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During the last few years the Atomic Force Micro-
scope (AFM) has become capable of routinely obtain-
ing atomic resolution when operated with a vibrating
cantilever (ac-mode). Local measurement of the tip—
sample force (force spectroscopy) is a powerful tool
for investigations of contact phenomena at the
atomic scale that are important in ficlds like friction,
tribology, atom manipulation and chemical bond
formation. This paper reviews several aspects of the
AFM technique such as tip—surface forces, force sen-
sors, operation modes and contrast effects. A study
of the Si(111)7 X 7 reconstruction is presented as an
example of high resolution AFM imaging.
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1. Scanning probe microscopy — An
introduction |

The Atomic Force Microscope (AFM)', which is the
topic of this article, belongs to the family of techniques
that are based on the concept introduced with the inven-
tion of the Scanning Tunnelling Microscope (STM) al-
most twenty years ago”. This class of instruments, often
called Scanning Probe Microscopes (SPMs), uses the
interaction between a sharp tip and the surface to obtain
a topographic representation of the sample, as illustrated
in Figure 1. Even though this idea had been demon-
strated earlier’, the invention of the STM was the
breakthrough that initiated the development of the whole
range of SPM instruments available today, as it demon-
strated the capability to resolve individual atoms. This
remarkable performance for a technique that uses me-
chanical components to trace the contours of a surface 1s
related to the extreme separation dependence of the tun-
nelling current between the tip and the surface for sepa-
rations below 10 A, As the current increases
approximately onc order of magnitude as the separation
is decreased by 1 A, atomic resolution is possible since
the interaction will be confined to a single atom at the
tip apex. By measuring the tunnelling current and using
it as the control paramcter for a feedback system it i1s
thus possible to obtain traces corresponding to ¢constant
tunnelling current as the tip is scanned over the surluce.
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The surface maps obtained in this way are often re-
garded as a topographic representation of the sample,
as they in many cases show the position of the individ-
ual atom cores. It should, however, be kept in mind
that the tunnelling current has a complex relation to
the electronic structure of both the surface and the
tip. These effects have been investigated extensively,
and the present understanding of the contrast mecha-
nism in STM makes it possible to extract valuable
information concerning the electronic structure on the
local scale. An in-depth treatment of the SPM tech-
niques and their applications can be found in the litera-
ture given in ref. 4.

These unique properties of the STM, the atomic
resolution and the sensitivity to electronic structure,
quickly made the method a widespread tool for surface
science investigations of various kinds. Another aspect
of the invention of the STM, as important as the per-
formance of the instrument itself, was that 1t initiated the
development of other techniques based on the same con-
cept but using other kinds of interaction to track the sur-
face contours. A great variety of SPM instruments have
been demonstrated using various kinds -of forces®, ca-
pacitance®, thermal conductance’, jon conductance®,
acoustical interaction” and optical interaction'®, just to
mention a few. Of all the techniques descendent from
the STM, it 1s the AFM (also called Scanning Force
Microscope, SFM) that has been most widely used as it
allows determination of the topography of almost all
kinds of surfaces and can operate in different media like
air, liquid and vacuum. The evolution of the AFM has,
however, been very different comparcd to the STM, as it
is the versatility ol force microscopy that has been ats
main advantage rather than the ability to obtain extreme
resolution. Even though the AFM was invented in 1986,
it was only a few years ago that true atomic resolution
comparable with the STM could be obtained. The reason
for this is the diffcrence in tip-surface interaction for
the two techniques and technical complications related
to the measurcment of small interaction forces. In this
paper the basic properties of the AFM techniques with
focus on high resolution measurements i ultrahigh
vacuum (UHV) will be described and exemplified by
measurements from our laboratory,
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Figure 1. The common principle of scanning probe microscopes. By
measuring a distance dependent tip—surface interaction, which could
be a tunnelling rurrent or an interaction force, and use this signal as
control parameter for a feedback circuit controlling the z-position of
the sample, the tip to sample separation will remain constant. As the
tip 1s scanncd over the surface, the z = f(x, y) plot will generate a
topographic image of the sample provided the interaction does not

vary due to other effects.

2. The force interaction

2.1. Origin of tip—-surface forces

The forces between the tip and the surface are normally
separated into short-range and long-range forces (Figure
2). The long-range force which always exists over a
vacuum gap is the van der Waals interaction''. Assum-
ing that this force is additive and can be described in the
non-retarded regime, a simple analytical expression de-
scribing the interaction between a surface and tips of
various geometries can be derived'?. For a vacuum gap,
the van der Waals force is always attractive and the
separation dependence is strongly influenced by the tip
geometry. The van der Waals force between the tip and
the sample can be estimated within the Hamaker the-
my'?’, the main assumption being the pairwise additivity
of tip and sample contributions to the total interaction.
However, using the so-called Derjagin zn[:)prm:il‘nati'::ml"4
one can go a step further. For arbitrary but smooth geo-
meiries it enables one to separate the interaction 1n two
parts. One is a spatial part only related to the geometric
aspects of the interacting systems and the other part 1s
related to the electronic response properties of the tip
and sample going beyond pairwise interaction, This 1s
very convenient since the latter can be calculated once
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Figure 2. Separation variation of the van der Waals force (F. w) and
the electrostatic force (Fe) for a spherical tip compared with the
Lennard-Jones force (F.;) for a bond with equilibrium separation
o =2 A and binding energy £, = 1 eV. Tip radius and bias voltage
are R =100 A and U =1V, respectively. The expressions used for
the forces are
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where d is the separation, A 1s the Hamaker constant and &y the di-
electric constant for vacuum.

and for all for a given combination of material using the
most sophisticated materials codes around"”.

In ac-mode force miscroscopy the main quantity of
interest is the force gradient F' = dF/dd which can be

expressed as
F":4JIRcff§g‘ (1)

within the Derjagin approximation. The combined ef-
fective radius Ry of the tip and sample is given by'®:
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where 0 is an angle between the surface plane coordi-
nate systems of the tip and sample (a and b). (R, R,2)
and (R,,, Ry») are the principal radii of curvature of the
two surfaces facing each other. C; is the regular van der
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Waals 1nteraction coefficient between two planar sur-
faces. It goes beyond the pairwise additivity in the
Hamaker theory but, for dilute samples it reduces to
Al12m, where A is the so-called Hamaker constant.

To make results more transparent let us lock at an ex-
ample of a sphere of radius R interacting with a cylinder
of radius L. Then R,y =R, =R, R,y =L and Ry = .
This gives a resulting radius of curvature

T
1=Rf .,
Retr R+ L

Hence 1n this case:

L
\R+L

F'=4aR

[C2/d3]:r (3)

which for a large cylinder L >> R, and in the dilute
[tmit, reduces to the well-known result for a sphere of
radius R a distance d from a planar surface

F=2X (4)

6d
expressing it in terms of the force instead.

Other long-range forces are the electrostatic and mag-
netic interactions, but these are specific to the experi-
mental conditions. For a conducting tip-sample system,
the electrostatic force is always attractive, and can exist
also for zero bias voltage due to the contact potential
difference between the tip and the surface materials. The
electrostatic force has the advantage that it can easily be
manipulated by the operator and can be used to obtain
information about the size and shape of the tip'’. Elec-
trostatic Force Microscopes (EFMs) specifically de-
signed to measure the electrostatic interaction”, can be
used to measure charge distributions in insulators'®,
variations in surface contact potential and capacitance
gradients on the sample surface. Magnetic forces are
normally not encountered in AFM experiments that are
not specifically designed for this purpose, as they re-
quire a tip of magnetic material that should be magnet-
ized in a well-defined manner. AFMs specifically
tailored for magnetic measurements are referred to as
Magnetic Force Microscopes (MFMs) and will not be
treated here. A detailed description of the MFM tech-
nique can be found in Griitter et al. ",

The short-range force requires a quantum mechanical
treatment, and according to the Hellman-Feynman theo-
rem”’, this force can be obtained from a purely classical
electrostatic calculation once the electronic charge
density has been obtained by a self-consistent quantum
mechanical procedure. This short-range force can be
divided into two components, Fj,, which represents the
repulsive Coulomb force between the ion cores, and F
which represents the interaction between the valence
electrons associated with chemical bonding®'. A unificd
treatment of the short-range force interaction and the
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tunnelling interaction is given by Chen®?, where it is
shown that a direct relation can be obtained between the
tunnelling current and the attractive short-range force
for metallic systems. For a simple analytical estimation
of the short-range forces, the Lennard-Jones potential®®
or the Morse potential® is often used. The Lennard—
Jones force for a typical binding energy and bond sepa-
ration is illustrated in Figure 2 together with the van der
Waals and electrostatic long-range forces corresponding
to tips with spherical geometry. The analytical expres-
sions for the plotted forces are given in the caption to
Figure 2.

For instruments operating under ambient conditions
there 1s the additional complication of a thin liquid film
covering the sample surface, forming a liquid bridge at
separations of S0-100 A, that will give rise to an attrac-
tive force due to the surface tension in the meniscus®.
As this effect makes force measurements in air difficult,
precise studies of the tip—surface interaction normally
require good vacuum or that the measurement takes
place in liquid.

2.2. Forces during STM operation

When the tip in a STM instrument moves over the sur-
face at a separation of typically 2—-10 A, there will al-
ways be a force interaction over the gap junction. For
hard materials this might have no consequence, but it
was early recognized that 1t gave rise to anomalous high
corrugation amplitudes for soft materials like graphite.
This effect could not be explained by the tunnelling the-
ory but was attributed to the elastic deformation of the
surface that varied as a function of the tip position.
Investigations of the tunnclling barrier, where the tun-
nelling current 1s measured as a function of separation,
also gave anomalous results for  separations
below a few A, which can be understood by elastic de-
formations due to tip—surface forces®’. Early measure-
ments of the Interaction force during tunnelling were
made by observing the resonance frequency variations
of a cantilever beam on which the tunnelling tip was
mounted, indicating that metallic adhesion forces domi-
nated for scparations within a range of 2 A (ref. 28). A
spectacular use of force effects during STM operation
are the manipulation expertments where individual
atoms are moved into defined crystal positions™ .

3. The AIFM instrument

3.1. The force sensor

Much of the technology used in the AFM is wdentical to
that developed for the STM, such as sample motion us-
ing piczoclectric transducers, feedback controller, nage
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handiing, vibration damping, cte. and will not be ex-
plicitly treated here. The critical part of the AFM 1s the
torce sensor which transforms the force interaction over
the tip—sample junction to an electrical stgnal that can
be handled by the feedback clectronics. This 1s done by
having the tip mounted on a flexible cantilever com-
bincd with a deflection sensor that can mcasure the
cantilever motion as the tip interacts with the surlace.
As the tip is a part of the force sensor, it 1s normally the
sample that is moved with a piczoelectric transducer in
the AFM. In the first AFM instrument, a tip close to the
backside of the cantilever was used to detect the motion
as in a STM but modern designs use optical techniques

to measure the cantilever deflection as shown in

Figure 3.
The most common optical detection scheme uses light

from a solid state laser that is focused on the backside of
the cantifever which reflects the beam into a position
sensitive detector ", As the cantilever deflects, the beam
moves over the multi-segment detector and an electrical
signal corresponding to the difference of the photo-
currents from the segments 1s generated. By using a
photo-detector that 1s sensitive to the beam position in
two directions, it 1s possible to detect the motion of the
cantilever both perpendicular to the sample and the tor-
sion of the cantilever induced by frictional forces, as
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Figure 3. The two most common methods to detect cantilever de-
flection are shown. a, The beam deflection detector is normally used
for instruiments operating under ambient conditions. Measurement of
frictional forces by using a photo-detector that is sensitive in the
direction corresponding to the torsion of the cantilever is illustrated:;
b, In the fiber oplic interferometer, the beam retlected from the canti-
lever surface interferes with the beam reflected at the end facet of the
fiber which gives an interference cavity that is typically 1 um long.
As the fiber is the only part of the sensor that has to reach the
cantilever, this method i1s well-suited in cases where access is a
problen.
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shown in Figure 3. AFM instruments operating in UHV
often use deflection sensors based on interferometry’’,
as the only part that has to be inserted into the vacuum
chamber is an optical fiber. This type of sensor also has
the advantage that the wavelength of light can be used as
a calibration for the cantilever motion. The cantilever
and tip are normally integrated in one unit and can be
obtained commercially from several sources, but can
also be individually made by bending and electrochemi-
cally etching a thin metal wire, as we often do in our
laboratory. The cantilever is characterized by its spring
constant k and resonance frequency f... A high value of

fres 18 normally desirable to minimize the sensitivity to

vibrations, while the optimum value of / is determined
by the operation mode of the instrument as described
here. As the AFM is often used for lower resolution
measurements than the STM, a small cone angle of the
tip 1s an important parameter in order to reproduce sharp
edges and narrow recessions in the sample. The general
problem of tip convolution effects is illustrated in Fig-
ure 4, which shows a S10, surface covered with palla-
dium 1slands 1maged with tips of different quality. This
type of artifacts, that are common to all SPM tech-
niques, can to some extent be corrected for by computer
manipulation of the topographic data™”.

3.2. Operation modes of the AFM

3.2.1 Contact, non-contact, dc and uc-modes: The op-
eration of the AFM can be characterized as contact or
non-contact, depending on whether the tip enters the
repulsive force region or not. Another common distinc-
tion i1s whether the force is obtained directly from the
static detlection of the cantilever, dc-mode, or if the
proximity of the surface i1s sensed by detecting the
change 1n resonance properties of an oscillating canti-
lever which i1s known as ac-mode or dynamic AFM.
Instruments operating in the ac-mode require that the
cantilever is mounted on a piezoelectric transducer, and
that the bandwidth of the deflection detector is high
enough to measure at the cantilever resonance frequency
that can be several hundred kHz. A block diagram of an
AFM i1nstrument capable of operating in both modes is
shown in Figure 5.

3.2.2 DC-mode operation: The original method of op-
erating the force microscope was the contact dc-mode,
where the bending of the cantilever due to the repulsive
Interaction was kept constant by the feedback system,
which means that the traced contours correspond to lines
of constant repulsive force. This requires a low canti-
lever spring constant in order to have a high force sen-
sitivity and avoid unnecessary damage to fragile sam-
ples. As 1t 1s also desirable to have a high resonance
frequency of the cantilever, it implies that the effective
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