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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

Laser
Position sensitive
photo detector

Laser

I Cantilever

Laser

Fiber adjustment

Bi-directional coupler stage

Piezo

Cantilever
elemsent

Photo detector

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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Figure 4. Three panels showing equal arcas of Pd islands supported on Si0O; umaged with (g) Transmission
Electron Microscopy (TEM); (b) AFM with a dull and {c) a sharp tip, together with cross-sections in the AFM
images. The image in b shows the characteristic repeated structures related to up convolution, and the cross-
section shows that the tip never reaches the SiO; support between the islands.
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Figure §. Block diagram of a force microscope equipped for both dc
and ac-tmode operation. The cantilever is mounted on a piczoelectric
transducer so that it can be oscillated., The fecdback systein uses
either the deflection signal (dc-mode) or the frequency signal
(ac-mode) as the input parameter. By detecting the contilever deflec-
tion as a function of sample position, dec-mode force curves ure ob-
lained.
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mass should be low which means that the cantilever
should be made as small as possible. Normally batch-
fabricated cantilevers made from silicon or silicon ni-
tride are used. In principle, this operation mode should
be able to give very high resolution as the repulsive
force between the tip apex atom and the sample, Fig,
has a range comparable to the tunnelling current. It has,
however, turned out to be very difficult to obtain reli-
able atomic resolution, even though some convincing
examples of truly atomically resolved 1mages using dc-
mode have been presented. The problem with high
resolution dc-mode imaging is illustrated in Figure 6
which shows thut besides the localized repulsive contact
at the apex atom, the tip is also subject to the long-range
attractive van der Waals force that acts over a large part
of the tip. Assuming a spherical tip shape, the van der
Waals attraction will be proportional to 1/d°, where d is
the tip-surface separation, while the spring force acting
in the opposite direction varies linearly with the deflec-
tion. This leads to a mechanical instability which makes
the tip jump into repulsive contact when the gradient of
the attractive force equals the cantilever spring constant,
as described in more detail next in the article. This phe-
nomenon, which generally occurs for soft cantilevers, is
known as ‘jump to contact’ or ‘snap-in’. Even if the
cantilever is perfectly stff, it is expected that an intrin-
sic jump to contact should occur due to the elasticity of
the tip and sample materials for separations of the order
of 1 A (ref. 34). Due to these cffects, it is very dilTicult
to precisely control the cffective contact force, which
has to be kept below approximately 1 aN il the integrity
of the tip apex should be maintained during scanuing in
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Figure 6. Long-range attractive force acting over a large part of the
tip is balanced by the repulsive interaction at the apex atom cluster
when operating in de contact-muode.

order to allow atomically resolved imaging. One way to
overcome this problem is to operate n the liquid phase,
where a proper choice of the liquid can eliminate the
van der Waals force. In principle, 1t 1s also posstble to
retract the cantilever base so that the spring force com-
pensates for the long-range attraction which requires
that the instrument i1s operated with the cantilever close
to the snap-out point, which 1s technically difficult. An-
other problem rclated to dc contact-mode measurements
1s the influence of irictional forces gencrated as the tip
is moved along the surface. These forces tend to move

the tip parallel to the surface, inducing a torsion in the

cantilever which can be interpretcd by the deflection
detector as a hetght vartation. In several cases, espe-
cially when investigating layered materials, the fric-
tional forces cause a lateral stick-slip motion of the
cantilever with a periodicity of the atomic unit cell
which 1s easily misinterpreted as ‘atomic resolution’. By
using an instrument that correctly measures the cantile-
ver deflection paralle]l to the surface, the AFM can be
used as a powerful tool for investigation of atomic scale
friction™. An overview of the theory of friction forces
related to AFM operation is given by Tomédnek™®.

Due to the problem described above, the dc contact-
mode has not evolved into a routine tool for atomically
resolved imaging, and 1s increasingly superseded by ac-
mode operation for lower resolution measurements in
order to avoid artifacts related to the tip loading force.
Imaging in the attractive force regime is normally not
possible with dc-mode AFM, as it would require very
soft cantilevers where the thermal noise would be too
big, and the problems with the cantilever instability
would be difficult to overcome.

3.2.3 AC-mode operation: When the cantilever is oscil-
lated during the measuremcent and the effect on the oscil-
lation due to the proximity of the surface is used for
separation control, the instrument is operated in
ac-mode. This turns out to be a practical method of
controlling tip—sample separation, as the effective
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Figure 7. Two methods of detecting frequency shifts of the cantile-
ver in ac-mode force microscopy: a, When using AM-detection the
cantilever is oscillated at f,,, which should correspond to the steepest
part of the high frequency side of the cantilever resonance curve for
maximum sensitivity. An attractive tip force will shift the resonance
to a lower value, which gives a decreased oscillation amplitude; b,
When using FM-detection the cantilever is the frequency determin-
ing element in an oscillator circuit. The frequency shift is obtained
from an FM-detector.

resonance frequency of a cantilever is very sensitive to
the force interaction. There are two common methods to
detect this variation in f,.s, as shown in Figure 7. When
using AM-detection’’, the cantilever base is oscillated
with a constant frequency at or slightly above to the
undisturbed resonance frequency (Figure 7 a). As the
osctllating tip enters the area where there is an attractive
force gradient from the interaction with the sample, the
effective spring constant will be lowered, and the oscil-
lation amplitude is decreased. This amplitude variation
1s easily converted to a dc-signal that is used as a con-
trol parameter for the feedback electronics. This method
1s technically simple to implement, but both the sensi-
tivity and speed depend on the quality factor (Q-value)
of the cantilever resonance. As the measured amplitude
shift 1s correlated to the frequency shift through the
shape of the resonance curve, the interpretation of the
obtained control signal is also complicated. These
drawbacks can be overcome by using the FM-detection

CURRENT SCIENCE, VOL. 78, NO. 12, 25 JUNE 2000
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technique (Figure 7 b), where the cantilever is used
as the frequency determining element in an oscillator,
and the frequency shift is directly converted to a
control signal using an FM-detector’®. The amplitude of
the cantilever oscillation i1s normally kept constant
during the interaction with the surface using
an automatic gain control circuit. This method
1s inherently faster, and the set-point for the feedback
can easily be adjusted to a pre-determined frequency
shift.

While the cantilever deflection in dc-mode operation
is directly related to the total force acting on the tip by
Hook’s law, the physical interpretation of the frequency
shift in ac-mode measurements is considerably more
complicated. The simplest case is the non-contact ac-
mode operation with an oscillation amplitude so smalli
that the gradient of the attractive interaction can be
considered constant over the trajectory of the tip. In this
case the frequency shift Af is directly correlated to the
force derivative through the expression Aflf.., = F'/2k,
where F’ is the derivative of the interaction force. The
corresponding 1mage will 1n this case represent
contours of constant force gradient. The condition
that the oscillation amplitude is small in relaton to
the variation of the force gradient is, however, often
not fulfilled. For high resolution imaging where the tip
has to enter the short-range interaction regime, the oscil-
lation amplitude will always be high compared to the
local variation of the force gradient due to the short-
range forces. In this case the cantilever cannot be
treated as an harmonic oscillator, and the relation be-
tween the measured frequency shift and the force
eradient has to be obtained from numerical simulations™
or analytically by using perturbation theory®®, The
main advantage of ac-mode operation is the inherently
high sensitivity, which makes it well-suited for
investigating the weak long-range forces. The problem
of cantilever jump-to-contact is also easter to over-
come as the spring constants used, typically 10-
100 N/m, are considerably higher than those used for
dc-mode measurements, and that the condition for jump-
to-contact to occur is different than in the dc-mode
case™”.

Force microscopes operating under ambient condi-
tions often use a type of ac-mode operation with
high cantilever amplitude, called tapping-mode or in-
termittent contact mode, where the tip goes into
repulsive contact during each oscillation cycle. This
has proven to be a very powerful technique as 1t
avoids the tip being captured by the liqguid film on
the surface and gives considerably less force-induced-
artifacts than dc contact-mode*’. As the tip strikes
the surface with a frequency of several hundred kHz
during scanning, the problem associated with lateral
forces is also smafl compared to dc¢ contact-mode
operation.
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4. Force spectroscopy

4.1. Force interaction regimes

When the tip 1s placed at a point over the surface and
the force interaction is measured as a function of sample
position, the measurement is often referred to as force
spectroscopy. The same distinction between dc and ac-
mode operation as described earlier can be made 1n this
case also. It 13, however, only the dc-mode measure-
ments that directly give the force versus separation data.
If the tip moves far into the repulsive region, deforma-
ttons will occur both 1n the tip and the surface, and the
measurement can be characterized as a napoindentation.
This kind of measurement can be used to investigate the
stepwise occurring rearrangements of the atoms due to
the contact force which is related to tribology and con-
tact mechanics and has been predicted by molecular dy-
namics simulations*®. During these measurements a thin
neck i1s often formed between tip and sample during the
pull-off phase which can be used to study constriction
effects showing quantized charge transport“.

Long-range forces are normally investigated with ac-
mode measurements which give the variation of the
force gradient as the primary information. The short-
range forces related to chemical bonding, which give the
contrast in atomically resolved AFM, are difficult to
measure as dc-mode measurements require stiff canti-
levers due to the strong force gradients, and ac-mode
measurements give primary information that is difficult
to translate into force versus separation curves. Some of
the problems related to dc-mode measurements at close
separation can be overcome by using the force-teedback
detector, as described later in the article.

4.2. The dc-force curve

The normal dc-mode force experiment s done by meas-
uring the deflection d of the cantilever as a function of
the sample position to obtain the force from Hook’s law,
F=kxd. The curves in Figure 8 ¢ show the behaviour
of the cantilever deflection as the sample i1s moved to-
wards and then away from the tip. When the gradient of
the attractive force reaches the same value as the canti-
lever spring constant, the tip will make a discontinuous
jump to contact (from point [ to point 2 in Figure §).
The origin of this phenomenon is shown in Figure 854
where the interaction lorce is plotted as a function of
tin-sample separation together with lines corresponding
to the spring force of the cantilever with reversed sign
for cantilever hase positions corresponding to snap-in
and shap-out events. From this vurve it can be seen that
the separation when snap-in oceurs depends on the
cantilever spring constant, and that the magnitude ol the
snap-out step is related to the depth of the force curve it
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Figure 8. a, Principal behaviour of the caniilever deflection, d, as a
function of sample position. Negative deflection corresponds to at-
traction. At point | the cantilever jumps into contact with the sur-
face. The sample position where the cantilever jumps to contact is
chosen as zero; b, Force versus separation z for the cantilever deflec-
tion curve in @. The hatched lines show the cantilever spring force
with opposite sign for the sample positions where the tip jumps into
contact (1-2) and is released (3-4),

the cantilever spring constant is significantly lower than
maximum force gradient. In order to obtain an experi-
mental curve that can be directly compared with the
theoretical curves, one should transform the horizontal
scale from sample position to tip-sample separation
which can be done by correcting for the cantilever
bending at each point. In order to experimentally obtain
a complete force curve using this method, the cantilever
spring constant has to be larger than the maximum at-
tractive force gradient. Consequently, a force sensor
with low spring constant and high sensitivity will give a
large tnaccessible region and vice versa.
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4.3. The force-feedback detector

A way around the probiem imposed by the cantilever
instabtlity is the implementation of the force-feedback
concept™. In this type of sensor an external force is
acting on the cantilever and the magnitude of this force
is controlled by a feedback circuit that maintains the
cantilever position as the tip is subjected to the interac-
tion force from the surface. The force on the tip due to
the interaction with the surface can then be obtained
from the compensating external force and the system
should 1deally behave as if the cantilever spring constant
was infinite. A detailed analysis of the dynamics of the
force-feedback system is given in ref. 45. Figure 9
shows an example of a force-feedback sensor that we
have tmplemented in our UHV-AFM. In this kind of
system®®, the end facet of the fiber used for the interfer-
ometric detection of the cantilever motion is metalized
and electrically connected to a feedback circuit that ad-

Justs the electrostatic attraction imposed on the canti-

lever to compensate for the tip—surface interaction. As
the electrostatic force is always attractive, the cantilever
is pre-tensioned in the backward direction by applying a
constant btas voltage in order to be able to measure both
attractive and repulsive tip forces. We have used
this force sensor to investigate the interaction between
a Si(111) surface and a tungsten tip. Figure 10 is a

F=C(U0 +AU)2

Force
signal
Force feedback
Interferometer
_ Displacement
Flber Signa]
Metal

coating

Figure 9. Diagram of the force-feedback instrument equipped with
a fiber optic interferometer. The feedback system stabilizes the canti-
lever position through an attractive electrostatic force resulting from
a voltage applied to the metal coated fiber end. Both attraction and
repulsion can be measured as the cantilever is pre-tensioned by
pulling it back ~0.2 um by a voltage U,. As the actuator force is
proportional to (Uy + AU)?, an analogue network is used to convert
the controller output AU to a signal proportional to force.
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Figure 10. a, Cantilever detlection shown as a Si(111)} surface is
moved 1n contact and i1s retracted from a tungsten tip with the force-
feedback system disabled. The deflection is transforined to force by
multiplication with the spring constant; b, Output from the force-
feedback system during an approach-retract cycle. ¢, Cantilever
deflection during the approach cycle is shown in b. As the cantilever
remains static, the steps in the force curve 1n b can be attributed to
tntrinsic events in the tip—surface contact.

comparison between a conventional force curve which
shows the cantilever deflection as the sample 1s moved
towards and away from the tip (Figure 10«) and a force
curve obtained with the torce-feedback activated (Figure
10 b). The cantilever dellection during the acquisition of
the curve in Figure 1056 is presented in Figure 10c¢
which shows that the lever 1s static in this case, implying
that the force signal obtained from the force-feedback
circutt corresponds to events in the tip—sample junction
rather than cantilever instabilities. The steps observed in
Figure 10 b correspond to.interatomic rearrangements as
the tip indents and is pulled away from the surface,
which have been predicted by several theoretical calcu-
tations™”.

CURRENT SCIENCE, VOL. 78, NO. 12, 25 JUNE 2600

5. Force microscopy with atomic resolution

5.1. AC-mode imaging using short-range
Interaction forces

The ac-mode operation of the AFM was originally im-
plemented to measure the weak long-range torce, and
was later used with high amplitude and repulsive contact
for ambient AFM (tapping mode) as described above. In
neither case was atomic resolution expected, as the long-
range forces are distributed over a large part of the tip,
and the repulsive contact during tapping-mode operation
is expected to be disruptive to the tip apex. It was thus a
major breakthrough when it was first demonstrated that
ac-mode AFM in UHV could image with atomic resolu-
tion*’. It is the rapid development of high resolution ac-
mode AFM that followed this demonstration that has
made AFM a technique capable of investigating surface
structure with a resolution comparable to that obtained
in STM. As dc-mode imaging of several layered mate-
rials had shown contrast with the lattice periodicity due
to frictional effects, the capability of the ac-mode
instruments to show individual vacancies and steps is
sometimes referred to as ‘true atomic resolution’.

The sample of choice for the first ac-mode AFM
measurements was the Si(111)Y7 X7 reconstructed
surface, which was imaged using silicon as well as
tungsten tips and using both frequency and amplitude
variattons of the cantilever oscillation to control the
separation” ™. Most measurements used oscillation
amplitudes of several hundred A, which means that
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Figure 11. Top and side views of the Si(111)7 X 7 reconstruction.
The adatoms occupy four incquivalent sites denoted by CoF, coraer
faulted; CeF, centre Faulted; CelU, centre unfaulied; and Coll, ¢omer
unfaulted.
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the observed frequency shift results from the interaction
during a small fraction of the oscitlation cycle when the
tip is at it closest postion to the surface. The
S 111Y7 x 7 surface 1s well suited for investigations of
the contrast mechanism for several reasens. The unit cell
contains 12 atoms projecting further out than the rest,
called adatoms, with partally-filled dangling bonds sit-
ting in four clectronically inequivalent sites depending
on the positton in the unit cell (Figure 11). These ditfer-
cnt sites give ditferent contrasts in STM images depend-
ing on whether filled or emplty states are probed, which
in turn depends on the polarity of the tip>'. The big unit
cell with its adatoms 1s also easy to 1dentify and a cova-
lent interaction between the tip apex atom and the dan-
glhing bonds can be cxpected to result in a torce
interaction giving a contrast in AFM. Recently, there
have also appeared several theoretical investigations
specifically addressing the tip—surface interaction 1n
AFM for this systemﬁ‘?‘. After the initial demonstrations
of atomically resolved ac-mode imaging of the silicon
surface, metals™, oxides™ and a van der Waals surface
like eraphite {(0001)™ have been imaged with atomic
resolution. In order to measure the weak forces from the
ecraphite (0001) surface, the imaging had to be made in
an instrument designed for low temperature measure-
ments.

The understanding of the contrast mechanism 1n high
resolution AFM ts currently a topic of intense research.
As an example of the difference in 1mage contrast be-
tween ac-mode AFM and STM we will present the high
resolution 1maging of the Si(111)7 X7 reconstruction
done in our laboratory“.

5.2. Example of high resolution ac-mode AFM:
Contrast in Si(111)7 X 7 imaging

The Si(111)7 x 7 surfaces were prepared by heat treat-
ment of samples cut from a highly n-doped Si(11l)
wafer. The AFM image in Figure 12 a was obtained us-
ing a home-built combined AFM/STM cperating in
UHV™®. For AFM imaging, we operatc the instrument in
the ac-modec using. AM-detection. The cantilever/tip
units, made [rom etched tungsten wires, were heat
clecaned in situ using electron-bombardment. The canti-
fever/tip used to acquire the AFM image had a reso-
nance frequency of 16.4 kHz, a quality factor of 550, a
tip radius estimated to be <150 A from scanning elec-
tron microscopy data, and a spring constant of approxi-
mately 60 N/m as esttmated from the cantilever
geometry.

Figure 12 shows a comparison between an AFM
image and a pair of dual-polarity STM 1mages showing
the Si(111)7 x 7 reconstruction. Although both the AFM
and STM 1mages show the posittons of the adatoms,
there is an additional contrast between the non-
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cquivalent corner and centre adatoms in the AFM data.
As shown by Pérez et al.””, the presence of a dangling
bond on the apex atom directed towards the surface is
expected to have a strong effect on the observed con-
trast. We have, however, no way of determining whether
this atom is a tungsten, oxygen or silicon species.

Figure [2 also shows a cross-section through the raw
data along the long diagonal of the 7 X 7 unit cell. This
cross-section shows the tip trace above the corner holes
and the four inequivalent adatoms, allowing a compari-
son of the contrast observed in the AFM image with the
well-known contrast in filled- and empty-state STM
images. In the empty-state STM 1mage there is no con-
trast between the faulted and unfaulted halves of the unit
cell and all the 12 adatoms appear identical. In the
filled-states STM images, the corner adatoms appear
slightly higher compared to the adjacent centre adatoms
and the faulted halves of the unit cell appear slightly
higher than the unfaulted halves. The depth of the corner
holes in the AFM data (~1 A) is smaller than the depth
observed 1n the filled- and empty-state STM 1mages
(=2 A). In the cross-section of the AFM image, the dif-
ference in apparent height of the corner and centre ada-
toms 18 clearly seen. When averaged over several unit
cells, the height difference was determined to be 0.13 A.

In order to correlate the AFM contrast to quantitative
details of atomic-scale electronic and structural proper-
ties of the surface, it s of crucial importance to under-
stand the ac-mode imaging process. Some insight can be
obtained by studying approach curves showing the canti-
lever deflection (force) and the resonance amplitude as a
function of sample position (Figure 13). In these ap-
proach curves, recorded after acquiring the vmage pre-
sented in Figure 12 a, it can be seen that the oscillation
amplitude (initially 16 A) starts to decrease some 30 A
before the sudden attractive response in the cantilever
detlection curve (snap-in) after which the cantifever
oscillation is completely damped. To clarify the mecha-
nism behind the observed damping, we recorded the
frequency spectra of the cantilever as a function of
sample position (Figure 13 5). After obtaining a small
force-induced frequency shift (curve 2), the sample is
moved towards the tip in 3 A steps. The AFM image
shown in Figure 12 a was recorded for a constant re-
duced amplitude of S A compared to the 16 A free am-
plitude.

The key question raised by the results presented here
is the origin of the atomic contrast observed tor the
Si(111)7 x 7 reconstruction. This surface has been ex-
tensively studied, both experimentally and theoretically,
and the exact position of the atom cores as well as the
charge in the dangling bonds of the four inequtvalent
adatoms are well known’’. The corner adatoms have
more charge than the centre adatoms. There 1s more
charge on the adatoms in the faulted half of the unit cell
compared to those in the unfaulted half. This 1s the
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¥igure 12. Comparison between (a) an AFM image and (b) empty- and (c) filled-state STM 1mages. The grey
scales in the images correspond to a height difference of 1 A. STM images were recorded with tip voltages of
-2 V and +2.2 V, respectively, and a constant current of 0.1 nA. The cross-sections through the four inequiva-
lent adatoms are obtained from raw data. The 7 X 7 unit cell 1s outhined in the filled-state STM image. The
faulted and unfaulted halves correspond to the left and right side of the unit cell, respectively.

origin of the contrast observed in filled-state STM 1m-
ages of the surface. Moreover, the vertical position of
the adatom cores is directly related to the charge in the
dangling bonds such that the adatoms with the most
charge are located further away from the surface. How-
ever, the height difference between the inequivalent
adatoms would correspond to a much smaller contrast
than that observed in the filled-state STM 1mage. From
Figure 12, it 1s obvious that the observed AFM contrast
neither represents the true ion core positions, nor the
charge density in the dangling bond states (the AFM
contrast is reversed compared to what would be ex-
pected if it reflected these properties).

CURRENT SCIENCE, VOL. 78, NO. 12, 25 JUNE 2000

A property that could contribute to the contrast in
AFM images is the chemical reactivity since the tip apex
atom 1s likely to form a bond with a surface atom during
cach oscillation cycle. Erlandsson and Olsson™ have
simulated the variation in the canttlever resonance
curves using a Morse potential for the atom—atom inter-
action, and have shown that binding energy variations of
1 eV produce variations that could create a significant
contrast, supporting the assumption that the observed
contrast is of chemical origin. These simulations also
show that frequency variations related to the short-range
chemical forces can occur without the tip entering the
repulsive interaction region. Chemical reactivity s not a
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Figure 13. a, Deflection of the cantilever (upper curve) and the
peak to peak oscillation amplitude (lower curve) as a function of
sample position. Zero on the horizontal axis is defined as the point of
initial hard contact and negative numbers correspond to contact. The
force scale only gives approximate values as the spring constant of
the cantilever is not precisely known. The applied oscillation in the
cantilever deflection signal is not seen since it was lowpass filtered
with a cut-off frequency of 100 Hz. The horizontal bar intersecting
the amplitude curve indicates the operating point (5 A); b, A series
of resonance spectra of the cantilever for different tip to sample
separations. Curve | was recorded at a separation where no force was
detected, giving the resonance frequency of the undisturbed oscilla-
tion. Curves 2-5 were recorded for sample positions corresponding
to 12, 15, 18 and 21 A with respect to curve I, moving the sample
towards the tip. The horizontal scale shows the deviation from the
undisturbed resonance frequency. The horizontal bar intersecting the
line showing the undisturbed resonance frequency indicates the op-
erating point (5 A).

well-defined property of the surface atoms themselves as
it also depends on the reacting species. In several of the
cases studied experimentally using other methods, the
trend 1s, however, that the centre adatoms are more re-
active than the corner adatoms™, in agreement with the
AI'M contrast we observe.

Details of the contrast effects like these shown here
are not well understood at present and other groups have
also observed contrast variations when imaging the

St(111)7 x 7 surface in ac-mode AFM that have been
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shown to vary with imaging parameters®. A general
problecm when interpreting data of this kind is the lack
of knowlcdge of the atom specics at the tip apex as
sample material might be picked up by the tip and the
precise orientation of the orbitals of the tip atom can
have strong effects on the resolution. Improvement of in
sttu tip characterization methods like Field Ion Micros-
copy (FIM) i1s one important step that should help us
understand the contrast mechanism in high resolution
AFM even better.

6. Future trends

As the ac-mode AFM 1s becoming a routine tool for high
resolution tmaging, the whole class of insulators that has
not been possible to image with the STM can now be
investigated with atomic resolution. As we learn more
about the interaction mechanism in high resolution ac-
mode force microscopy, there is the future possibility
that one may be able to directly investigate the chemical
bonding forces, and atomically resolved force spectro-
scopy will become an important method that will com-
plement the locally obtained electronic information
which 1s obtained using tunnelling spectroscopy. The
combination of atomically resolved AFM and sensors
based on the force-feedback concept will soon make
direct measurements of interatomic binding forces pos-
stble. We can expect future instruments to combine
AFM with STM to provide a versatile surface science

tool, that will also make it possible to clarify the exact

origin of the force induced artifacts in tunnelling
microscopy. Within the biological field, where the AFM
is extensively used due to its ability to operate in lig-
uids, we can expect an improved ability to image at the
molecular level combined with the use of functionalized
tips that can probe antibody—antigen interactions as well
as forces related to protein folding. The development of
special types of force microscopes capable of measure-
ments of individual magnetic spin-sites is moving rap-
idly forward®', and we can expect powertul techniques
like ESR and NMR that now use macroscopic sample
volumes to develop into site-specific methods that can
add chemical specificity to atomically resolved probe
MICToscopy.
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