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“image” is therefore a contour plot of a constant value of the
surface property under study (e.g. tunneling current in STM or
lever deflection in AFM).
3.1.3 tip—the physical probe used in either STM or AFM.
For STM the tip is made from a conductive metal wire (e.g.
tungsten or Pt/Ir) while for AFM the tip can be conductive (e.g.
doped silicon) or non-conductive (e.g. silicon nitride). The
important performance parameters for tips are the aspect ratio,
the radius of curvature, the opening angle, the overall geometrical shape, and the material of which they are made.
3.1.4 cantilever or lever—the flexible beam onto which the
AFM tip is placed at one end with the other end anchored
rigidly to the microscope. The important performance parameters for cantilevers are the force constant (expressed in N/m)
and resonance frequency (expressed in kHz typically). These
values will depend on the geometry and material properties of
the lever.
3.1.5 scanner—the device used to position the sample and
tip relative to one another. Generally either the tip or sample is
scanned in either STM or AFM. The scanners are typically
made from piezoelectric ceramics. Tripod scanners use three
independent piezo elements to provide motion in x, y, and z.
Tube scanners are single element piezo materials that provide
coupled x,y,z motion. The important performance parameters
for scanners are the distance of movement per applied volt
(expressed as nm/V) and the lateral and vertical scan ranges
(expressed in microns).
3.1.6 scan angle—the angle of rotation of the x scan axis
relative to the x-axis of the sample
3.1.7 tip characterizer—a special sample used to determine
the geometry of the tip. The tip in question is used to image the
characterizer. The image then becomes an input to an algorithm
for determining the tip geometry.
3.2 Abbreviations Used in this Document
3.2.1 AFM—atomic force microscopy (microscope). We
refer here to contact mode AFM as opposed to non-contact
techniques.
3.2.2 STM—scanning tunneling microscopy (microscope).

1. Scope
1.1 All microscopes are subject to artifacts. The purpose of
this document is to provide a description of commonly
observed artifacts in scanning tunneling microscopy (STM)
and atomic force microscopy (AFM) relating to probe motion
and geometric considerations of the tip and surface interaction,
provide literature references of examples and, where possible,
to offer an interpretation as to the source of the artifact.
Because the scanned probe microscopy field is a burgeoning
one, this document is not meant to be comprehensive but rather
to serve as a guide to practicing microscopists as to possible
pitfalls one may expect. The ability to recognize artifacts
should assist in reliable evaluation of instrument operation and
in reporting of data.
1.2 A limited set of terms will be defined here. A full
description of terminology relating to the description, operation, and calibration of STM and AFM instruments is beyond
the scope of this document.
2. Referenced Documents
2.1 ASTM Standards: 2
E 1813 Standard Practice for Measuring and Reporting
Probe Tip Shape in Scanning Probe Microscopy
3. Terminology
3.1 Definitions of Terms Specific to This Standard:
3.1.1 artifact—any feature of an image generated by an
AFM or STM that deviates from the true surface. Artifacts can
have origins in sample preparation, instrument hardware/
software, operation, post processing of data, etc.
3.1.2 image—surface topography represented by plotting
the z value for feature height as a function of x and y position.
Typically the z height value is derived from the necessary z
voltage applied to the scanner to allow the feedback value to
remain constant during the generation of the image. The
1
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FIG. 2 Non-ideal behavior in a piezoelectric scanner. Non-linear
extension in response to linear applied voltage and hysteresis
where the sensitivity varies depending on direction of applied
voltage.

FIG. 1 Ideal behavior of a piezoelectric scanner in one dimension
(either x,y, or z).

4. Significance and Use
4.1 This compilation is limited to artifacts observed in
scanning tunneling microscopes and contact-mode atomic
force microscopes. In particular, this document focuses on
artifacts related to probe motion and geometrical considerations of the tip and surface interaction. Many of the artifacts
described here extend to other scanned probe microscopies
where piezoscanners are used as positioning elements or where
tips of similar geometries are used. These are not the only
artifacts associated with measurements obtained by STM or
AFM. Artifacts can also arise from the following: control
electronics (e.g., improper feedback gains); noise (mechanical,
acoustic, or electronic); drift (thermal or mechanical); problems unique to signal detection methods (e.g., laser spillover in
optical lever schemes); improper use of image processing (real
time or post processed); sample preparation, environment (e.g.
humidity) and tip-surface interaction (e.g. excessive electrostatic, adhesive, shear, and compressive forces). It is suggested
that these other types of artifacts form the basis of future
ASTM guides.

motions of these devices are subject to deviations that include
non-linearity, hysteresis, and creep [1-5]. In addition to these
non-ideal motions which are characteristic of independent
scanner axes, artifacts may arise as a consequence of coupling
between the axes.
5.1.1 Non-linearity
Non-linearity means that the response of the scanner in
nm/V changes as a function of applied voltage. Typically the
response deviates more at larger positive or negative voltages
than near zero applied volts [2] (Fig. 2). Non-linear effects in
the lateral direction (x,y) can be observed most clearly when
scanning a periodic structure with known spatial frequencies
such as a diffraction grating . Since the scanner does not move
linearly with applied voltage, the measurement points will not
be equally spaced. The observed spacings will vary over the
image and some linear features will appear curved. While
obvious for test structures, this effect could go unnoticed on
other samples that do not have evenly spaced surface features.
This effect can be compensated for in software by applying a
non-linear voltage ramp during scanning based on prior calibration (open loop method) or by independently measuring the
position of the scanner using an additional position sensor such
as a capacitor plate (closed loop method) [5]. An example of
the open loop correction method is given in Fig. 3. Non-linear
effects in z or height measurements are less obvious but can be
detected using vertical height standards [4]. They are most
noticeable when trying to measure small features (small
changes in V) and large features (large changes in V) within the
same scan. They are also more difficult to correct for due to the
complex coupling of motion of x and y to z, in say, a tube
scanner.
5.1.2 Hysteresis

5. Artifacts in STM and AFM
5.1 Artifacts arising from Scanner Motion
Scanners are made from piezoelectric ceramic materials used
to accurately position the tip relative to the surface on the
nanometer scale. They exhibit an inverse piezoelectric effect
where the material will undergo dimensional change in an
applied electric field. Ideal behavior is often assumed when
using these devices in STM or AFM microscopes. Ideal
behavior implies: 1) linear response in dimensional change per
applied volt; 2) no dependence of the dimensional response on
the direction of the voltage change, the magnitude of the
voltage change, or the rate of the voltage change (Fig. 1). The
2
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FIG. 3 AFM of a two-dimensional grating (top) without software linearity correction and (bottom) with the open-loop correction. (Images
courtesy of G. Meyers. Used with permission of The Dow Chemical Company.)

Hysteresis occurs in piezoelectric materials when the response traces a different path depending on the direction of the
voltage change (Fig. 2). The magnitude of the effect will
depend on the DC starting voltage, the size of the voltage
change, the rate of the voltage change, and the scan angle. The
effects of hysteresis can be compensated for by means of a
software correction. However, the accuracy of the correction is
limited by the need to create a model with a large number of
variables. In the case where voltage ramps are applied to the
scanners, such as in rastering in x,y for STM or AFM imaging
or for ramping in z for generating a force vs. distance curve in
AFM, the tip or sample will move non-uniformly. Hysteresis

could explain why the distance between the same features in an
image might differ depending on the direction of scan (trace vs.
retrace), the size of the scan, or the rate at which the tip is
scanned. It would also explain inaccuracies in step heights of
large features where large voltage sweeps are necessary in the
z direction [5].
5.1.3 Creep
Creep describes the continued motion of the scanner after a
rapid change in voltage, such as might occur when the scanner
encounters a large step during scanning. The tube will continue
to move even if the voltage remains fixed or changes sign. This
is a time dependent effect and its magnitude will depend on the
3
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systems correct for this in real time by using a line by line
planefit of the data. Alternatively a polynomial plane can be fit
to and subtracted from the data set after image capture. As with
dynamic range effects the bowing artifact is more common for
long range scanners.
5.1.5.2 Abbe Offset Error
Another artifact related to coupled motion is the Abbe offset
error. When the point of interest on the sample surface is
displaced from the true measuring system (that is, the undeflected scanner tube z-axis), an angular error exists in the
positioning system and, therefore, the measured displacement.
The magnitude of this error is directly proportional to the
length of the ‘lever arm’ times the angular offset in radians. In
a scanned sample configuration the lever length is estimated by
the sum of the tube length plus the distance to the sample
surface. This sum is typically tens of millimeters while the
scanning displacement is only a few microns so the angular
offsets are typically <<0.0001 (radians). A good example of
this effect is in the measurement of lattice spacings in cleaved
mica using a short tube scanner in contact mode [6]. As the
sample height is increased the measured lattice spacings
decrease for the same xy scan size.
5.1.6 Ringing
Ringing occurs when the feedback amplifier gain or filter
frequency is too high. This causes the tube to oscillate or ring
at high frequency and the image becomes dominated by noise.
In extreme cases the ringing is audible. Sometimes optimum
imaging occurs with PID settings set just below the onset of
ringing, however, once other parameters are changed, e.g. scan
speed or size, the ringing may return. Horizontal ringing is
responsible for the turnaround effect at image edges where the
scanner reverses direction during scanning.
5.2 Artifacts Caused by the Tip
Artifacts derived from the STM or AFM probe tip is the most
common sort of artifact observed with scanned probe microscopes. Consideration of the geometry and shape, material of
construction, and the possible presence of structural defects
and contamination, assists in recognizing tip artifacts. The
heights and depths of major surface features determine what
portion of the tip interacts with the surface (and therefore
which portion of the tip needs to be considered as a source of
artifacts). Fig. 6 shows an idealized tip characterized by an
opening half-angle, a (a = 30° in the example), an aspect ratio
(length to base width (L/W = 1 in the example), and a spherical
shape at the apex. The spherical tip described in Fig. 6 is
idealized and one of many possible or real descriptions of
actual tips.
Table 1 summarizes the important performance parameters
for STM and AFM tips commercially available at this time. A
detailed description of analytical tip shapes and the means by
which the shape of real tips may be characterized is treated in
the ASTM document cited in Section 2.1.
The nominal characteristics of commercially available tips
must be considered in order to begin to interpret the resulting
AFM or STM image [7]. As a dramatic example consider the
case where an AFM tip scans a surface which has an array of
protruding features which are “sharper” than the scanning tip
(Fig. 7a). The resulting image will contain images of the tip

FIG. 4 Creep in a piezoelectric scanner is another non-ideal
behavior. The scanner exhibits a delay in response to sudden
voltage changes (used with permission from
ThermoMicroscopes, now Veeco Instruments, Inc.).

size of the voltage change and the rate of voltage change (Fig.
4). Creep accounts for the initial lateral drift apparent after
zooming or moving to a new area which will settle out after
several scan lines have been recorded (Fig. 5a). Creep accounts
for the overshoot and slopes at both the plateaus and bases in
line profiles of periodic, tall features that have been recorded at
a fast scan rate. It is also very noticeable in generating AFM
force vs. distance curves where the x and y scans are disabled
and the z element voltage is ramped. Both hysteresis and creep
account for the higher force seen in the unloading vs. loading
portion of the curves for the same sample displacement (so
called “reverse-path” effect [3]) seen in Fig. 5b.
5.1.4 Dynamic Range
The maximum extension of a piezoceramic scanner in x, y,
or z will depend on the response of the piezo material, the size
and shape of the scanner, and the maximum voltages that can
be applied to the piezo electrodes. Each scanner has a stated
range of x, y and z motion. Features in an image can appear
clipped if the vertical height exceeds the available range of z
motion prescribed for the scanner in use. If the sample plane is
substantially tilted relative to the scanner, portions of the image
may appear to go flat as the scanner is contracted or elongated
to its dynamic range limit. This is most often a concern with
long range scanners that may have lateral to vertical range
ratios in excess of 10:1.
5.1.5 Coupled Motion
5.1.5.1 Bowing
In either tube or tripod scanners the z motion is coupled to
x and y motion. For a tube scanner this results in the tube
moving in an arc as the tube bends in x or y directions during
scanning. If uncorrected this can give the appearance of
bowing (a central dip) in an otherwise flat sample. Some
4
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FIG. 5 Examples of creep and hysteresis in piezoelectric scanner. In (a) creep is seen in the x,y direction after a rapid offset in x and
was applied during imaging of a two-dimensional grating. In (b) creep and hysteresis are seen in the z direction for a single force vs.
distance curve. (Image and graph courtesy of G. Meyers. Used with permission of The Dow Chemical Company.)

(b,c) and not the surface features. Here, the features of the
specimen protruded more than 2 microns above the surface
with a radius of curvature smaller than the pyramidal AFM tip
used to scan the surface. The features were tall enough to scan
not only the tip but also part of the cantilever on which the tip
was deposited. It is even possible to see the angle that the
cantilever makes with the surface in the image (c). Note also
that when the specimen scans the probe tip, the displayed

image is a 3-axis inversion of the physical orientation of the tip
in space. That is, x maps to -x, y maps to -y, and z maps to -z.
This is an extreme example of the geometrical mixing effect
that goes on between the tip and sample surface [8]. Many
times the effect is much more subtle. Specific instances of this
mixing are described below:
5.2.1 Geometric Mixing of the Tip Shape and Surface
Features
5
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both parabolic (y = 60.5x2/r) the radius of the resulting image
is the sum of the radii of the surface and tip [10].
Ri 5 R t 1 R s

Here the Rx are to be understood as the unsigned magnitudes
of the image, tip, and sample radii. When the tip and surface
feature have rectangular cross sections a similar relation holds,
except that the widths are summed instead of the radii.
5.2.1.2 Imaging Undercut Surface Feature
The non-linear mixing of the tip and surface feature is also
readily evident when imaging steep-walled structures or undercuts. In these cases the sidewall angle of the surface feature
is greater than that of the tip shank. A schematic is shown in
Fig. 9. In this case the sidewalls of the image of the surface
feature contain information about the shanks of the tip used to
scan it. In the resulting image, the base of the surface feature
is increased by a term depending on the opening half-angles of
the tip (which may or may not be symmetric), and the height of
the feature. The measured width at the top of the feature will be
broadened by the tip radius as described above. In Fig. 10,
AFM images of a polymeric membrane support reproduce the
surface features observed in a field emission SEM micrograph
taken at the same magnification. However, this is not the case
when comparing the AFM and SEM images of the membrane
surface. The convoluted or folded nature of the morphology
seen in the SEM image is not at all reproduced in the AFM
image because the re-entrant features are necessarily hidden.
5.2.1.3 Imaging Pores, Trenches, and Holes
Similar arguments can be made for geometric mixing of the
tip shape when imaging surface features that have negative
excursions from the mean surface plane such as pores, trenches
and holes. In these cases, however, the mixing can lead to a
reduction in size of the surface feature.
When the tip scans a pore with a diameter that is close to the
diameter of the tip, the tip cannot move fully into the pore due
to contact with the pore edges. This is shown schematically in
Fig. 11. For a spherical tip the depth the tip can penetrate into
the pore has a quadratic dependence on the pore diameter, D,
for depths less than the radius of curvature of the tip, Rt. As the
tip cannot fully penetrate into the pore a false bottom is
reached. This artifact makes it difficult to size small pores or
even to distinguish a true pore from a small surface depression.
Fig. 11 illustrates this artifact. A more subtle consequence of
this effect occurs when the surface under study is made up of
a close-packed array of features with radii of curvature smaller
than the tip. Because the holes between features are recorded as
narrow cusps, the Fourier transform of the images may contain
frequency components that are physically unreal [5,20,21].
Geometrical mixing of the tip with larger structures such as
trenches or vias that are closer in size to the entire tip
introduces sidewall artifacts. This is shown schematically in
Fig. 12. The apparent width of the trench is smaller than the
actual width because the shank of the tip is imaged by both
sidewalls of the trench.
Other common situations are noteworthy. If the width of the
trench is smaller than the base width of the tip and the trench
is deeper than the tip is long, the tip will be unable to access the
bottom of the trench and will bottom out (Fig. 13). If the width
of the trench exceeds the base diameter of the tip and the trench

FIG. 6 Important parameters for an idealized conical tip with
spherical end radius

The geometric mixing of the tip and surface is non-linear in
nature. The apex of the tip is not always the contact point with
the surface. The closest or proximal point determines the tip’s
height. This point is not necessarily the apex but can be on the
shank or even the cantilever itself [9,10]. In the general case
with tip, T, and sample, S, of arbitrary shape, the image, I, is
given [113,17] by
I 5 S [oplus ] ~2T!

(1)

Here the [oplus ] symbol represents the dilation operation
from mathematical morphology, a detailed definition of which
is contained in the references.
5.2.1.1 Broadening of Surface Features
One commonly encountered consequence of this dilation is
most evident when AFM or STM tips are used to scan features
that have radii of curvature similar to or smaller than that of the
tip. This might be the case when trying to image a biomolecule
fixed to a smooth substrate [18] or imaging grain structure in
columnar thin films [19]. Fig. 8 illustrates the situation. The
radius of curvature, Rt, of the idealized spherical tip is slightly
larger than that of the radius of curvature, Rs, of the idealized
spherical surface feature. Assuming that neither the tip nor
surface feature deforms during imaging, the height of the
surface feature is accurately represented while its width,
Wimage, is broadened. The broadening can be calculated geometrically and is found to be:
Wimage 5 4~Rt 3 Rs!

(3)

(2)

This is a special case of Eq 1 applied to a spherical tip and
surface feature. Other special cases of interest; when the tip
and surface feature are either both spherical (as in Fig. 8) or
6
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TABLE 1 Important Parameters of Commercially Available Tips
Type

General
Use

Material

Gross Shape

Aspect RatioA
(half angle)

pyramidal silicon
nitride
oxide sharpened silicon
nitride
etched silicon

AFM

Si3N4
(nominal)
Si3N4
(nominal)
Si

square-based pyramid

0.7:1 (35°)

Nominal
Radius of
curvature of tip
(nm)
<= 40 nm

square- based pyramidB

0.7:1 (<35°B)

<= 20 nm

kite shapedC

3:1 (17° or
10°/25°)C
5:1 (5°)

<= 10 nm

>10:1 (2-3°)

<= 5 nm

Conical

~5:1 (8-10°)

<= 50 nm

Conical
Ill-defined

~5:1 (5°)
AsperityF

<= 5 nm
<= 50 nm
(variable)

ion-milled silicon nitride
e-beam deposited
tip
electrochemically
etched wire
ion-milled wire
mechanically cut
wire

AFM
AFM
AFM
AFM, STM
STM
STM
STM

D

Si3N4
(nominal)
ill-defined;
mostly carbon
W, Au, or Pt
Pt/Ir alloy
Pt/Ir alloy
Pt/Ir alloy

Conical
Conical

E

<= 10 nm

A

The aspect ratio is defined as the ratio of Ltip:Wtip as shown in Fig. 6.
A cusp is introduced at the outer 0.1 micron that results in a sharper point and correspondingly smaller half angle.
C
Due to the “kite” shaped cross-section the half angle is symmetric from side to side and asymmetric from front to back on the shank. At the tip the cross-section is
triangular.
D
Produced by focused ion-beam (FIB) milling of conventional pyramidal silicon nitride tip.
E
Produced by e-beam deposition of contamination on the apex of a conventional pyramidal silicon nitride tip in an SEM or FEGSEM.
F
Due to the nature of the cutting, a nanoscale asperity is formed which is responsible for the imaging
B

FIG. 7 FEGSEM image of a silicon field emitter array (sample tilted 85°). In the array the emitters are located on a square grid with a 10
micron pitch. A FEGSEM image of an AFM cantilever/tip is inset. The cantilever is tilted 10° to simulate its position in the microscope.
The emitter tips are longer and sharper than the AFM tip. (FEGSEM images courtesy of D. Millbrant. Used with permission of The Dow
Chemical Company. The Si emitter sample was provided by H. Busta of Amoco.)

is again deeper than the tip is long, the image will reflect a false
flat bottom because the cantilever itself will now limit the
excursion of the tip into the trench (Fig. 14). A good example
of the latter case is shown in Fig. 15 where a tip was used to
scan a microhardness indent on a steel surface. The apparent
flat bottom is an artifact.
5.2.1.4 Missing Information or Regions of Inaccessibility
A consequence of the geometric mixing of the tip shape with
the real surface structure is that the resulting image may

contain areas where structural information about the original
surface is missing [7,9-12]. Consider the undercut surface
feature mentioned previously. If there is a second feature in the
vicinity of the undercut the tip may not see it. In Fig. 16, the
apparent sidewall of the taller feature has completely hidden
the shorter bump. The image sidewall only contains information about the tip shank and cannot indicate whether or not a
shorter bump is present. For this reason the description of the
mixing as a “convolution” of tip and surface shape is not
7

PSS Standard Service - Office +98 (21) 22921500 - Unit 3, Block 23, Andisheh Str., Beheshti Ave., TEHRAN-IRAN - Email: ihssnp@gmail.com

E 2382 – 04

FIG. 7 AFM images resulting from the tip encountering an array of surface features which are sharper than the scanning tip. (AFM
images by D.Chernoff. Used with permission of Advanced Surface Microscopy.) (continued)

rigorously correct. If this were true it should then be possible
to “deconvolve” the original surface from the image if, for
example, the tip shape was known exactly. In the example of
Fig. 16, any attempt to regain the original surface profile from
the image profile and actual tip profile would not regenerate the
second, smaller feature. Consideration of these regions of
inaccessibility of surface features is of utmost importance in
attempting to describe the information content of an AFM or
STM image.
5.2.1.5 Angular Effects

The schematics to this point have assumed that the scanning
tip z-axis is normal to the surface plane under study. For
practical reasons, cantilevers are mounted in many commercial
instruments so that the tip z-axis is tilted 10-15° off normal.
The microscopist need only adjust his interpretation of potential mixing problems to take this into account. As an example,
consider the undercut feature described in Fig. 9. If the tip axis
is now rotated 10 degrees off surface normal a new mixing
situation occurs as shown in Fig. 17.
5.2.1.6 Axial Symmetry Effects
8
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FIG. 8 Schematic of tip broadening effect for an idealized spherical tip (radius Rt) and spherical surface feature (radius Rs).

FIG. 9 Schematic of tip broadening effect due to a surface feature which is undercut. The resulting image has sidewalls that are
profiles of the tip and not the original surface feature.

Commercially available tips that have conical cross-sections
include electrochemically etched STM tips, e-beam evaporated
STM and AFM tips, and ion-milled STM or AFM tips. These
tips nominally have axially symmetric opening half-angles.
Silicon nitride tips used for AFM have a square based pyramid
geometry. As such the opening half-angle depends on whether
one is considering the face to face angle or edge to edge angle.
Etched silicon tips have symmetric half-angles in one direction
and asymmetric half-angles in the other. When measuring
critical dimensions that could involve geometrical mixing of
the shank of the tip with the real surface (e.g. when measuring
sidewall slopes of microlithographic features), it is important
to be aware of the nominal shape of the tip in use. If the sample
is rotated, its features will sample different sides of the tip. For
tips that are not axially symmetric, the half angle may change
significantly. Opening half-angles for some of the more commonly available AFM and STM tip types are given in Table 1.
5.2.2 Non-Ideal Tips

Actual tips, of course, do not have geometrically idealized
shapes. Defects can be intrinsic to the tip, i.e., part of the
manufacturing process, or extrinsic, i.e., develop during use.
Common intrinsic defects include wedge shapes for square
based pyramidal silicon nitride tips or double tips for oxide
etched silicon nitride tips. Current manufacturing processes
have improved such that these types of defects are generally
rare. In all cases use of these tips leads to distortions in the
resulting image because they introduce new and unexpected
geometries which deviate from the ideal [7]. Fig. 18 provides
some examples from an STM placed inside an SEM where the
tip could be characterized after it had scanned a test surface.
The figure shows the STM image and an SEM image of the tip
used to produce the STM image. Fig. 19 shows some examples
of intrinsic defects found on commercially available silicon
nitride AFM tips. Fig. 20 compares the contact mode AFM
images of an ion sputtered ceramic surface using a good tip and
a multiple tip. The latter provides a “ghosted” appearance.
9
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FIG. 10 An example of the artifact described in Fig. 9. Aside from some broadening of features the AFM image of the membrane
support reproduces the features of the SEM image at similar magnification (compare a to b). The SEM of the surface of the membrane
is convoluted and undercut. The AFM image is not representative of the actual surface imaged (compare c to d). (SEM images courtesy
of J. Marshall and AFM images courtesy of G. Meyers. Used with permission of The Dow Chemical Company.)

Multiple tips can develop during scanning due to wear and it is
possible to see the “ghosting” occur in the middle of scan.
5.2.3 Contamination of Tips
Tips may become contaminated or damaged during use. If
the tip picks up debris from the surface the geometry of the tip
has now changed and so the way in which the tip shape mixes
will also change and lead to new distortions in the image.
Similarly, if the tip wears during scanning its geometry may
change, leading to new distortions. In Fig. 21, a silicon nitride
tip used for contact mode AFM gave images which were
reproducible in the up scan direction but different from the
reproducible images obtained in the down scan direction. The
nature of this distortion was found to be extrinsic contamination. Solvent cleaning of the tip was found to restore the
symmetry between up and down scan images.
5.2.4 Approaches to the Mixing Problem - Tip Shape Reconstruction

Much progress has been made in understanding the geometric mixing problem.
Many workers have suggested using special cases of the
broadening effect described in 4.3.1.1 to determine information
about a tip by imaging small features with known, regular
cross-sections. This approach includes the use of colloidal gold
particles [22, 23], latex spheres [24], starburst polymers [25],
and rod-shaped biomolecules [18]. Some tip shapes (e.g.
parabolic [18]) have been treated explicitly. Of course, real tips
may not conform to the idealized geometry, and any defects
also contribute to the profiles [23].
More general approaches use tip characterizers of any
known geometry [12-17, 26, 27]. An AFM or STM image of
the structure is collected. From the image and modeled
geometry of the characterizer, an outer bound on the tip and its
orientation relative to the surface can be determined. Characterizers of different sizes may be used to sample only the tip
10
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FIG. 11 Schematic of the pore size reduction effect due to contact proximity of the pore’s side walls. For a spherical tip shape the
depth of penetration has a quadratic dependence on the pore’s initial width and the tip radius.

FIG. 12 Schematic of the trench width reduction effect.

apex or both the tip apex and tip shank. With the knowledge of
the real tip shape and orientation, the image of a sample can be
processed to remove many of the tip artifacts, thereby producing an improved estimate of the sample geometry. Because
some information may be missing from the image (as described
in Section 4.3.1.4) such a reconstruction does not necessarily
completely restore the original surface. In principle it is
possible to ascertain which areas are completely restored and
which are not [12,13]. However, at present these “certainty
maps” are strongly sensitive to noise in the image [17].
Another means of tip shape reconstruction is the “blind”
method where the shape of the tip can be estimated from the
image data even when the exact shape of the surface or
characterizer is not known independently [13, 16, 17, 28, 29].
The reconstruction relies on the fact that some tips are

inconsistent with an observed image. For example, one may
rule out tips that are more blunt than observed bumps on the
surface. The actual tip must be consistent with all the observed
image features. This method provides an outer bound on the tip
geometry. For well-chosen characterizers the outer bound
should be a good estimate of the tip shape. When conditions for
both apply, for example when a tip characterizer contains both
known and unknown regions, it may be possible to combine
the blind method with the known characterizer method of the
last paragraph [17, 29].
6. Keywords
6.1 Abbe offset error; creep; dilation; hysteresis; nonlinearity; probe-sample mixing; AFM; STM; tip shape; proximal
probe; geometric mixing; image reconstruction

11
PSS Standard Service - Office +98 (21) 22921500 - Unit 3, Block 23, Andisheh Str., Beheshti Ave., TEHRAN-IRAN - Email: ihssnp@gmail.com

E 2382 – 04

FIG. 13 Schematic of tip bottoming out effect due to contact of trench sidewalls with tip shank. A flat bottom is never seen.
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FIG. 14 Schematic of tip bottoming out effect due to contact of the cantilever with the surface of a deep trench. An apparent flat
bottom is seen but is not the real bottom of the trench.
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FIG. 15 An example of the artifact described in Fig. 14. An apparent flat bottom is seen at the base of a microhardness indent in 440C
stainless steel surface using contact mode AFM (image courtesy of P. Abel, NASA-Lewis Research Center, Cleveland, OH)

FIG. 16 Regions of surface inaccessibility result from geometrical mixing of tip shape and surface features. In this case the small
square feature would not be imaged although it is part of the actual surface.
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FIG. 17 Schematic of the effect of changing the tip z-axis on image broadening due to a surface feature which is undercut. Compare to
Fig. 9.
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FIG. 18 In-situ SEM micrographs of STM tips used to scan a test line structures. The corresponding STM images generated by each tip
are shown. In this example distortions are seen due to extrinsic effects, either tip contamination or tip damage with use. Although
actual dimensions of the tips and line features are not indicated, the effect of tip shape on the resultant images is clearly
demonstrated. (Used with permission of Hitachi, Ltd.)
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FIG. 19 FEGSEM images of typical defects found on silicon nitride AFM tips. In (a) a good tip is shown with a tip radius of curvature of
about 40 nm. In (b) structural defects near the apex give rise to multiple tip images. In (c) non-uniform processing gives rise to a
severely truncated pyramid. All three tips were obtained from the same wafer substrate. (Images courtesy of J. Blackson. Used with
permission of The Dow Chemical Company.)
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FIG. 20 Example of a multiple tip effect in the AFM image of an ion sputtered ceramic surface. With a good tip, the image provides
good detail of the grain structure (top). With a multiple tip like that of Figure 19b, the image has a “ghosted” appearance due to
multiple contact points during imaging (bottom). (Images courtesy of G. Meyers. Used with permission of The Dow Chemical
Company.)
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FIG. 21 Example of contamination removal from a tip. these 500 nm 3 500 nm topview images of a sputtered metal oxide surface
showed reproducible distortions in the up and down scan directions. After cleaning the tip in methanol, the image quality improved
and the up and down scans were now identical. (Images courtesy of G. Meyers. Used with permission of The Dow Chemical Company.)
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