with
the local fields around a nano-object. The amplitude of the
local field around the tip apex is 4±5 orders of magnitude
higher than that in the plane wave used for excitation. Vice
versa, the efficiency of light emission (luminescence or
Raman) by a single molecule into the ambient space is
enhanced for the same reasons.

Due to the similarity of its operational principle (a dipole
rod antenna connected to the surface being investigated via a
capacitor gap), ASNOMs allow the use of simple analytic
models. These models in most cases allow describing the
phenomena quantitatively, or, in the case of more detailed
numerical simulations, checking their results based on
`common sense' grounds.

A signal collected by an sSNOM (ASNOM of `elastic'
light scattering) is a product of two quantities: the local field
at the tip location point and the effective polarizability of the
tip in the presence of a surface, which depends on the local
value of the sample dielectric function. In many cases, one of
these two factors could be assumed to be constant (and
therefore an ASNOM image could be interpreted as a map
of the other factor). But we must not forget that a
simultaneous change in both factors in product (3) can
dramatically complicate the interpretation of results.

It should also be kept in mind that the inhomogeneity of
the field near the tip can change the selection rules for
quantum transitions in a molecule being studied, which are
known in classical spectroscopy from experience in applying a
homogeneous field of a plane wave to an object.

6.1 What should an `ideal' ASNOM look like?
From the standpoint of instrumentation, a modern ASNOM
system should most probably meet the following require-
ments:

Ð it should include a scanning head similar to the AFM
head that allows optical access to the probe tip, preferably
at an angle of 20�ÿ30� to the sample surface. The principle
of operation of the feedback sensorÐAFM Tap-
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pingModeTM Ðhas been proved to be quite good. Mean-
while, the JumpingModeTM of nonresonance periodic
approach±retraction cycles opens additional possibilities for
ASNOMs, although such a mode may reduce the scanning
rate;

Ð the objective `lens' that focuses the exciting beam onto
the probe and collects light scattered by the tip should consist
purely of mirrors (in order to maintain the capability of the
ASNOM itself to operate in the near IR, middle IR, far IR,
and visible ranges) [156]. The mechanical design should allow
coarse and precise positioning of the focus relative to the tip
to compensate the tip position tolerance caused by a probe
reload;

Ð the optical setup should include an interferometer
(preferably Michelson) to enhance the signal by optical
homo-(hetero-)dyning. The reference arm of the interferom-
eter should allow its length modulation of at least half the
working wavelength, with a modulation period of a few
milliseconds. The electronics detecting the near-field signal
component in the photocurrent should use at least two
positions of the reference beam mirror (two phases of the
homodyne signal) in order to fully exploit the ability of the
ASNOM to measure the amplitude and phase of the signal
simultaneously. There may be an optional presence in the
interferometer of an element that allows modulating the
length of the reference arm by several centimeters, in order
to provide a change in the delay of the probing light pulse with
respect to the signal pulse in the case of operation with
ultrashort light pulses or, in the case of using a Michelson
interferometer as a Fourier-transform spectrometer, to
measure the spectrum of the tip inelastic optical response
(luminescence and Raman);

Ð the system should include a laser that operates at the
wavelengths of interest, preferably with a wavelength tuning
option. The laser radiation should be stable in power, should
be monochromatic, and have a good transverse structure
TEM00, because all of that determines the low-noise opera-
tion of optical homodyning.

In many experiments, the following options may also be
useful: the ability to apply electrical signal(s) to the sample,
heating or cooling the sample, and the ability to fill the optical
path with a nonabsorbing gas.

All these requirements are feasible, and these elements
have already been used, together or separately, in successful
designs of home-made ASNOMs. A complete ASNOM
system is commercially offered by Neaspec GmbH (Ger-
many). Their instruments have just a single substantial
disadvantage, their price.
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