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Abstract:In the last few years scanning probe microscopy techniques have gained significant
importance in a variety of different research fields in science and technology. A rapid
development, stimulated by the invention of the scanning tunneling microscope in 1981 and
still proceeding at a high pace, has brought about a number of new techniques belonging to this
group of surface analytical methods. The large potential of scanning probe microscopes is
documented by over 1000 publications per year. Due to the fact that a number of different
terms and acronyms exist, which are partially used for identical techniques and which are
sometimes confusing, this article is aimed at classification and at an overview on the
analytically most important techniques with clarification of common terms. Emphasis will
be put on analytical evaluation of scanning tunneling and scanning force microscopy, as up to
now these techniques have gained the highest importance for analytical applications.

1. INTRODUCTION

An important milestone in the history of scanning probe microscopy techniques was the invention of the
scanning tunneling microscope (STM) by Binnig & Rohrer in 1981 [1], although the idea of obtaining
super-resolution microscopical information by scanning a sharp probe across a sample surface at a very
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close distance and by utilizing near-field effects was already existing before the advent of STM. For
example the concept for scanning near-field microscopy, which opens up the opportunity for exceeding
the microscopical resolution given by Abbe’s criterion [2], was introduced by Synge [3] in 1928 and
O’Keefe [4] in 1956. However, the technology for an instrumental implementation of the idea was not
available at that time. An apparatus showing already a number of instrumental similarities as compared to
the STM was the topografiner developed by Young in 1972 [5]. In this instrument scanning and
positioning of a metal tip above the sample surface was performed by means of piezoelectric translators.
In connection with the work on the topografiner also vibration isolation has been improved and identified
as one important key towards high resolution imaging. Due to the fact that the tip-sample separation was
controlled by a field emission signal, the lateral resolution was limited to about only 400 nm. However, in
their publication of 1972 [5], Younet al. have already suggested that the resolution could be increased
significantly by bringing the tip closer to the sample surface and by utilizing the tunneling effect, an idea
which took until 1981 to be implemented in the first scanning tunneling microscope. In fact this
microscope was the first one in the family of scanning probe microscopes to attract high interest across the
whole scientific community due to its ultimate resolution power down to the atomic scale. Since the
invention of the STM has strongly stimulated the development of other scanning probe microscopes,
these techniques are frequently considered as offsprings of the STM.

2. THE CONCEPT OF SCANNING PROBE MICROSCOPY

Figure 1 shows the general concept of scanning probe microscopy (SPM). A sharp probe (e.g. tip, optical
fiber, pipette) is raster-scanned (either probe or sample can be moved) across a sample surface by means
of piezoelectric translators, while a certain signal is recorded by the probe for every single image point.
Since this signal constitutes local information of the surface below the probe the term local probe
technique can be found frequently. As far as the range of today’s applications is concerned, the most
important aspect—but not the only one—of this concept is to use the local signal for monitoring the
distance between probe and surface. Thus, topographical information can be obtained in real space.

scanning
Z system

robe current
record P force
; ; electromagnetic

M radiation
image surface

Fig. 1 General scheme of scanning probe microscopy.

We can distinguish between two different modes of operation, which we should call the constant
height mode and the constant signal mode. In the constant height mode the absolute vertical position of
the probe remains constant during raster-scanning. Thus, the probe—surface separation changes according
to the sample topography resulting in a varying signal of the probe. This mode of operation is
advantageous when small areas are to be scanned at high scan rates in order to minimize image distortion
by, e.g. thermal drifts, especially when working at atomic resolution. However, the risk of probe crashes,
which may result in damage of either probe or sample surface, is higher in this mode. In the constant
signal mode the signal of the probe is kept constant through readjusting the vertical position of the probe
(or the sample) by applying an appropriate voltage on the vertical piezoelement. This voltage can be used
to trace the surface topography, if other effects that could influence the probed signal are negligible. In
this mode large areas (up to more than l@®in square) of rough sample surfaces can be imaged with a
minimum risk of destroying the sample with the probe or vice versa. However, lower scan rates are
required in this mode to allow appropriate height readjustment by the feedback loop.
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From this general description we can identify the following components as common features of SPMs:
e sharp probe
e piezoelectric translator to move the probe relative to the sample
o detection system for the signal delivered by the probe
o feedback system to keep the signal constant by height readjustment of the probe
e imaging system to convert the single data points into an image

A common and straightforward way to name SPM techniques is to exchange the ‘P’ in SPM by an
appropriate abbreviation for the type of signal measured (e.g. signal: tunneling current—STM (scanning
tunneling microscopy) or signal: forces—SFM (scanning force microscopy)). Therefore, also SXM is
sometimes used as general abbreviation, however, it is recommended to rather use SPM, due to the more
descriptive nature of the latter expression (‘P’ for probe).

It has already been mentioned above that topographical imaging is not the only perspective of SPM
analysis. It has also been demonstrated that the possibility of positioning sharp probes above a surface
with Angstrram and subwgstrﬂm precision, opens up the exciting potential of accessing local
spectroscopic information even confined to spots as small as a single atom. This approach is not always in
accordance with the general concept of SPM presented above. Nevertheless the corresponding
spectroscopic techniques are related to SPM, since similar or identical experimental set-ups are used.

The structure of the following overview on SPM techniques is aimed at a classification of SPMs and a
clarification of common terms and abbreviations. Terms introduced in the course of the history of SPM,
which do not fit exactly in the above-mentioned scheme of nomenclature, will be addressed. The
continued use of such terms can be accepted or even recommended as long as they are unequivocal and
correctly describe the method. It should also be noted that a detailed description of instrumental designs
and a complete review on applications is beyond the scope of this article. For this purpose further
literature will be referenced in an exemplary way when appropriate.

3. AN OVERVIEW ON DIFFERENT SPM TECHNIQUES

Table 1 shows an overview on the techniques described in this paper along with recommended
terminology and synonyms which can be found in literature, too.

3.1 Scanning tunneling microscopy (STM)

Principle: In the STM the probe is a sharp metal tip scanned across the surface at distances in the order of
typically 1 nm. A bias voltage of typically a few millivolts is applied between the tip and the sample
leading to a tunneling current in the order of a few nanoamperes. Since there is an exponential relation
between the tunneling current and the tip-surface separation, the tunneling current is an extremely
sensitive measure to control that separation. For example a variation of the separation by 0.1 nm changes
the tunneling current by a factor of approximately 10. This means that in principle variations in the
separation of 0.001 nm can be monitored by keeping the current constant within a few percent. It should
be pointed out however, that the tunneling current is also influenced by the electronic structure of the
surface. For images taken in constant current mode at a certain bias voltage sometimes the term constant
current topograph (CCT) is used. Since electrons can only tunnel from occupied states in the tip to
unoccupied states in the surface or vice versa depending on the polarity of the bias, in general for small
voltages the STM images represent contours of the local density of states near the Fermi level{L.DOS

Itis not the goal of this article to review the work published on theory, instrumentation, and application of
STM. Therefore, for further information only a book by Bonnell [6] and references cited therein are
recommended.

Analytical figures of merit:

e A wide range of scan sizes from more than 100 down to the atomic level can be covered in one
experiment. Thus, it is possible to first obtain an overview image of a surface and then zoom in

© 1999 IUPAC, Pure Appl. Chem. 71, 1337-1357



Classification of scanning probe microscopies

Table 1 Overview on SPM techniques

1341

Technique Common synonyms

Related techniques Common synonyms

scanning tunneling microscopy
(ST™M)

scanning force microscopy (SFM)
atomic force microscopy (AFM)

tapping mode AFM (TM-AFM) intermittent contact
AFM

scanning Maxwell
stress microscopy
(SMM)
magnetic force microscopy (MFM)
van der Waals force
microscopy (VDWFM)
scanning near-field optical
microscopy (SNOM)

electric force microscopy (EFM)

near-field scanning

optical microscopy
(NSOM)
aperture SNOM (ASNOM)
transmission ASNOM (T-ASNOM)
collection ASNOM (C-ASNOM)
emission ASNOM (E-ASNOM)
nonaperture SNOM (NA-SNOM)
evanescent field SNOM
(EF-SNOM)

photon scanning
tunneling microscopy
(PSTM)

scanning tunneling spectroscopy (STS)
scanning noise microscopy (SNM)
scanning noise potentiometry (SNP)
alternating current STM (ACSTM)
scanning chemical potential microscopy
(SCPM)
scanning optical absorption microscopy
(SOAM)
spin polarized STM (SPSTM)
ballistic electron emission microscopy
(BEEM)
photon emission STM (PESTM) scanning tunneling optical
microscopy (STOM)

laser assisted STM
(LASTM)

photon assisted STM (PASTM)

friction force microscopy (FFM) lateral force microscopy
(LFM)
Young’s modulus microscopy (YMM)

force-distance measurements

scanning surface potential microscopy
(SSPM)
scanning Kelvin microscopy (SKM)

evanescent field optical

microscopy (EFOM)
scanning near-field plasmon
microscopy (SNPM)
scanning electrochemical
microscopy (SECM)
scanning capacitance
microscopy (SCaM)
scanning ion conductance
microscopy (SICM)
scanning thermal
microscopy (SThM)
scanning near-field acoustic
microscopy (SNAM)

scanning thermal
profiler (SThP)
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certain structural features at higher resolution. This greatly enhances the potential for many
topographical and metrological investigations, because allocation of the identical surface area is a
severe problem or might be impossible, when samples need to be transferred between instruments
accessing information on different scales and resolutions.

o Due to the fact that the information is obtained in real space, local defects (e.g. mono-atomic defects,
steps, dislocations) can be investigated. This clearly is a great advantage compared to diffraction
methods relying on extended periodic structures, and thus showing averaged information.

e Since the position of the tip is controlled by an electromechanical positioning device (piezo
translator) in all spatial directions, three-dimensional topographical information can be extracted
from the images. Of course this is only true, if local electronical effects are negligible, since correctly
speaking STM produces an image of the local density of states at the Fermi level. This simplification
is justified however, when surface topographies with roughnesses well above the atomic level (e.g.
several nanometer or more) are considered. On the atomic scale in general interpretation is much
more complicated and both experimental measures (e.g. comparison of images taken at different bias
voltages and polarities) and comparisons with theoretical calculations have to be performed in order
to discriminate between electronic structure and surface topography.

e Besides measurements in ultrahigh vacuum (UHV), STMs can also be operated under ambient
conditions. This is a further advantage that significantly enhances the applicability of the technique.
Although many fundamental studies on surfaces of solids must be carried out under well-defined
vacuum conditions, imaging under liquids or in ambient atmosphere is of significant interest for
analytical chemistry, since a wide variety of materials ranging from metals and semiconductors to
organic and biological samples can be studied in their natural environment. In many cases sample
preparation is straightforward. Sometimes samples can be used as they are, or fresh cleavage surfaces
can be prepared. There is only one major restriction that must be kept in mind: in general insulators
cannot be imaged. In some cases such materials can be studied by STM, when present in form of thin
layers on a conductive substrate. Another perspective of imaging under ambient conditions are in-
situ studies of surface processes at solid/liquid and solid/gas interfaces. Such processes can also be
investigated under controlled electrochemical potential by means of special electrochemical cells. In
the literature the technique is often referred to as electrochemical STM (ECSTM). It must be
mentioned however, that measures (e.g. coating of the tip with an insulating polymer) have to be
taken to get rid of faradaic currents between the tip and the electrolyte solution. The ECSTM has
already been used successfully to study processes at electrode surfaces down to the atomic scale (see,
e.g. [6], references cited therein, and [7]).

e As already mentioned in Section 2, also spectroscopic information can be revealed by SPM
techniques. In case of the STM the term scanning tunneling spectroscopy (STS) is used and there are
basically two options to perform spectroscopy. In the first option the tip is moved to a spot of interest
and the tunneling current is recorded as a function of the bias voltage without changing the position
of the tip. In this way a spectrum of the density of states can be obtained, since different occupied or
unoccupied states get involved in the tunneling process, when the bias voltage is changed.
Methodologically it is not absolutely correct to use the tesganningtunneling microscopy for this
technique, since what's actually performed is point spectroscopy. Nevertheless we discuss this
method in context with STM, because the same instrumentation is used as already mentioned at the
end of Section 2.

The other option of obtaining spectroscopic information is simultaneous recording of STM images at
various bias voltages. This can be accomplished by performing point spectroscopy at every image point or
by modulating the bias voltage while scanning. In the literature simultaneous recording of images at
various bias voltages is sometimes called current imaging tunneling spectroscopy (CITS). As one
example for the discrimination between different chemical species (in this case Ga and As atoms on a
GaAs(110) surface) in an atomically resolved STM image by simultaneously recording two images at
reversed bias voltage the work of Feengtral. [8] should be referenced. The spectroscopic potential of
STM has also been used in a very promising way by the group of Avouris [9-11] for studying surface
chemistry on silicon surfaces. Although it is clear that such studies must be performed under optimized
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and well-defined conditions in a UHV chamber, they clearly show the large potential of STM for
elucidating the mechanism of chemical surface reactions (here the oxidation of silicon) at the atomic
scale.

e Although there is no doubt about the fascinating potential of STM in analytical chemistry, limitations
and possible sources for artefacts should be addressed as well. First of all the influence of the tip on
the obtained data should be noted. In the case of STM both electronic and geometric effects must be
considered. Electronic effects play a significant role when imaging with atomic resolution.
Neglecting the chemical nature of the atom at the apex of the tip is only a first order approximation
assuming that the surface states of the sample and the tunneling current images are unaffected from
the electronic structure of the tip. For further information on the interpretation of STM images see [6]
and references cited therein. Geometric effects and other sources of artefacts as vibrations and drifts
will be addressed in Section 3.2.

Related techniques:

STMs have also been used to obtain information about surfaces according to signal generation schemes
different from the original STM as described above. For instance, surface topography can also be mapped
with an STM without applying a voltage between tip and sample. In this case the thermal noise of the
current is used for signal generation [12-14]. The method has been referred to as scanning noise
microscopy (SNM) and scanning noise potentiometry (SNP).

STM operated with alternating current opens up the opportunity to study insulators. The technique has
been referred to as alternating current STM (ACSTM) [15].

In the scanning chemical potential microscope (SCPM) [16] the voltage across the tunneling gap is
supplied by a thermal gradient between chemically different tip and sample. This allows high resolution
imaging of thermoelectric variations of the chemical potential gradient with temperature. A thermal
gradient can also be applied by illumination with laser light in a certain wavelength range. This technique
has been referred to as scanning optical absorption microscopy (SOAM) [17].

The STM can also be used to probe surface magnetism with high resolution when spin-polarized
electrons, produced by a ferromagnetic tip, are introduced [18—24]. Spin-polarized STM (SPSTM) is
suggested as a term for this technique.

Ballistic electron emission microscopy (BEEM) is a modification of the STM, which can be used for
studying interfacial barrier heights in layered systems [6,25,26]. The sample consists of at least two layers
forming an interface (e.g. a metal layer on top of a semiconductor), which acts as a potential barrier for the
charge carriers. When a bias voltage is applied between the tip and the metal layer, electrons can tunnel
across the gap and are ‘injected’ into the metal layer. Some of these electrons can travel through the metal
layer and reach the interface prior to scattering. If they have sufficient energy to enter the semiconductor
(collector), a collector current can be measured. The energy of the electrons can be controlled by
changing the bias voltage between tip and metal layer. In this way spectroscopy of the transport of charge
carriers through buried interfaces can be performed.

Other modifications of the STM involve electromagnetic radiation [27—39]. We must distinguish
between two basic concepts: measuring photons generated in the tunneling gap by inelastic tunneling
effects [31,35,37,38] and generation of electrical currents by irradiation of the tunneling gap
[28—30,32—-34]. For the first group of methods the term photon emission scanning tunneling microscopy
(PESTM) is recommended, for the second one photon assisted scanning tunneling microscopy (PASTM).
For the PESTM also the term STOM (scanning tunneling optical microscopy) has been used [38].
However, the recommended terminology better accounts for the difference between emission and
irradiation mode and better discriminates these techniques from near-field optical and evanescent-field
probe techniques. For further specification of a method the terminology can be modified according to the
type of radiation or radiation source (e.g. LASTM for laser assisted STM).

In addition to these modified STM techniques also acronyms for instruments combining STM with
other techniques can be found. Specifically, the field ion STM (FI-STM), which allows in-situ
investigation of the STM tip by field ion microscopy (FIM), should be mentioned [40].

©1999 IUPAC, Pure Appl. Chem. 71, 1337-1357
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Finally, it should be mentioned that the term STM has also been used in connection with techniques
not involving tunneling of electrons. For example the term photon scanning tunneling microscopy
(PSTM) has been used for a method, which should rather be assigned to scanning near-field optical
microscopy and will therefore be described there.

3.2 Scanning force microscopy (SFM)

The common operation principle of scanning force microscopes is sensing of forces between a sharp tip
and a sample surface while raster-scanning the tip across the surface. Such forces can be measured by
mounting the tip on a cantilever beam—which acts as a spring—and sensing the deflection. The force is
proportional to the deflection and depends on the spring constant of the cantilever (Hooke’s law). This
detection scheme can be considered as a quasi-static operation mode (sometimes also referred to as DC-
mode). An other option is to drive the cantilever at a certain oscillation frequency (sometimes also
referred to as AC-mode or dynamic mode). As interaction forces or force gradients are encountered, the
oscillation will be damped. The change of the resonance frequency or of the vibration amplitude is a
sensitive measure for the force acting on the tip. This operational mode is often referred to in literature as
dynamic force microscopy (DFM) [41-43]. For an overview on instrumental designs for force sensing
and for SFMs in general a book by Sarid [44] is recommended. SFMs can also be classified according to
the nature of the forces (e.g. contact, noncontact, interatomic, electrical, magnetic) relevant for signal
generation. Also the distinction between attractive force microscopy (SAFM [45]) and repulsive force
microscopy has been made in literature, however, this terminology is less useful for a systematic
classification, since it is less discriminating for the nature of signal generation and the corresponding
detection techniques. In the terminology of specific SFM techniques it is common not to use the term
scanning(e.g. atomic force microscopy (AFM) instead of scanning atomic force microscopy (SAFM) or
electric force microscopy (EFM) instead of scanning electrical force microscopy (SEFM)). This is not in
accordance with the general terminology for SPM suggested in the introduction. However, in view of the
fact that the common shorter terminology is already well established, sufficiently descriptive and
unequivocal, a change of this terminology does not seem to be appropriate.

For extracting additional information from force interactions between tip and sample (e.g. via force-
distance curves (see Section 3.2.1.)) the term force spectroscopy has been used.

3.2.1 Contact mode scanning force microscopy (CM-SFM)

3.2.1.1 Atomic force microscopy (AFM)

Up to now besides STM the AFM, which has been invented by Binnig, Quate & Gerber [46] in 1985, has
gained the highest importance among all scanning probe microscopes [44,47-51].

Principle: In the AFM the tip, which is mounted on a soft spring (cantilever), permanently stays in contact
with the sample surface during scanning. Since neither the cantilever nor the sample is driven at an
oscillation frequency, the conventional AFM can be characterized as operating in the quasi-static DC-
mode. Figure 2 schematically shows the forces encountered when a sharp tip touches a surface. In the
contact area of the tip apex (in the ideal case a single atom) repulsion occurs due to the overlapping
electronic shells of tip and sample atom. Since these interatomic repulsive forces are short-range forces
and confined to an extremely small area, they can be utilized to trace the surface topography with atomic
resolution. Besides these short-range forces also long-range forces (e.g. electrical forces, magnetic forces,
van der Waals forces), which can be attractive or repulsive, are observed. These forces interact across
larger surface areas and are therefore not suited for atomic resolution imaging. In fact these forces are
unwanted in AFM, since they increase the total force (which can be attractive or repulsive, although the
interatomic force relevant for signal generation is always repulsive) acting on the cantilever, and thus
contribute to possible deformation or even destruction of the sample, especially when soft and sensitive
materials are investigated.

One example for such unwanted forces, which are always encountered when samples are imaged in air,
are capillary condensation forces. The origin of these forces is wetting of the tip surface when the tip
immerses into liquid adsorbate films present on the sample. As a consequence, the tip is pulled towards
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Fig. 2 Schematic view of forces encountered when the tip touches the sample surface. The circles symbolize the
sample atoms and tip atoms, respectively.

the sample surface, which significantly increases the force in the contact area at the apex (by a factor of
typically 100). Thus, measures have to be taken (for example imaging under liquids) to eliminate or
reduce such forces in order to acquire AFM images at minimum repulsive, interatomic interaction forces.

The force-distance curve in Fig. 3 further illustrates the range of operation of the AFM. Force-distance
curves show how the force changes, when the sample surface approaches the tip. At large separations
there is no interaction and the observed force is zero (straight line between 1 and 2, if we assume that there
are no long-range forces like, e.g. electrostatic charging forces). At position 2 the tip jumps into contact
due to attractive van der Waals interaction. As the sample is further moved towards the tip the total force
acting on the cantilever becomes repulsive. When the sample is retracted again, the force is reduced along
the line from position 3—4. Below the zero force line in the diagram the net force acting on the cantilever
becomes attractive, because the tip is held at the surface due to adhesion. In 4 the adhesion force and the
cantilever load are just balanced and the tip flips off the surface when further retracting the sample. For
AFM measurements the force can be set along the curve between position 3 and 4, preferably close to 4 in
order to minimize the contact force. The value of the pull-off force can be reduced significantly by
imaging under liquids due to elimination of capillary forces as already mentioned above. For a general
overview on force interactions a book by Israelachvili is recommended [52].

4
f contact no contact
3

Wo <2 at’
(14

contact
E '____,-f—"

4
0 DISTANCE

Fig. 3 Force—distance curve depicting the interaction of the AFM tip with the sample surface. For explanation
refer to the text.

Although it is not the goal of this paper to review instrumentation and design, just one option to

measure forces in AFMs, the optical lever deflection system [44,53], should be described, since it is
widely used in commercial instruments and offers a number of analytical advantages. Figure 4 shows a
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Fig. 4 Schematic view of the deflection sensing system as used in the NanoScope Il AFM (Digital Instruments,
Santa Barbara, USA).

scheme of this system. A laser beam is focused on the rear of the cantilever. The reflected laser beam is
detected by means of a double segment photodiode. During scanning a varying deflection of the
cantilever is achieved, due to the surface topography encountered. As a consequence the mirror plane for
the laser beam changes, and thus its position on the photodiode. Therefore, the difference signal between
the two segments of the photodiode is a sensitive measure for the deflection of the cantilever. One
advantage of this system is the fact that it can be conveniently operated also under liquids, because
interference of the deflection measurement with the conditions in the measurement cell can be excluded.
This detection scheme is well suited to achieve atomic resolution. Today microfabricated cantilevers
[54,55] (silicon nitride or single crystal silicon) with spring constants of less than 0.1 N/m and resonance
frequencies of more than 100 kHz are commercially available allowing measurement at forces typically in
the range from 1 nN (under liquids) to 100 nN (in air). For further information the reader is referred to the
book by Sarid [44] and a number of review articles [47-51].

Analytical figures of merit:

e The wide range of scan sizes and the fact that information is being obtained in real space has already
been addressed for the STM in Section 3.1. The same statements are also true for the AFM.

e As far as the information content of AFM images is concerned, the interpretation of the images as
surface topography both on the large and atomic scale is justified in a good approximation. The
reason is that in contrast to the STM the interatomic repulsive force ‘looks’ at the total charge
density, which is distributed spherically around the atomic nuclei. Thus, in a first order
approximation the influence of electronic inhomogeneities on the image features can be neglected,
which facilitates interpretation. This capability makes the AFM a powerful tool for metrological
purposes (e.g. determination of surface roughness or measurement of width, height and depth of
individual structures), since the images contain direct depth information. This is an important
advantage compared to, e.g. secondary electron microscopy.

e Since conductive samples are not necessary, also insulators can be studied with the AFM without the
need to coat them. This significantly facilitates sample preparation and artefacts introduced by the
coating can be avoided. That can again be seen as a further advantage compared to secondary
electron microscopy when imaging a variety of samples from inorganic insulators to organic and
biological specimens.

e Since AFM measurements can be performed also under liquids, the technique is a very valuable tool
for in-situ investigation of surface processes like corrosion, crystal growth, or film deposition
processes [56-58]. Similar to the STM in-situ measurements can also be performed under controlled
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electrochemical potential (electrochemical AFM (ECAFM)) [59,60], Another promising potential of
imaging and sample preparation under liquids is the protection of sensitive surfaces under inert
media. In this way atmospheric influences (e.g. oxidation, humidity) can be avoided by in-situ
preparation and in-situ imaging [56].

¢ When using the AFM and interpreting the results one must also be aware of possible artefacts caused
by vibrations, convolution of surface features with the tip geometry, deformation or scratching of the
surface by the force load, or drifts.

Vibrations can introduce noise or periodic structures to the images. Identification of vibrational
artefacts can be accomplished by changing experimental parameters like scan rates, scan sizes, scan
angles, and gains for the feedback loop. Features which significantly change upon variation of these
parameters can be identified as not originating from the real surface topography of the sample.
Vibrations can be eliminated or reduced by appropriate isolation stages or chambers for protection
from acoustical noise.

Most tip artefacts occur when the geometric shape of the tip does not allow its very apex to
perfectly follow the real sample topography, especially when looking at surfaces on the nanometer
and micrometer scale. This can be the case for example when steep edges or narrow holes and
trenches are imaged. Then the observed slope of the edge and the observed depth of the hole,
respectively, is affected by the apex angle of the probing tip. Objects sharper than the tip (e.g.
whisker crystals sticking out of the surface) produce images of the tip. If commercial silicon nitride
tips with pyramidal shape [54] are used, this leads to the observation of pyramids, which are aligned
parallel to the imaging tip (this is an additional hint for the identification of this artefact). Further
sources of artefacts are multiple and asymmetric tips. Multiple tips produce multiple images of single
features, asymmetric tips lead to different resolutions along different directions. Comparison of
images taken at different scan orientations (scan angles) can give a hint to the latter artefact.
Truncated tips deteriorate the imaging resolution and frequently produce characteristic repeating
square-like patterns aligned parallel to each other. They reflect the stumpy apex of the tip. Whenever
such unplausible observations are made, special care has to be taken when interpreting the obtained
data. Comparison of images taken under different conditions and implementation of information
from other techniques is then an important measure to make sure that the images reflect the real
sample topography.

Deformation and destruction of the sample has to be considered, especially when studying soft
materials. Thus, minimization of the force load is important. Information on the influence of this
artefact can be obtained by repeatedly scanning the same surface area and by observation of
previously scanned areas in a larger imaged field. Unstable and nonreproducible images as well as
scratching of craters are an alerting indicator for artefacteous results. In this case, if possible, further
minimization of the force load should be performed or other SFM techniques (see Section 3.2.1.2)
should be used.

Lateral drifts (e.g. thermal drifts) lead to distortions in the images. They can be identified by
changing scan parameters like scan rate or scan angle and by comparison of ‘up’- and ‘down’-scans.
In high resolution imaging the influence of thermal drifts can be reduced by applying high scan rates.
On the micron scale drifts are normally not a severe problem.

Related techniques:

Friction force microscopy (FFM)

Since in AFM the tip is permanently in contact with the sample surface while scanning, there are also
shear forces acting on the tip which lead to torsion of the cantilever. Therefore, the term lateral force

microscopy (LFM) is frequently used. These forces can be utilized to measure the friction between tip and
sample. Practically, lateral forces can be measured with regular AFM instrumentation. Detection of the
torsion of the cantilever can be achieved by means of a quadruple photodiode (see also principle of AFM),
which allows simultaneous detection of cantilever deflection and torsion. In this way topography and

lateral force images can be recorded simultaneously. This bears the potential of assigning material
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specific information (friction) to single features seen in the topography images. This is of special interest
for research in the field of tribology [61-64].

The principle of the FFM has also been used in a development called the chemical force microscope
(CFM) [65]. In this method the tip has been chemically modified to make it sensitive towards different
chemical surface compositions. That way image contrast could be achieved due to variations in adhesion
(and thus also in friction) between tip and sample.

Young’'s modulus microscopy (YMM)

Besides AFM imaging in the conventional quasi-static DC-mode, it is also possible to extract information
from measurements in the dynamic AC-mode, but still in the contact mode. This option has been
introduced by Maivalet al.[66]. The sample is modulated at a certain amplitddeThis also drives the

tip, which is in contact with the sample, at a certain amplitdde Due to deformation of the sample by

the load of the tipAZ is lower thanAz. Only if the sample was indefinitely stiffz’ would equalAz.

Thus, the difference of the two values is a measure for the elasticity of the sample (also the term elasticity
atomic force microscopy has been used in literature). The method has been used successfully, e.g. for
imaging carbon fibers in a polymer matrix [66].

Force-distance curve measurements

Force-distance curves have already been described above in order to show the range of operation of a
conventional AFM (see also Fig. 3 and corresponding explanation). Here, it should be mentioned that
besides optimization of the imaging force for AFM measurements, they can also be used to obtain
information about the interaction between tip and sample surface [67—76]. For instance, the pull-off force
observed in the curves is a measure for the adhesion between tip and sample. However, the value of that
force largely depends on the medium under which measurements are performed [72] and interpretation is
not straightforward. Moreover, force-distance curves usually show large deviations from the schematic
shape drawn in Fig. 3 (see, e.g. [72]). Specifically, the straight line at a force equal to zero drawn for the
noncontact region is only a simplification. Due to long—range interactions (e.g. van der Waals,
electrostatic) experimental force-distance curves show specific features in this region. This has been
utilized for, e.g. studying electrostatic interaction in electrolytes [71].

3.2.1.2 Tapping mode atomic force microscopy (TM-AFM)

It has already been addressed that sample deformation or destruction can be a problem in AFM. Here, an
improvement can be achieved with the TM-AFM. In the TM-AFM the cantilever with the tip is
modulated at a frequency of several hundred kilo-Hertz (dynamic AC-mode). This is performed in such a
way that the tip is just slightly tapping the sample surface. Thus, the vibrational amplitude of the
cantilever is damped. This effect can be used to control the distance between tip and sample surface, and
thus the topography of the sample can be monitored. Although in the TM-AFM the tip is not permanently

in contact with the sample while scanning, it is still suggested to consider it as a CM-SFM technique and
to use the term AFM, since intermittent contact occurs during imaging. Regarding the problem of
transition from noncontact to contact the reader is referred to [77—79]. Due to the fact that shear forces are
eliminated and vertical forces are reduced significantly in the TM-AFM, it is especially (but not only)
advantageous for investigating sensitive materials (e.g. biological surfaces) or unstable surface features
(e.g. small particles) [80-86].

3.2.2 Non-contact scanning force microscopy (NC-SFM)

For a number of methods utilizing long-range forces frequently the term noncontact AFM can be found in
literature. This term, which rather exists for historical reasonsyisecommended for methods obtaining
information through operation in the pure noncontact (adhesive) regime (we have defined AFM as a technique
utilizing interatomic short-range interaction forces in the repulsive mode, which implies that contact
occurs). Again, for a discussion of the transition from noncontact to contact the reader is referred to [77-79].

NC-SFM introduced by Martiret al. [87] usually is operated in the dynamic AC-mode, since much
lower forces (and force gradients) can be detected in this mode. Due to the long-range nature of the forces

© 1999 IUPAC, Pure Appl. Chem. 71, 1337-1357



Classification of scanning probe microscopies 1349

involved, they are not confined to such small areas as in AFM. Therefore, the lateral resolution achievable
is lower.

3.2.2.1 Electric force microscopy (EFM)

The electric force microscope utilizes electrostatic forces or force gradients between a conductive tip and
a sample for signal generation. Different operation modes as bimorph-driven lever, sample-driven lever,
and voltage-driven lever (since in this design the lever is driven by the modulated electric force between
tip and sample and no separate mechanical oscillator is required, also the term scanning Maxwell stress
microscopy (SMM) has been used) have been reported. For an overview see reference [44]. The
electrostatic forces between sample and tip (charges on the tip can be introduced by applying DC or AC
voltages between tip and sample) have been utilized to obtain information on surface charges [88,89] (the
technigue has also been referred to as localized charge force microscopy), topography, capacitance
(dielectric constant), and potential (see [44] and references cited therein). Other terms that can be found in
connection with EFM are scanning surface potential microscopy (SSPM) [90] and scanning Kelvin probe
force microscopy (SKFM) [91] (or scanning Kelvin microscope (SKM) [92]), which are based on the design

of the SMM and which are able to image surface potentials and contact potential differences (CPD).

3.2.2.2 Magnetic force microscopy (MFM)

In MFM [93] magnetostatic forces are measured by interaction of magnetic domains on a surface with a
magnetized tip. The modes of operation (see also [44]) are similar to those described for the EFM. MFM
is mainly interesting as a tool for applications in magnetic storage device manufacturing [94] for imaging
of magnetic patterns with a resolution of approximately 50 nm.

3.2.2.3 Van der Waals force microscopy (VDWFM)

VDWFM [95] is a further option to map surface topography in the noncontact regime and also under very
‘gentle’ conditions. Van der Waals forces (for a good overview see [52]) are always present between
atoms or molecules. They can be attractive or repulsive and are effective from interatomic spacings to
long-range distances up to 10nm and more. The resolution achievable depends on the tip-sample
separation. At larger distances soft and delicate surfaces can be imaged with minimum forces, however, at
lower resolution. With decreasing tip-sample separation both the force introduced to the sample and the
resolution increases. When the oscillating tip just slightly touches the sample surface the regime of the
TM-AFM is reached (see Section 3.2.1.2).

Since most measurements reported in literature have been performed in the attractive region, also the
term scanning attractive mode force microscopy (SAFM) [45] can be found. Due to the fact that signal
detection is achieved in the dynamic mode the term noncontact dynamic force microscopy (noncontact
DFM) has been used too. Although in principle these terms are correct, the terminology used in this article
is recommended, because it is more specific (discrimination between different types of forces) and better
fits into a general systematics of SPM based on the nature of the signal.

3.3 Scanning near-field optical microscopy (SNOM)

In SNOM [96-103] the concept of SPM is used to scan a fine optical fiber across a sample surface at a
short distance above the surface and near-field effects of electromagnetic radiation are used for signal
generation. Although the more general term scanning optical microscopy is being used for microscopical
techniques involving scanning and optical information, the term SNOM is more specific and better
accounts for the fact, that in scanning probe microscopy, as we have identified and defined it here, one is
mainly interested in obtaining ‘super-resolution’ by operating probes in the near-field. In this way it is
possible to perform measurements far below the resolution limif2{Abbe’s criterion). Also the term
near-field scanning optical microscopy (NSOM) can be found in literature. However, the term SNOM is
more consistent with the general term scanning probe microscopy.

3.3.1 Aperture scanning near-field optical microscopy (ASNOM)

The ASNOM utilizes a narrow aperture, produced by coating a fine optical fiber with a metal film. Only
the aperture opening at the apex of the fiber tip is left uncovered. The resolution is determined by the
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diameter of the aperture (which can be made much smaller than the wavelength of the used radiation) and
the probe-sample separation. In the most popular operation mode photons are directed onto the sample
surface through the aperture and the light that passes through it and through the object is analyzed in
transmission mode [96]. Therefore, the term transmission ASNOM (T-ASNOM) is recommended.

The probe with the narrow aperture can also be used to collect photons coming from the illuminated
sample. lllumination can be performed from the rear in transmission mode or from the top in reflection
mode. For this operation mode the term collection ASNOM (C-ASNOM) is recommended. If the
collected photons are originating from emission of a self-luminous sample, the term emission ASNOM
(E-ASNOM) could be used as an alternative for C-ASNOM.

3.3.2 Non-aperture scanning near-field optical microscopy (NA-SNOM)

The NA-SNOM works pretty much like the ASNOM described above. The major difference is the design

of the probe. Instead of metal coated tapered fibers special probes (e.g. tetrahedral tips) without apertures
and with geometries leading to strongly localized emission of light are used. Thus, the size limitation of
apertures normally faced for metal coated fibers can be overcome opening up the possibility for extremely
high resolution down to 1 nm [99,100].

3.3.3 Evanescent field scanning near-field optical microscopy (EF-SNOM)

In contrast to the ASNOM the EF-SNOM [101-103] uses an uncoated optical fiber tip as probe. While
scanning across the surface this probe senses the evanescent field above the sample surface, which is
generated by total internal reflection (TIR) through illumination of the sample from the rear. Due to the
fact that the evanescent field decays exponentially with the distance from the surface, the intensity
detected by the probe is a very sensitive measure for the probe-surface separation. Thus, topography is
accessible with high resolution similar to STM. Therefore, the technique is mostly referred to as photon
scanning tunneling microscopy (PSTM) (or analytical photon scanning tunneling microscopy (APSTM)
[104,105], if it provides also spectroscopic information) to point out the analogy between electron
tunneling and ‘photon tunneling’. Also the term evanescent field optical microscopy (EFOM) has been
used. Nevertheless the term EF-SNOM is recommended, since it is more consistent with the general
scheme for nomenclature of SPMs and also precludes confusion with STM.

3.3.4 Scanning near-field plasmon microscopy (SNPM)

In the SNPM [106] surface plasmons are resonantly excited by a laser beam. The resulting optical near-

field at the surface is locally probed by a sharp tip. Since elastic plasmon scattering and the radiationless

energy transfer from the tip to the sample strongly depends on the separation between sample and tip, the
intensity of the reflected laser beam becomes distance dependent as well.

3.4 Scanning electrochemical microscopy (SECM)

In the SECM [107,108] the faradaic current flowing at the scanning tip is used for signal generation. Since
the tip is covered with an insulating coating at its sides, an ionic current can only flow through the
uncoated apex of the tip. If the tip is far away from the surface the current is determined by hemispheric
diffusion of ions to the tip. If the tip is brought close to an insulating substrate, diffusion is hindered and a
lower current is observed (depending on the tip-surface separation). If the tip is brought close to a
conductive surface which is held at a potential to produce ionic products contributing to the tip current, an
increased current will be measured. Thus, the method is sensitive both towards tip-sample separation and
to the nature of the surface, opening up the possibility to study electrochemical processes on a wide
variety of materials [109].

3.5 Scanning capacitance microscopy (SCaM)

In the SCaM [110-113] a fine electrode is scanned across the sample surface within a distance of a few
nanometers. The capacitance of the probe-sample system can be utilized to control the spacing between
probe and sample. Since the capacitance also depends on the dielectric constants of the sample and the
medium between sample and probe, the SCaM can also be used for mapping spatial variations of
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dielectric properties. It should be mentioned that SCaM has also been combined with AFM for
simultaneous monitoring of the surface topography [112].

3.6 Scanning ion conductance microscopy (SICM)

In the SICM [114,115] the tip of a micropipette is scanned across the sample surface under an electrolyte
solution. When a voltage is applied between the electrode inside the pipette and the electrolyte reservoir,
an ionic current can flow. The current depends on the opening of the pipette, and thus also on the probe-
sample separation. This principle can be used to trace the surface topography by keeping the ionic current
constant. The method has also been used to image ionic currents flowing through pores of membranes.

3.7 Scanning thermal microscopy (SThM)

In the SThM [116] a small thermocouple junction at the end of a metal tip is scanned across the sample
surface. In this way local temperature differences can be imaged. The term scanning thermal profiler
(SThP) has been used for this technique, too.

3.8 Scanning near-field acoustic microscopy (SNAM)

In SNAM [117,118] a supersonic beam produced by a tip, which can be excited, e.g. by a piezoelectric
oscillator, is transmitted to the sample surface. The transmitted amplitude can serve as a measure for the
tip-surface separation, but also for material properties like, e.g. surface elasticity. SNAM can be used to
image the surface topography of a variety of materials—also of soft ones like, e.g. polymers.

4 LIST OF ACRONYMS

ACSTM alternating current scanning tunneling microscopy

AFM atomic force microscopy

ASNOM aperture scanning near-field optical microscopy

BEEM ballistic electron emission microscopy

C-ASNOM collection aperture scanning near-field optical microscopy
CCT constant current topograph

CFM chemical force microscopy

CITS current imaging tunneling spectroscopy

CM-SFM contact mode scanning force microscopy

CPD contact potential difference

DFM dynamic force microscopy

E-ASNOM emission aperture scanning near-field optical microscopy
ECAFM electrochemical atomic force microscopy

ECSTM electrochemical scanning tunneling microscopy

EFM electric force microscopy

EFOM evanescent field optical microscopy

EF-SNOM  evanescent field scanning near-field optical microscopy
FFM friction force microscopy

FIM field ion microscopy

FI-STM field ion scanning tunneling microscopy

LASTM laser assisted scanning tunneling microscopy

LDOS local density of states

LFM lateral force microscopy

MFM magnetic force microscopy
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NA-SNOM  nonaperture scanning near-field optical microscopy

NC-SFM noncontact scanning force microscopy

NSOM near-field scanning optical microscopy
PASTM photon assisted scanning tunneling microscopy
PESTM photon emission scanning tunneling microscopy
PSTM photon scanning tunneling microscopy

SAFM scanning attractive force microscopy

SCaM scanning capacitance microscopy

SCPM scanning chemical potential microscopy
SECM scanning electrochemical microscopy

SFM scanning force microscopy

SICM scanning ion conductance microscopy

SKFM scanning Kelvin probe force microscopy

SKM scanning Kelvin microscopy

SMM scanning Maxwell stress microscopy

SNAM scanning near-field acoustic microscopy

SNM scanning noise microscopy

SNOM scanning near-field optical microscopy

SNP scanning noise potentiometry

SNPM scanning near-field plasmon microscopy
SOAM scanning optical absorption microscopy

SPM scanning probe microscopy

SPSTM spin polarized scanning tunneling microscopy
SSPM scanning surface potential microscopy

SThM scanning thermal microscopy

SThP scanning thermal profiler

STM scanning tunneling microscopy

STOM scanning tunneling optical microscopy

STS scanning tunneling spectroscopy

SXM scanning probe microscopy

T-ASNOM transmission aperture scanning near-field optical microscopy
TIR total internal reflection
TM-AFM tapping mode atomic force microscopy

UHV ultra high vacuum

VDWFM van der Waals force microscopy
YMM Young's modulus microscopy
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