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CHAPTER 1
SPM TECHNIQUES

Scanning probe microscopes (SPMs) are a family of instruments used for
studying surface properties of materials from the atomic to the micron level. All
SPMs contain the components illustrated in Figure 1-1.
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Figure 1-1. Schematic of a generalized SPM.

In this section, the operation of scanning tunneling microscopes (STMs), atomic
force microscopes (AFMs), and other common scanning probe microscopes are
discussed.

ThermoMicroscopes



2 Chapter 1

1.1 Scanning Tunneling Microscopy

The scanning tunneling microscope (STM) is the ancestor of all scanning probe
microscopes. It was invented in 1981 by Gerd Binnig and Heinrich Rohrer at
IBM Zurich. Five years later they were awarded the Nobel prize in physics for
its invention. The STM was the first instrument to generate real-space images of
surfaces with atomic resolution.

STMs use a sharpened, conducting tip with a bias voltage applied between the
tip and the sample. When the tip is brought within about 10A of the sample,
electrons from the sample begin to “tunnel” through the 10A gap into the tip or
vice versa, depending upon the sign of the bias voltage. (See Figure 1-2.) The
resulting tunneling current varies with tip-to-sample spacing, and it is the signal
used to create an STM image. For tunneling to take place, both the sample and
the tip must be conductors or semiconductors. Unlike AFMs, which are
discussed in the next section, STMs cannot image insulating materials.
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Figure 1-2. Schematic of tip and sample interaction for STM.

The tunneling current is an exponential function of distance; if the separation
between the tip and the sample changes by 10% (on the order of 1A), the
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tunneling current changes by an order of magnitude. This exponential
dependence gives STMs their remarkable sensitivity. STMs can image the
surface of the sample with sub-angstrom precision vertically, and atomic
resolution laterally.

STMs can be designed to scan a sample in either of two modes: constant-height
or constant-current mode, as shown in Figure 1-3.

In constant-height mode, the tip travels in a horizontal plane above the sample
and the tunneling current varies depending on topography and the local surface
electronic properties of the sample. The tunneling current measured at each
location on the sample surface constitute the data set, the topographic image.

In constant-current mode, STMs use feedback to keep the tunneling current
constant by adjusting the height of the scanner at each measurement point. For
example, when the system detects an increase in tunneling current, it adjusts the
voltage applied to the piezoelectric scanner to increase the distance between the
tip and the sample.

In constant-current mode, the motion of the scanner constitutes the data set. If
the system keeps the tunneling current constant to within a few percent, the
tip-to-sample distance will be constant to within a few hundredths of an
angstrom.

Each mode has advantages and disadvantages. Constant-height mode is faster
because the system doesn’t have to move the scanner up and down, but it
provides useful information only for relatively smooth surfaces.
Constant-current mode can measure irregular surfaces with high precision, but
the measurement takes more time.
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Figure 1-3. Comparison of constant-height
and constant-current mode for STM.

As a first approximation, an image of the tunneling current maps the topography
of the sample. More accurately, the tunneling current corresponds to the
electronic density of states at the surface. STMs actually sense the number of
filled or unfilled electron states near the Fermi surface, within an energy range
determined by the bias voltage. Rather than measuring physical topography, it
measures a surface of constant tunneling probability.
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From a pessimist’s viewpoint, the sensitivity of STMs to local electronic
structure can cause trouble if you are interested in mapping topography. For
example, if an area of the sample has oxidized, the tunneling current will drop
precipitously when the tip encounters that area. In constant-current mode, the
STM will instruct the tip to move closer to maintain the set tunneling current.
The result may be that the tip digs a hole in the surface.

From an optimist’s viewpoint, however, the sensitivity of STMs to electronic
structure can be a tremendous advantage. Other techniques for obtaining
information about the electronic properties of a sample detect and average the
data originating from a relatively large area, a few microns to a few millimeters
across. STMs can be used as surface analysis tools that probe the electronic
properties of the sample surface with atomic resolution. Using STMs as
spectroscopy tools is discussed in § 1.6.1, later in this chapter.

1.2 Atomic Force Microscopy

The atomic force microscope (AFM) probes the surface of a sample with a sharp
tip, a couple of microns long and often less than 100A in diameter. The tip is
located at the free end of a cantilever that is 100 to 200um long. Forces between
the tip and the sample surface cause the cantilever to bend, or deflect. A
detector measures the cantilever deflection as the tip is scanned over the sample,
or the sample is scanned under the tip. The measured cantilever deflections
allow a computer to generate a map of surface topography. AFMs can be used to
study insulators and semiconductors as well as electrical conductors.

Several forces typically contribute to the deflection of an AFM cantilever. The
force most commonly associated with atomic force microscopy is an interatomic
force called the van der Waals force. The dependence of the van der Waals
force upon the distance between the tip and the sample is shown in Figure 1-4.
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Figure 1-4. Interatomic force vs. distance curve.

Two distance regimes are labeled on Figure 14: 1) the contact regime; and
2) the non-contact regime. In the contact regime, the cantilever is held less than
a few angstroms from the sample surface, and the interatomic force between the
cantilever and the sample is repulsive. In the non-contact regime, the cantilever
is held on the order of tens to hundreds of angstroms from the sample surface,
and the interatomic force between the cantilever and sample is attractive (largely
a result of the long-range van der Waals interactions). Both contact and
non-contact imaging techniques are described in detail in the following sections.
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1.21 Contact AFM

In contact-AFM mode, also known as repulsive mode, an AFM tip makes soft
"physical contact" with the sample. The tip is attached to the end of a cantilever
with a low spring constant, lower than the effective spring constant holding the
atoms of the sample together. As the scanner gently traces the tip across the
sample (or the sample under the tip), the contact force causes the cantilever to
bend to accommodate changes in topography. To examine this scenario in more
detail, refer to the van der Waals curve in Figure 1-4.

At the right side of the curve the atoms are separated by a large distance. As the
atoms are gradually brought together, they first weakly attract each other. This
attraction increases until the atoms are so close together that their electron
clouds begin to repel each other electrostatically. This electrostatic repulsion
progressively weakens the attractive force as the interatomic separation
continues to decrease. The force goes to zero when the distance between the
atoms reaches a couple of angstroms, about the length of a chemical bond.
When the total van der Waals force becomes positive (repulsive), the atoms are
in contact.

The slope of the van der Waals curve is very steep in the repulsive or contact
regime. As a result, the repulsive van der Waals force balances almost any force
that attempts to push the atoms closer together. In AFM this means that when
the cantilever pushes the tip against the sample, the cantilever bends rather than
forcing the tip atoms closer to the sample atoms. Even if you design a very stiff
cantilever to exert large forces on the sample, the interatomic separation between
the tip and sample atoms is unlikely to decrease much. Instead, the sample
surface is likely to deform (see §1.5.7 on nanolithography).

In addition to the repulsive van der Waals force described above, two other
forces are generally present during contact-AFM operation: a capillary force
exerted by the thin water layer often present in an ambient environment, and the
force exerted by the cantilever itself. The capillary force arises when water
wicks its way around the tip, applying a strong attractive force (about 10-8N)
that holds the tip in contact with the surface. The magnitude of the capillary
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force depends upon the tip-to-sample separation. The force exerted by the
cantilever is like the force of a compressed spring. The magnitude and sign
(repulsive or attractive) of the cantilever force depends upon the deflection of the
cantilever and upon its spring constant. Section 1.6.2 examines these forces in
more detail.

As long as the tip is in contact with the sample, the capillary force should be
constant because the distance between the tip and the sample is virtually
incompressible. It is also assumed that the water layer is reasonably
homogeneous. The variable force in contact AFM is the force exerted by the
cantilever. The total force that the tip exerts on the sample is the sum of the
capillary plus cantilever forces, and must be balanced by the repulsive van der
Waals force for contact AFM. The magnitude of the total force exerted on the
sample varies from 108N (with the cantilever pulling away from the sample
almost as hard as the water is pulling down the tip—see §1.6.2), to the more
typical operating range of 107 to 10-°N.

Most AFMs currently on the market detect the position of the cantilever with
optical techniques. In the most common scheme, shown in Figure 1-5, a laser
beam bounces off the back of the cantilever onto a position-sensitive
photodetector (PSPD). As the cantilever bends, the position of the laser beam on
the detector shifts. The PSPD itself can measure displacements of light as small
as 10A. The ratio of the path length between the cantilever and the detector to
the length of the cantilever itself produces a mechanical amplification. As
a result, the system can detect sub-angstrom vertical movement of the
cantilever tip.

Other methods of detecting cantilever deflection rely on optical interference, or
even a scanning tunneling microscope tip to read the cantilever deflection. One
particularly elegant technique is to fabricate the cantilever from a piezoresistive
material so that its deflection can be detected electrically. (In piezoresistive
materials, strain from mechanical deformation causes a change in the material’s
resistivity.) For piezoresistive detection, a laser beam and a PSPD are not
necessary.
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Figure 1-5. The beam-bounce detection scheme.

Once the AFM has detected the cantilever deflection, it can generate the
topographic data set by operating in one of two modes- constant-height or
constant-force mode.

In constant-height mode, the spatial variation of the cantilever deflection can be
used directly to generate the topographic data set because the height of the
scanner is fixed as it scans.

In constant-force mode, the deflection of the cantilever can be used as input to a
feedback circuit that moves the scanner up and down in z, responding to the
topography by keeping the cantilever deflection constant. In this case, the image
is generated from the scanner’s motion. With the cantilever deflection held
constant, the total force applied to the sample is constant.
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In constant-force mode, the speed of scanning is limited by the response time of
the feedback circuit, but the total force exerted on the sample by the tip is well
controlled. Constant-force mode is generally preferred for most applications.

Constant-height mode is often used for taking atomic-scale images of atomically
flat surfaces, where the cantilever deflections and thus variations in applied force
are small. Constant-height mode is also essential for recording real-time images
of changing surfaces, where high scan speed is essential.

1.2.2 Non-contact AFM

Non-contact AFM (NC-AFM) is one of several vibrating cantilever techniques in
which an AFM cantilever is vibrated near the surface of a sample. The spacing
between the tip and the sample for NC-AFM is on the order of tens to hundreds
of angstroms. This spacing is indicated on the van der Waals curve of
Figure 14 as the non-contact regime.

NC-AFM is desirable because it provides a means for measuring sample
topography with little or no contact between the tip and the sample. Like contact
AFM, non-contact AFM can be used to measure the topography of insulators and
semiconductors as well as electrical conductors. The total force between the tip
and the sample in the non-contact regime is very low, generally about 10-12N.
This low force is advantageous for studying soft or elastic samples. A further
advantage is that samples like silicon wafers are not contaminated through
contact with the tip.

Because the force between the tip and the sample in the non-contact regime is
low, it is more difficult to measure than the force in the contact regime, which
can be several orders of magnitude greater. In addition, cantilevers used for
NC-AFM must be stiffer than those used for contact AFM because soft
cantilevers can be pulled into contact with the sample surface. The small force
values in the non-contact regime and the greater stiffness of the cantilevers used
for NC-AFM are both factors that make the NC-AFM signal small, and therefore
difficult to measure. Thus, a sensitive, AC detection scheme is used for
NC-AFM operation.
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In non-contact mode, the system vibrates a stiff cantilever near its resonant
frequency (typically from 100 to 400 kHz) with an amplitude of a few tens to
hundreds of angstroms. Then, it detects changes in the resonant frequency or
vibration amplitude as the tip comes near the sample surface. The sensitivity of
this detection scheme provides sub-angstrom vertical resolution in the image, as
with contact AFM.

The relationship between the resonant frequency of the cantilever and variations
in sample topography can be explained as follows. The resonant frequency of a
cantilever varies as the square root of its spring constant. In addition, the spring
constant of the cantilever varies with the force gradient experienced by the
cantilever. Finally, the force gradient, which is the derivative of the force versus
distance curve shown in Figure 1-4, changes with tip-to-sample separation.
Thus, changes in the resonant frequency of the cantilever can be used as a
measure of changes in the force gradient, which reflect changes in the tip-to-
sample spacing, or sample topography.

In NC-AFM mode, the system monitors the resonant frequency or vibrational
amplitude of the cantilever and keeps it constant with the aid of a feedback
system that moves the scanner up and down. By keeping the resonant frequency
or amplitude constant, the system also keeps the average tip-to-sample distance
constant. As with contact AFM (in constant-force mode), the motion of the
scanner is used to generate the data set.

NC-AFM does not suffer from the tip or sample degradation effects that are
sometimes observed after taking numerous scans with contact AFM. As
mentioned above, NC-AFM is also preferable to contact AFM for measuring soft
samples. In the case of rigid samples, contact and non-contact images may look
the same. However, if a few monolayers of condensed water are lying on the
surface of a rigid sample, for instance, the images may look quite different. An
AFM operating in contact mode will penetrate the liquid layer to image the
underlying surface, whereas in non-contact mode an AFM will image the surface
of the liquid layer (see Figure 1-6).
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For cases where a sample of low moduli may be damaged by the dragging of an
AFM tip across its surface, another mode of AFM operation is available:
intermittent-contact mode. Intermittent-contact mode is useful for a variety of
applications, and it is described in the following section.
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Figure 1-6. Contact and non-contact AFM images
of a surface with a droplet of water.
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1.2.3 Intermittent-contact AFM

Intermittent-contact atomic force microscopy (IC-AFM) is similar to NC-AFM,
except that for [C-AFM the vibrating cantilever tip is brought closer to the
sample so that at the bottom of its travel it just barely hits, or "taps," the sample.
The IC-AFM operating region is indicated on the van der Waals curve in Figure
1-4. As for NC-AFM, for IC-AFM the cantilever's oscillation amplitude changes
in response to tip-to-sample spacing. An image representing surface topography
is obtained by monitoring these changes.

Some samples are best handled using IC-AFM instead of contact or non-contact
AFM. IC-AFM is less likely to damage the sample than contact AFM because it
eliminates lateral forces (friction or drag) between the tip and the sample. In
general, it has been found that IC-AFM is more effective than NC-AFM for
imaging larger scan sizes that may include greater variation in sample
topography. IC-AFM has become an important AFM technique since it
overcomes some of the limitations of both contact and non-contact AFM.

1.3 Magnetic Force Microscopy

Magnetic force microscopy (MFM) images the spatial variation of magnetic
forces on a sample surface. For MFM, the tip is coated with a ferromagnetic thin
film. The system operates in non-contact mode, detecting changes in the
resonant frequency of the cantilever induced by the magnetic field’s dependence
on tip-to-sample separation. (See Figure 1-7.) MFM can be used to image
naturally occurring and deliberately written domain structures in magnetic
materials.

An image taken with a magnetic tip contains information about both the
topography and the magnetic properties of a surface. Which effect dominates
depends upon the distance of the tip from the surface, because the interatomic
magnetic force persists for greater tip-to-sample separations than the van der
Waals force. If the tip is close to the surface, in the region where standard non-
contact AFM is operated, the image will be predominantly topographic. As you
increase the separation between the tip and the sample, magnetic effects become
apparent. Collecting a series of images at different tip heights is one way to
separate magnetic from topographic effects.
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Figure 1-7. MFM maps the magnetic domains of the sample surface.

An image of a hard disk acquired in MFM mode is shown in Figure 1-8.

Figure 1-8. MFM image showing the bits of a hard disk.
Field of view 30um.
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1.4 Lateral Force Microscopy

Lateral force microscopy (LFM) measures lateral deflections (twisting) of the
cantilever that arise from forces on the cantilever parallel to the plane of the
sample surface. LFM studies are useful for imaging variations in surface friction
that can arise from inhomogeneity in surface material, and also for obtaining
edge-enhanced images of any surface.

As depicted in Figure 1-9, lateral deflections of the cantilever usually arise from
two sources: changes in surface friction and changes in slope. In the first case,
the tip may experience greater friction as it traverses some areas, causing the
cantilever to twist more strongly. In the second case, the cantilever may twist
when it encounters a steep slope. To separate one effect from the other, LFM
and AFM images should be collected simultaneously.

Sam ]
iferent materiof
LFM image [
1
Leampld : |
LEM image

Figure 1-9. Lateral deflection of the cantilever
from changes in surface friction (top) and from changes in slope (bottom).

LFM uses a position-sensitive photodetector to detect the deflection of the
cantilever, just as for AFM. The difference is that for LFM, the PSPD also
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senses the cantilever’s twist, or lateral deflection. Figure 1-10 illustrates the
difference between an AFM measurement of the verfical deflection of the
cantilever, and an LFM measurement of /ateral deflection. AFM uses a “bi-cell”
PSPD, divided into two halves, A and B. LFM requires a “quad-cell” PSPD,
divided into four quadrants, A through D. By adding the signals from the A and
B quadrants, and comparing the result to the sum from the C and D quadrants,
the quad-cell can also sense the lateral component of the cantilever’s deflection.
A properly engineered system can generate both AFM and LFM data
simultaneously.
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Figure 1-10. The PSPD for AFM (top) and LFM (bottom).
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CHAPTER 2
THE SCANNER

In virtually all scanning probe microscopes, a piezoelectric scanner is used as an
extremely fine positioning stage to move the probe over the sample (or the
sample under the probe). The SPM electronics drive the scanner in a type of
raster pattern, as shown in Figure 2-1.
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Figure 2-1. Scanner motion during data acquisition.

The scanner moves across the first line of the scan, and back. It then steps in the
perpendicular direction to the second scan line, moves across it and back, then to
the third line, and so forth. The path differs from a traditional raster pattern in
that the alternating lines of data are not taken in opposite directions. SPM data
are collected in only one direction—commonly called the fast-scan direction—to
minimize line-to-line registration errors that result from scanner hysteresis (see
§2.2.2). The perpendicular direction, in which the scanner steps from line to
line, is called the slow-scan direction.
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