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Abstract

Since the introduction of the Scanning Tunneling Microscope (STM) in
1981 and Atomic Force Microscope (AFM) in 1985, many variations of
probe-based microscopies, referred to as Scanning Probe Microscopes
(SPM), have been developed. While the pure imaging capabilities of SPM
techniques are dominated by the application of these methods at their early
development stages, the physics of probe-sample interactions and the
quantitative analyses of tribological, electronic, magnetic, biological, and
chemical surfaces have now become of increasing interest. In this chapter,
we introduce various STM and AFM designs, various operating modes,

various probes (tips), and AFM instrumentation and analyses.
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2.1 Introduction

The Scanning Tunneling Microscope (STM) de-
veloped by Dr. Gerd Binnig and his colleagues in
1981 at the IBM Zurich Research Laboratory,
Rueschlikon, Switzerland, is the first instrument
capable of directly obtaining three-dimensional
(3D) images of solid surfaces with atomic reso-
lution (Binnig et al. 1982). G. Binnig and H.
Rohrer received a Nobel Prize in Physics in 1986
for their discovery. STMs can only be used to
study surfaces that are electrically conductive to
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some degree. Based on their design of the STM,
Binnig et al. developed in 1985 an Atomic Force
Microscope (AFM) to measure ultrasmall forces
(less than 1 pN) present between the AFM tip
surface and the sample surface (Binnig et al.
1986; also see Binnig et al. 1987). AFMs can be
used for measurement of all engineering surfaces
that may be either electrically conductive or
insulating. AFM has become a popular surface
profiler for topographic and normal force mea-
surements on the micro to nanoscale.

AFMs have been modified in order to measure
both normal and lateral forces, and are called
Lateral Force Microscope (LFM) or Friction
Force Microscope (FFM) (Mate et al. 1987;
Erlandsson et al. 1988; Marti et al. 1990; Meyer
and Amer 1990b; Bhushan and Ruan 1994;
Bhushan et al. 1995; Bhushan 1999a, 2011).
FFMs further have been modified to measure
lateral forces in two orthogonal directions (Fuji-
sawa et al. 1994a, b; Grafstrom et al. 1994;
Overney et al. 1994; Warmack et al. 1994).
A number of researchers have continued to
improve the AFM/FFM designs and used them to
measure adhesion and friction of solid and liquid
surfaces on micro- and nanoscales (Burnham
et al. 1990, 1991; Frisbie et al. 1994; Bhushan
et al. 1995; Koinkar and Bhushan 1996; Scherer
et al. 1997, 1999; Bhushan and Sundararajan
1998; Krotil et al. 1999; Bhushan and Dandavate
2000; Bhushan 1997, 1999a, 2001a, b, 2005,
2008, 2011, 2013a, b; Reinstaedtler et al. 2003).
AFMs have been used for scratching, wear, and
measurements of elastic/plastic mechanical
properties (such as indentation hardness and
modulus of elasticity) (Burnham and Colton
1989; Maivald et al. 1991; Bhushan et al. 1994,
1995, 1996; Bhushan and Koinkar 1994;
DeVecchio and Bhushan 1997; Scherer et al.
1997; Bhushan and Sundararajan 1998; Bhushan
1997, 1999a, b, 2001a, b, ¢, 2005, 2008, 2011,
2013a, b; Amelio et al. 2001; Bhushan and Qi
2003; Kasai et al. 2004; Reinstaedtler et al.
2005).

AFMs have been used for manipulation of
individual atoms of Xenon (Eigler and Schweizer
1990), molecules (Weisenhorn et al. 1990), sili-
con surfaces (Lyo and Avouris 1991), and
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polymer surfaces (Leung and Goh 1992). STMs
have been used for formation of nanofeatures by
localized heating or by inducing chemical reac-
tions under the STM tip (Abraham et al. 1986;
Silver et al. 1987; Kobayashi et al. 1993) and
nanomachining (Parkinson 1990). AFMs have
been used for nanofabrication (Majumdar et al.
1992; Bhushan et al. 1994; Bhushan 1995,
1999a; Tsau et al. 1994) and nanomachining
(Delawski and Parkinson 1992).

STMs and AFMs are used at extreme mag-
nifications ranging from 10° to 10°x in x, y, and
z directions for imaging macro to atomic
dimensions with high resolution information and
for spectroscopy. These instruments can be used
in any environment such as ambient air (Binnig
et al. 1986; Bhushan and Blackman 1991), var-
ious gases (Burnham et al. 1990), liquid (Marti
et al. 1987; Drake et al. 1989; Binggeli et al.
1993), vacuum (Binnig et al. 1982; Meyer and
Amer 1988), low temperatures (lower than about
100 K) (Coombs and Pethica 1986; Kirk et al.
1988; Giessibl et al. 1991; Albrecht et al. 1992;
Hug et al. 1993), and high temperatures (Basire
and Ivanov 2000; Liu and Bhushan 2002).
Imaging in liquid allows the study of live bio-
logical samples and also eliminates water capil-
lary forces present in ambient air present at the
tip-sample interface. Low temperature (liquid
helium temperatures) imaging is useful for the
study of biological and organic materials and the
study of low-temperature phenomena such as
superconductivity or charge-density waves.
Low-temperature operation is also advantageous
for high-sensitivity force mapping due to the
reduction in thermal vibration. STMs and AFMs
also have been used to image liquids such as
liquid crystals and lubricant molecules on gra-
phite surfaces (Foster and Frommer 1988; Smith
et al. 1989, 1990; Andoh et al. 1992).

The pure imaging capabilities of variations of
probe-based microscope techniques, referred to
as Scanning Probe Microscopy (SPM), have
dominated the application of these methods at
their early development stages. However, the
physics and chemistry of probe-sample interac-
tions and the quantitative analyses of tribologi-
cal, electronic, magnetic, biological, and
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chemical surfaces now have become of increas-
ing interest. Nanoscale science and technology
are strongly driven by SPMs, which allow
investigation and manipulation of surfaces down
to the atomic scale. With growing understanding
of the underlying interaction mechanisms, SPMs
have found application in many fields outside
basic research fields. In addition, various
derivatives of all these methods have been
developed for special applications, some of them
targeting far beyond microscopy.

A family of instruments based on STMs and
AFMs, SPMs have been developed for various
applications of scientific and industrial interest.
These include STM, AFM, FFM (or LFM),
scanning electrostatic force microscopy (SEFM)
(Martin et al. 1987; Stern et al. 1988), scanning
force acoustic microscopy (SFAM) [or atomic
force acoustic microscopy (AFAM)] (Yamanaka
et al. 1994; Yamanaka and Tomita 1995; Rabe
et al. 1996; Scherer et al. 1997, 1999; Amelio
et al. 2001; Reinstaedtler et al. 2005), scanning
magnetic microscopy (SMM) [or magnetic force
microscopy (MFM)] (Martin and Wickramas-
inghe 1987; Rugar et al. 1990; Schoenenberger
and Alvarado 1990; Hartmann 1999; Avila and
Bhushan 2010), scanning near field optical
microscopy (SNOM) (Pohl et al. 1984; Betzig
et al. 1991, 1992; Barbara et al. 1999), scanning
thermal microscopy (SThM) (Williams and
Wickramasinghe 1986, 1990; Majumdar 1999),
scanning electrochemical microscopy (SEcM)
(Husser et al. 1989), scanning Kelvin Probe
microscopy (SKPM) (Martin et al. 1988; Non-
nenmacher et al. 1991; Weaver and Abraham

1991; DeVecchio and Bhushan 1998; Bhushan
and Goldade 2000), scanning chemical potential
microscopy (SCPM) (Williams and Wickra-
masighe 1990), scanning ion conductance
microscopy (SICM) (Hansma et al. 1989; Prater
et al. 1991), and scanning capacitance micro-
scopy (SCM) (Matey and Blanc 1985; Martin
et al. 1988; Williams 1999; Lee et al. 2002). The
subfamily of instruments that measure forces
(e.g., AFM, FFM, SEFM, SFAM, and SMM) also
are referred to as scanning force microscopes
(SFM). Although these instruments offer atomic
resolution and are ideal for basic research, they
are most often used for cutting edge industrial
applications that do not require atomic resolution.

Commercial production of SPMs started with
STM in 1987 and AFM in 1989 by Digital
Instruments Inc. (now Bruker Instruments. Inc.).
For comparisons of SPMs with other micro-
scopes, see Table 2.1 (Bruker Instruments, Inc.).
Numbers of these instruments are equally divi-
ded into U.S., Japan, and Europe with industry/
university and Government lab splits of about
50/50, 70/30, and 30/70, respectively. It is clear
that research and industrial applications of SPMs
are rapidly expanding. For various examples, see
Bhushan et al. (2004, 2007, 2008), Bhushan and
Fuchs (2006, 2007, 2009), Bhushan and Kawata
(2007), Fuchs and Bhushan (2010), Bhushan
(2010-2013, 2011).

This chapter presents an overview of STM
and AFM with various operating modes and
various probes (tips) used in these instruments.
Then, details on AFM instrumentation and
analyses are given.

Table 2.1 Comparison of various conventional microscopes with SPMs in 2015

Optical SEM/TEM
Magnification 10° 10
Instrument price (U.S. $) ~$20 k ~$500 k
Technology age 200 years 50 years
Applications Ubiquitous
Approximate market 2015  $2 B $15B

Science & technology

Confocal SPM

10* 10
~$60 k ~$150 k
30 years 30 years

New & unfolding
$400 M

Science & technology
$600 M
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2.2 Scanning Tunneling Microscope

The principle of electron tunneling was proposed
by Giaever (1960). He proposed that if an elec-
trical potential difference is applied to two metals
separated by a thin insulating film, a current will
flow across the barrier because of the ability of
electrons to penetrate it. To be able to measure
this tunneling current, the two metals must be
spaced no more than 10 nm apart. Binnig et al.
(1982) introduced vacuum tunneling combined
with lateral scanning. The vacuum provides the
ideal barrier for tunneling. The lateral scanning
allows surface imaging with exquisite resolution
—Ilateral less than 1 nm and vertical less than
0.1 nm—sufficient to define the position of sin-
gle atoms. The very high vertical resolution is
obtained because the tunneling current varies
exponentially with the distance between the
metal tip and the scanned surface acting as two
electrodes. Typically, tunneling current decreases
by a factor of 2 as the separation is increased by
0.2 nm. Very high lateral resolution depends
upon the sharp tips. Binnig et al. (1982) over-
came two key obstacles for damping external
vibrations and for moving the tunneling probe in
close proximity to the sample. Their instrument
is called the scanning tunneling microscope
(STM). Today’s STMs can be used in the
ambient environment for atomic-scale image of
surfaces. Excellent reviews on this subject are
presented by Hansma and Tersoff (1987), Sarid
and Elings (1991), Durig et al. (1992); Frommer
(1992), Guntherodt and Wiesendanger (1992),
Wiesendanger and Guntherodt (1992), Bonnell
(1993), Marti and Amrein (1993), Stroscio and
Kaiser (1993), and Guntherodt et al. (1995).
The principle of STM is straightforward.
A sharp metal tip (one electrode of the tunnel
junction) is brought close enough (0.3—1 nm) to
the surface to be investigated (second electrode)
that, at a convenient operating voltage (10 mV—-
1 V), the tunneling current varies from 0.2 to 10
nA, which is measurable. The tip is scanned over
a surface at a distance of 0.3—1 nm, while the
tunneling current between it and the surface is
sensed. The STM can be operated in either the
constant current mode or the constant height
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mode, Fig. 2.1. The left-hand column of Fig. 2.1
shows the basic constant current mode of oper-
ation. A feedback network changes the height of
the tip z to keep the current constant. The dis-
placement of the tip given by the voltage applied
to the piezoelectric drives then yields a topo-
graphic map of the surface. Alternatively, in the
constant height mode, a metal tip can be scanned
across a surface at nearly constant height and
constant voltage while the current is monitored,
as shown in the right-hand column of Fig. 2.1. In
this case, the feedback network responds only
rapidly enough to keep the average current con-
stant. The constant current mode is used gener-
ally for atomic-scale images. This mode is not
practical for rough surfaces. A three-dimensional
picture [z(x, y)] of a surface consists of multiple
scans [z(x)] displayed laterally from each other in
the y direction. It should be noted that if different
atomic species are present in a sample, the dif-
ferent atomic species within a sample may pro-
duce different tunneling currents for a given bias
voltage. Thus, the height data may not be a direct
representation of the topography of the surface of
the sample.

2.2.1 Binnig et al.’s Design

Figure 2.2 shows a schematic of one of Binnig
and Rohrer’s designs for operation in ultrahigh
vacuum (Binnig et al. 1982; Binnig and Rohrer
1983). The metal tip was fixed to rectangular
piezodrives Py, Py, and P, made out of com-
mercial piezoceramic material for scanning. The
sample is mounted on either superconducting
magnetic levitation or two-stage spring system to
achieve a stability of the gap width of about
0.02 nm. The tunnel current J; is a sensitive
function of the gap width d that is Jt o< Vyexp
(—Ad'"?d), where Vr is the bias voltage, ¢ is the
average barrier height (work function) and the
constant A = 1.025 eV~"? A, With a work
function of a few eV, J1 changes by an order of
magnitude for every angstrom change of d. If the
current is kept constant to within, for example,
2%, then the gap d remains constant to within
1 pm. For operation in the constant current
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Fig. 2.1 STM can be
operated in either the
constant-current or the
constant-height mode. The
images are of graphite in air
(Hansma and Tersoff 1987)

CONSTANT CURRENT MODE

SCHEMATIC VIEW

ONE SCAN
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Fig. 2.2 Principle of
operation of the STM made
by Binnig and Rohrer (1983)
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mode, the control unit (CU) applies a voltage V,
to the piezo P, such that J; remains constant
when scanning the tip with Py and P, over the
surface. At a constant work function ¢, V,(Vj,
V) yields the roughness of the surface z(x, y)
directly, as illustrated at a surface step at A.
Smearing the step, 6 (lateral resolution) is on the
order of (R)"%, where R is the radius of the
curvature of the tip. Thus, a lateral resolution of
about 2 nm requires tip radii on the order of
10 nm. A 1-mm-diameter solid rod ground at one
end at roughly 90° yields overall tip radii of only
a few hundred nm, but with closest protrusion of
rather sharp microtips on the relatively dull end
yields a lateral resolution of about 2 nm. In situ
sharpening of the tips by gently touching the
surface brings the resolution down to the 1-nm
range; by applying high fields (on the order of
10® V/ecm). For example, applications of high
field for half an hour, resolutions considerably
below 1 nm could be reached. Most experiments
were done with tungsten wires either ground or
etched to a radius typically in the range of 0.1-
10 um. In some cases, in situ processing of the
tips was done for further reduction of tip radii.

2.2.2 Commercial STMs

There are a number of commercial STMs avail-
able on the market. In 1987, Digital Instruments,
Inc. (now Bruker Instruments) located in Santa
Barbara, CA, introduced the first commercial
STM, the Nanoscope I. In a later-model
Nanoscope IV STM for operation in ambient
air, the sample is held in position while a piezo-
electric crystal in the form of a cylindrical tube
(referred to as PZT tube scanner) scans the sharp
metallic probe over the surface in a raster pattern
while sensing and outputting the tunneling cur-
rent to the control station, Fig. 2.3. The digital
signal processor (DSP) calculates the desired
separation of the tip from the sample by sensing
the tunneling current flowing between the sample
and the tip. The bias voltage applied between the
sample and the tip encourages the tunneling cur-
rent to flow. The DSP completes the digital
feedback loop by outputting the desired voltage to

B. Bhushan and O. Marti

PZT tube
scanner

Sample

Fig. 2.3 Principle of operation of a commercial STM, a
sharp tip attached to a piezoelectric tube scanner is
scanned on a sample

the piezoelectric tube. The STM operates in both
the ‘“constant height” and “constant current”
modes depending on a parameter selection in the
control panel. In the constant current mode, the
feedback gains are set high, the tunneling tip
closely tracks the sample surface, and the varia-
tion in the tip height required to maintain constant
tunneling current is measured by the change in the
voltage applied to the piezo tube. In the constant
height mode, the feedback gains are set low, the
tip remains at a nearly constant height as it sweeps
over the sample surface, and the tunneling current
is imaged.

Physically, the Nanoscope STM consists of
three main parts: the head, which houses the
piezoelectric tube scanner for three dimensional
motion of the tip and the preamplifier circuit
(FET input amplifier) mounted on top of the head
for the tunneling current; the base on which the
sample is mounted; and the base support, which
supports the base and head (Bhushan 1999a).
The base accommodates samples up to 10 mm
by 20 and 10 mm in thickness. Scan sizes
available for the STM are 0.7 pym (for atomic
resolution), 12, 75 and 125 pm?.
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The scanning head controls the three dimen-
sional motion of tip. The removable head con-
sists of a piezo tube scanner, about 12.7 mm in
diameter, mounted into an invar shell used to
minimize vertical thermal drifts because of good
thermal match between the piezo tube and the
Invar. The piezo tube has separate electrodes for
X, Y and Z which are driven by separate drive
circuits. The electrode configuration (Fig. 2.3)
provides x and y motions which are perpendic-
ular to each other, minimizes horizontal and
vertical coupling, and provides good sensitivity.
The vertical motion of the tube is controlled by
the Z electrode which is driven by the feedback
loop. The x and y scanning motions are each
controlled by two electrodes which are driven by
voltages of same magnitudes, but opposite signs.
These electrodes are called —Y, —X, +Y, and +X.
Applying complimentary voltages allows a short,
stiff tube to provide a good scan range without
large voltages. The motion of the tip due to
external vibrations is proportional to the square
of the ratio of vibration frequency to the resonant
frequency of the tube. Therefore, to minimize the
tip vibrations, the resonant frequencies of the
tube are high about 60 kHz in the vertical
direction and about 40 kHz in the horizontal
direction. The tip holder is a stainless steel tube
with a 300 pm inner diameter for 250 pm
diameter tips, mounted in ceramic in order to
keep the mass on the end of the tube low. The tip
is mounted either on the front edge of the tube (to
keep mounting mass low and resonant frequency
high) (Fig. 2.3) or the center of the tube for large
range scanners, namely 75 and 125 pm (to pre-
serve the symmetry of the scanning). This com-
mercial STM accepts any tip with a 250 um
diameter shaft. The piezotube requires X-Y cal-
ibration which is carried out by imaging an
appropriate calibration standard. Cleaved gra-
phite is used for the small-scan length head while
two dimensional grids (a gold plated ruling) can
be used for longer range heads.

The Invar base holds the sample in position,
supports the head, and provides coarse X-Y
motion for the sample. A spring-steel sample clip
with two thumb screws holds the sample in

place. An x-y translation stage built into the base
allows the sample to be repositioned under the
tip. Three precision screws arranged in a trian-
gular pattern support the head and provide coarse
and fine adjustment of the tip height. The base
support consists of the base support ring and the
motor housing. The stepper motor enclosed in
the motor housing allows the tip to be engaged
and withdrawn from the surface automatically.

Samples to be imaged with STM must be
conductive enough to allow a few nanoamperes
of current to flow from the bias voltage source to
the area to be scanned. In many cases, noncon-
ductive samples can be coated with a thin layer
of a conductive material to facilitate imaging.
The bias voltage and the tunneling current
depend on the sample. Usually they are set at a
standard value for engagement and fine-tuned to
enhance the quality of the image. The scan size
depends on the sample and the features of
interest. A maximum scan rate of 122 Hz can be
used. The maximum scan rate is usually related
to the scan size. Scan rate above 10 Hz is used
for small scans (typically 60 Hz for atomic-scale
imaging with a 0.7 um scanner). The scan rate
should be lowered for large scans, especially if
the sample surfaces are rough or contain large
steps. Moving the tip quickly along the sample
surface at high scan rates with large scan sizes
will usually lead to a tip crash. Essentially, the
scan rate should be inversely proportional to the
scan size (typically 2-4 Hz for 1 um, 0.5-1 Hz
for 12 pm, and 0.2 Hz for 125 um scan sizes).
Scan rate in length/time, is equal to scan length
divided by the scan rate in Hz. For example, for
10 pm x 10 pm scan size scanned at 0.5 Hz, the
scan rate is 10 pm/s. Typically, 256 x 256 data
formats are most commonly used. The lateral
resolution at larger scans is approximately equal
to scan length divided by 256.

Figure 2.4 shows an example of STM images
of an evaporated Cgo film on gold-coated
freshly-cleaved mica taken at room temperature
and ambient pressure (Bhushan et al. 1993).
Images with atomic resolution at two scan sizes
are obtained. Next we describe STM designs
which are available for special applications.
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Fig. 2.4 STM images of
evaporated Cg film on a
gold-coated freshly-cleaved
mica using a mechanically
sheared Pt-Ir (80-20) tip in
constant height mode
(Bhushan et al. 1993)
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Evaporated Cgp film on mica

2.2.2.1 Electrochemical STM
Electrochemical STM is used to perform and
monitor the electrochemical reactions inside the
STM. It includes a microscope base with an
integral potentiostat, a short head with a 0.7 pm
scan range and a differential preamp and the
software required to operate the potentiostat and
display the result of electrochemical reaction.

2.2.2.2 Standalone STM
Standalone STMs, which rest directly on the
sample, are able to scan large samples. They are

similar to the standard STM, except the sample
base has been eliminated.

2.2.3 STM Probe Construction

The STM probe should have a cantilever inte-
grated with a sharp metal tip with alow aspectratio
(tip length/tip shank) to minimize flexural vibra-
tions. Ideally, the tip should be atomically sharp,
but in practice, most tip preparation methods
produce a tip with a rather ragged profile and that
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(a)

consists of several asperities with the one closest to
the surface responsible for tunneling. STM can-
tilevers with sharp tips are typically fabricated
from metal wires of tungsten (W), platinum-
iridium (Pt-Ir), or gold (Au) and sharpened by
grinding, cutting with a wire cutter or razor blade,
field emission/evaporator, ion milling, fracture, or
electrochemical polishing/etching (Nicolaides
et al. 1988; Ibe et al. 1990). The two most com-
monly used tips are made from either a Pt-Ir
(80/20) alloy or tungsten wire. Iridium is used to
provide stiffness. The Pt-Ir tips are generally
mechanically formed and are readily available.
The tungsten tips are etched from tungsten wire
with an electrochemical process, for example by
using 1 molar KOH solution with a platinum
electrode in an electrochemical cell at about 30 V.
In general, Pt-Ir tips provide better atomic reso-
lution than tungsten tips, probably due to the lower
reactivity of Pt. But tungsten tips are more uni-
formly shaped and may perform better on samples
with steeply sloped features. The tungsten wire
diameter used for the cantilever is typically
250 pm with the radius of curvature ranging from
20to 100 nm and a cone angle ranging from 10° to
60°, Fig. 2.5. The wire can be bent in an L shape, if
required for use in the instrument. For calculations
of normal spring constant and natural frequency
of round cantilevers, see Sarid and Elings
(1991).

For imaging of deep trenches, high-aspect-ratio
controlled geometry (CG) Pt-Ir probes are used,

100 pm

—

Fig. 2.5 Schematic of a typical tungsten cantilever with
a sharp tip produced by electrochemical etching

(b)

Fig. 2.6 Schematics of (a) CG Pt-Ir probe, and (b) CG
Pt-Ir FIB milled probe

Fig. 2.6. These probes are electrochemically
etched from Pt-Ir (80/20) wire and polished to a
specific shape which is consistent from tip to
tip. Probes have a full cone angle of approximately
15° and a tip radius of less than 50 nm. For
imaging of very deep trenches (>0.25 pm) and
nanofeatures, focused ion beam (FIB) milled CG
probes with an extremely sharp tip (radius <5 nm)
are used. For electrochemistry, Pt/Ir probes are
coated with a nonconducting film (not shown in
the figure).

Pt alloy and W tips are very sharp and have
high resolution, but are fragile and sometimes
break when contacting a surface. Diamond tips
have been used by Kaneko and Oguchi (1990).
The diamond tip made conductive by boron ion
implantation is found to be chip resistant.
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2.3 Atomic Force Microscope

Like the STM, AFM relies on a scanning tech-
nique to produce very high resolution, 3-D ima-
ges of sample surfaces. AFM measures
ultrasmall forces (less than 1 nN) present be-
tween the AFM tip surface and a sample surface.
These small forces are measured by measuring
the motion of a very flexible cantilever beam
having an ultrasmall mass. While STM requires
that the surface to be measured be electrically
conductive, AFM is capable of investigating
surfaces of both conductors and insulators on an
atomic scale if suitable techniques for measure-
ment of cantilever motion are used. In the oper-
ation of high resolution AFM, the sample is
generally scanned, rather than the tip as in STM,
because AFM measures the relative displacement
between the cantilever surface and reference
surface, and any cantilever movement would add
vibrations. For measurements of large samples,
AFMs are available where the tip is scanned and
the sample is stationary. As long as the AFM is
operated in the so-called contact mode, little if
any vibration is introduced.

The AFM combines the principles of the STM
and the stylus profiler, Fig. 2.7. In an AFM, the
force between the sample and tip is detected
rather than the tunneling current to sense the
proximity of the tip to the sample. The AFM can

Fig. 2.7 Principle of
operation of the AFM.
Sample mounted on a
piezoelectric scanner is
scanned against a short tip
and the cantilever deflection
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be used either in static or dynamic mode. In the
static mode, also referred to as repulsive mode or
contact mode (Binnig et al. 1986), a sharp tip at
the end of a cantilever is brought in contact with
a sample surface. During initial contact, the
atoms at the end of the tip experience a very
weak repulsive force due to electronic orbital
overlap with the atoms in the sample surface. The
force acting on the tip causes a cantilever
deflection which is measured by tunneling,
capacitive, or optical detectors. The deflection
can be measured to within 0.02 nm, so for typical
cantilever spring constant of 10 N/m a force as
low as 0.2 nN (corresponding normal pressure
~200 MPa for a SizN, tip with radius of about
50 nm against single-crystal silicon) can be
detected. (To put these number in perspective,
individual atoms and human hair are typically
fraction of a nanometer and about 75 um in
diameter, respectively, and an eyelash and a drop
of water have a mass of about 100 nN and 10 pN,
respectively.)

In the dynamic mode of operation for the
AFM, also referred to as attractive force imaging
or noncontact imaging mode (noncontact-AFM
or nc-AFM operation), the tip is brought in close
proximity (within a few nm) to, and not in con-
tact with the sample (Giessibl et al. 2011;
Schirmeisen et al. 2011). The -cantilever is
deliberately  vibrated either in amplitude

Sample

\

is measured, mostly, using
a laser deflection technique.
Force (contact mode) or
force gradient (noncontact
mode) is measured during
scanning

Deflection
sensor

NN

Tip

Xyz

Cantilever

TR

Translator

Constant
ForF
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modulation (AM) mode (Martin et al. 1987) or
frequency modulation (FM) mode (Martin et al.
1987; Sarid and Elings 1991; Giessibl 1995;
Anczykowski et al. 1996). Very weak van der
Waals attractive forces are present at the
tip-sample interface. In this technique, the nor-
mal pressure exerted at the interface is close to
zero (desirable to avoid any surface deforma-
tion). In the two modes, surface topography is
measured by laterally scanning the sample under
the tip while simultaneously measuring the
separation-dependent force or force gradient
(derivative) between the tip and the surface,
Fig. 2.7.

In the contact (static) mode, the interaction
force between tip and sample is measured by
measuring the cantilever deflection. In the non-
contact (or dynamic) mode, the force gradient is
obtained by vibrating the cantilever and measur-
ing the shift of resonant frequency of the can-
tilever. To obtain topographic information, the
interaction force is either recorded directly, or
used as a control parameter for a feedback circuit
that maintains the force or force derivative at a
constant value. With an AFM operated in the
contact mode, topographic images with a vertical
resolution of less than 0.1 nm (as low as 0.01 nm)
and a lateral resolution of about 0.2 nm have been
obtained (Albrecht and Quate 1987; Binnig et al.
1987; Marti et al. 1987; Alexander et al. 1989;
Meyer and Amer 1990a; Weisenhorn et al. 1991;
Ruan and Bhushan 1994b). With a 0.01 nm dis-
placement sensitivity, 10 nN-1 pN forces are
measurable. These forces are comparable to the
forces associated with chemical bonding, e.g.,
0.1 uN for an ionic bond and 10 pN for a
hydrogen bond (Binnig et al. 1986). For further
reading, see Rugar and Hansma (1990), Sarid
(1991), Sarid and Elings (1991), Binnig (1992),
Durig et al. (1992); Frommer (1992), Meyer
(1992), Marti and Amrein (1993), Guntherodt
et al. (1995) and Wickramasinghe (2000).

Lateral forces being applied at the tip during
scanning in the contact mode affect roughness
measurements (den Boef 1991). To minimize
effects of friction and other lateral forces in the
topography measurements in contact-mode
AFMs and to measure topography of soft

surfaces, AFMs can be operated in the so-called
or tapping mode or amplitude modulation mode
(Maivald et al. 1991; Radmacher et al. 1992).

STM is ideal for atomic-scale imaging. To
obtain atomic resolution with AFM, the spring
constant of the cantilever should be weaker than
the equivalent spring between atoms. For exam-
ple, the vibration frequencies ® of atoms bound
in a molecule or in a crystalline solid are typi-
cally 10"* Hz or higher. Combining this with the
mass of the atoms m, on the order of 107 kg,
gives interatomic spring constants k, given by
®”m, on the order of 10 N/m (Rugar and Hansma
1990). (For comparison, the spring constant of a
piece of household aluminum foil that is 4 mm
long and 1 mm wide is about 1 N/m.) Therefore,
a cantilever beam with a spring constant of about
1 N/m or lower is desirable. Tips have to be as
sharp as possible. Tips with a radius ranging
from 20 to 50 nm are commonly available.

Atomic resolution cannot be achieved with
these tips at the normal load in the nN range.
Atomic structures at these loads have been
obtained from lattice imaging or by imaging of
the crystal periodicity. Reported data show either
perfectly ordered periodic atomic structures or
defects on a larger lateral scale, but no
well-defined, laterally-resolved, atomic-scale
defects like those seen in images routinely
obtained with STM. Interatomic forces with one
or several atoms in contact are 20-40 or 50—
100 pN, respectively. Thus, atomic resolution
with AFM is only possible with a sharp tip on a
flexible cantilever at a net repulsive force of 100
pN or lower (Ohnesorge and Binnig 1993). Upon
increasing the force from 10 pN, Ohnesorge and
Binnig (1993) observed that monoatomic ste-
plines were slowly wiped away and a perfectly
ordered structure was left. This observation
explains why mostly defect-free atomic resolu-
tion has been observed with AFM. Note that for
atomic-resolution measurements, the cantilever
should not be too soft to avoid jumps. Further
note that measurements in the noncontact imag-
ing mode may be desirable for imaging with
atomic resolution.

The key component in AFM is the sensor for
measuring the force on the tip due to its
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interaction with the sample. A cantilever (with a
sharp tip) with extremely low spring constants is
required for high vertical and lateral resolutions
at small forces (0.1 nN or lower), but at the same
time, a high resonant frequency (about 10-
100 kHz) is necessary in order to minimize the
sensitivity to vibration noise from the building
near 100 Hz. This requires a spring with extre-
mely low vertical spring constant (typically
0.05-1 N/m) as well as low mass (on the order of
1 ng). Today, the most advanced AFM can-
tilevers are microfabricated from silicon or sili-
con nitride using photolithographic techniques.
(For further details on cantilevers, see a later
section). Typical lateral dimensions are on the
order of 100 pm, with the thicknesses on the
order of 1 pm. The force on the tip due to its
interaction with the sample is sensed by detecting
the deflection of the compliant lever with a
known spring constant. This cantilever deflection
(displacement smaller than 0.1 nm) has been
measured by detecting tunneling current similar
to that used in STM in the pioneering work of
Binnig et al. (1986) and later used by Giessibl
et al. (1991), by capacitance detection (Neubauer
et al. 1990; Goddenhenrich et al. 1990),
piezoresistive detection (Stahl et al. 1994; Kass-
ing and Oesterschulze 1997), and by four optical
techniques namely (1) by optical interferometry
(Mate et al. 1987; Erlandsson et al. 1988; Mate

Fig. 2.8 Schematics of the LEVER
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1992; Jarvis et al. 1993) and with the use of
optical fibers (Rugar et al. 1989; Albrecht et al.
1992), (2) by optical polarization detection
(Schoenenberger and Alvarado 1989, 1990),
(3) by laser diode feedback (Sarid et al. 1988),
and (4) by optical (laser) beam deflection (Meyer
and Amer 1988, 1990a, b; Alexander et al. 1989;
Marti et al. 1990). Schematics of the four more
commonly used detection systems are shown in
Fig. 2.8. The tunneling method originally used
by Binnig et al. (1986) in the first version of
AFM uses a second tip to monitor the deflection
of the cantilever with its force sensing tip. Tun-
neling is rather sensitive to contaminants, and the
interaction between the tunneling tip and the rear
side of the cantilever can become comparable to
the interaction between the tip and sample.
Tunneling is rarely used and is mentioned earlier
for historical purposes. Giessibl et al. (1991)
have used it for a low temperature AFM/STM
design. In contrast to tunneling, other deflection
sensors are far away from the cantilever at dis-
tances of microns to tens of mm. The optical
techniques are believed to be more sensitive,
reliable, and easily implemented detection
methods than others (Sarid and Elings 1991;
Meyer 1992). Optical beam deflection method
has the largest working distance, is insensitive to
distance changes, and is capable of measuring
angular changes (friction forces). Therefore, it is

measurement of cantilever
deflection. In each set up, the
sample mounted on
piezoelectric body is shown
on the right, the cantilever in
the middle, and the
corresponding deflection
sensor on the left (Meyer
1992)
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the most commonly used in the commercial
SPMs.

Almost all SPMs use piezo translators to scan
the sample or, alternatively, to scan the tip. An
electric field applied across a piezoelectric
material causes a change in the crystal structure,
with expansion in some directions and contrac-
tion in others. A net change in volume also
occurs (Ashcroft and Mermin 1976). The first
STM used a piezo tripod for scanning (Binnig
et al. 1982). The piezo tripod is one way to
generate three-dimensional movement of a tip
attached to its center. However, the tripod needs
to be fairly large (~50 mm) to get a suitable
range. Its size and asymmetric shape makes it
susceptible to thermal drift. Tube scanners are
widely used in AFMs (Binnig and Smith 1986).
These provide ample scanning range within a
small size. Control electronics systems for AFMs
can use either analog or digital feedback. Digital
feedback circuits are better suited for ultra-low
noise operation.

Images from AFMs need to be processed. An
ideal AFM is a noise free device that images a
sample with perfect tips of known shape and has
perfect linear scanning piezo. In reality, scanning
devices are affected by distortions for which
corrections must be made. The distortions can be
linear and nonlinear. Linear distortions mainly
result from imperfections in the machining of the
piezo translators, causing cross talk between the
Z-piezo to the X- and Y-piezos, and vice versa.
Nonlinear distortions mainly result because of
presence of hysteresis loop in piezoelectric
ceramics. These may also result if the scan fre-
quency approaches the upper frequency limit of
the X- and Y-drive amplifiers or the upper fre-
quency limit of the feedback loop (z-component).
In addition, electronic noise may be present in
the system. The noise is removed by digital fil-
tering in the real space (Park and Quate 1987) or
in the spatial frequency domain (Fourier space)
(Cooley and Tukey 1965).

Processed data consists of many tens of
thousands of points per plane (or data set). The
output of the first STM and AFM images were
recorded on an X-Y chart recorder, with z-value
plotted against the tip position in the fast scan

direction. Chart recorders have slow response so
computers are used for display of the data. The
data are displayed as wire mesh display or gray
scale display (with at least 64 shades of gray).

2.3.1 Binnig et al.’s Design

In the first AFM design developed by Binnig
et al. (1986), AFM images were obtained by
measurement of the force on a sharp tip created
by the proximity to the surface of the sample
mounted on a 3-D piezoelectric scanner. Tun-
neling current between STM tip and the backside
of the cantilever beam with attached tip was
measured to obtain the normal force. This force
was kept at a constant level with a feedback
mechanism. The STM tip was also mounted on a
piezoelectric element to maintain the tunneling
current at a constant level.

2.3.2 Commercial AFM

A review of early designs of AFMs is presented
by Bhushan (1999a). There are a large number of
commercial AFMs available on the market.
Major manufacturers of AFMs for use in ambient
environment are: Bruker Instruments, Inc. (for-
merly Digital Instruments Inc. and later Veeco
Instruments Inc.), Santa Barbara, California;
Agilent Technologies, Santa Clara, California,
Park Systems Corp., Suwon, Korea; Asylum
Research, Santa Clara, California; NT-MDT
Spectrum  Instruments, Moscow  Russia;
Nanosurf AF, Liestal, Switzerland; Seiko
Instruments, Japan; and Olympus, Japan. A ma-
jor manufacturer for AFM/STM:s for use in UHV
and low temperature (LT) environment is Scienta
Omicron GMBH, Taunusstein, Germany.

We describe here two typical commercial
AFMs—small sample and large sample AFMs—
for operation in the contact mode, produced by
Bruker Instruments, Santa Barbara, CA, with
scanning lengths ranging from about 0.7 pm (for
atomic resolution) to about 125 um (Alexander
et al. 1989; Bhushan and Ruan 1994; Ruan and
Bhushan 1994a, b). The original design of these
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AFMs comes from Meyer and Amer (1988).
Basically, the AFM scans the sample in a raster
pattern while outputting the cantilever deflection
error signal to the control station. The cantilever

Fig. 2.9 Principles of

operation of (a) a commercial
small sample AFM/FFM, and
(b) a large sample AFM/FFM

(a)

AFM signal
(A+B) - (C+D)
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deflection (or the force) is measured using laser
deflection technique, Fig. 2.9. The DSP in the
workstation controls the z-position of the piezo
based on the cantilever deflection error signal.
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The AFM operates in both the “constant height”
and “constant force” modes. The DSP always
adjusts the height of the sample under the tip
based on the cantilever deflection error signal,
but if the feedback gains are low, the piezo
remains at a nearly “constant height” and the
cantilever deflection data is collected. With the
high gains, the piezo height changes to keep the
cantilever deflection nearly constant (therefore
the force is constant) and the change in piezo
height is collected by the system.

To describe further the operation principles of
the small-sample commercial AFM shown in
Fig. 2.9a, the sample, generally no larger than
10 mm x 10 mm, is mounted on a PZT tube
scanner which consists of separate electrodes to
scan precisely the sample in the x-y plane in a
raster pattern, and to move the sample in the
vertical (z) direction. A sharp tip at the free end
of a flexible cantilever is brought in contact with
the sample. Features on the sample surface cause
the cantilever to deflect in the vertical and lateral
directions as the sample moves under the
tip. A laser beam from a diode laser (5 mW max
peak output at 670 nm) is directed by a prism
onto the back of a cantilever near its free end,
tilted downward at about 10° with respect to the
horizontal plane. The reflected beam from the
vertex of the cantilever is directed through a
mirror onto a quad photodetector (split pho-
todetector with four quadrants) (commonly
called position-sensitive detector or PSD, pro-
duced by Silicon Detector Corp., Camarillo,
California). The differential signal from the top
and bottom photodiodes provides the AFM sig-
nal, which is a sensitive measure of the cantilever
vertical deflection. Topographic features of the
sample cause the tip to deflect in the vertical
direction as the sample is scanned under the tip.
This tip deflection will change the direction of
the reflected laser beam, changing the intensity
difference between the top and bottom sets of
photodetectors (AFM signal). In the AFM oper-
ating mode called the height mode, for topo-
graphic imaging or for any other operation in
which the applied normal force is to be kept a
constant, a feedback circuit is used to modulate
the voltage applied to the PZT scanner to adjust

the height of the PZT. This ensures that the
cantilever vertical deflection (given by the
intensity difference between the top and bottom
detector), and consequently normal load, will
remain constant during scanning. The PZT
height variation is thus a direct measure of the
surface roughness of the sample.

In a large sample AFM, both force sensors
using optical deflection method and scanning unit
are mounted on the microscope head, Fig. 2.9b.
Because of vibrations added by cantilever
movement, lateral resolution of this design is
somewhat poorer than the design in Fig. 2.9a in
which the sample is scanned instead of cantilever
beam. The advantage of the large sample AFM is
that large samples can be measured readily.

Most AFMs can be used for topography
measurements in the so-called tapping mode
(intermittent contact mode), also referred to as
dynamic force microscopy in the amplitude
mode (AM) mentioned earlier. In the tapping
mode, during scanning over the surface, the
cantilever/tip assembly is sinusoidally vibrated
by a piezo mounted above it, and the oscillating
tip slightly taps the surface at the resonant fre-
quency of the cantilever (70-400 kHz) with a
constant (20-100 nm) oscillating amplitude
introduced in the vertical direction with a feed-
back loop keeping the average normal force
constant, Fig. 2.10. The oscillating amplitude is
kept large enough so that the tip does not get
stuck to the sample because of adhesive attrac-
tions. The tapping mode is used in topography
measurements to minimize effects of friction and
other lateral forces to measure topography of soft
surfaces.

Topographic measurements are made at any
scanning angle. At a first instance, scanning
angle may not appear to be an important
parameter. However, the friction force between
the tip and the sample will affect the topographic
measurements in a parallel scan (scanning along
the long axis of the cantilever). Therefore a
perpendicular scan may be more desirable.
Generally, one picks a scanning angle that gives
the same topographic data in both directions.
This angle may be slightly different than that for
the perpendicular scan.
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Fig. 2.10 Schematic of
tapping mode used for surface
roughness measurements
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For measurement of friction force being
applied at the tip surface during sliding, left hand
and right hand sets of quadrants of the pho-
todetector are used. In the so-called friction
mode, the sample is scanned back and forth in a
direction orthogonal to the long axis of the can-
tilever beam. A friction force between the sample
and the tip will produce a twisting of the can-
tilever. As a result, the laser beam will be
reflected out of the plane defined by the incident
beam and the beam reflected vertically from an
untwisted cantilever. This produces an intensity
difference of the laser beam received in the left
hand and right hand sets of quadrants of the
photodetector. The intensity difference between
the two sets of detectors (FFM signal) is directly

related to the degree of twisting and hence to the
magnitude of the friction force. This method
provides three-dimensional maps of friction
force. One problem associated with this method
is that any misalignment between the laser beam
and the photodetector axis introduces error in the
measurement. However, by following the pro-
cedures developed by Ruan and Bhushan
(1994a) in which the average FFM signal for the
sample scanned in two opposite directions is
subtracted from the friction profiles of each of the
two scans, the misalignment effect is eliminated.
By following the friction force calibration pro-
cedures developed by Ruan and Bhushan
(1994a), voltages corresponding to friction forces
can be converted to force units. The coefficient of
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friction is obtained from the slope of friction
force data measured as a function of normal
loads typically ranging from 10 to 150 nN. This
approach eliminates any contributions due to
adhesive forces (Bhushan et al. 1994). For cal-
culation of the coefficient of friction based on a
single point measurement, friction force should
be divided by the sum of applied normal load and
intrinsic adhesive force. Furthermore, note that
for a single asperity contact, the coefficient of
friction is not independent of load. For further
details, refer to a later section.

The tip is scanned in such a way that its tra-
jectory on the sample forms a triangular pattern,
Fig. 2.11. Scanning speeds in the fast and slow
scan directions depend on the scan area and scan
frequency. Scan sizes ranging from less than
I nm X 1 nm to 125 pum x 125 pm and scan
rates from less than 0.5-122 Hz typically can be
used. Higher scan rates are used for smaller scan
lengths. For example, scan rates in the fast and
slow scan directions for an area of 10 yum x 10
m scanned at 0.5 Hz are 10 pm/s and 20 nm/s,
respectively.

We now describe the construction of a small
sample AFM in more detail. It consists of three
main parts: the optical head that senses the can-
tilever deflection, a PZT tube scanner that con-
trols the scanning motion of the sample mounted
on its one end, and the base that supports the
scanner and head and includes circuits for the
deflection signal, Fig. 2.12a. The AFM connects
directly to a control system. The optical head

Fast scan direction Sl oo
\—_;:irecﬁon
.............. aommmm T
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.............. e

Fig. 2.11 Schematic of triangular pattern trajectory of
the AFM tip as the sample is scanned in two dimensions.
During imaging, data are recorded only during scans
along the solid scan lines

consists of laser diode stage, photodiode stage
preamp board, cantilever mount and its holding
arm, and deflection beam reflecting mirror,
Fig. 2.12b. The laser diode stage is a tilt stage
used to adjust the position of the laser beam
relative to the cantilever. It consists of the laser
diode, collimator, focusing lens, baseplate, and
the X and Y laser diode positioners. The posi-
tioners are used to place the laser spot on the end
of the cantilever. The photodiode stage is an
adjustable stage used to position the photodiode
elements relative to the reflected laser beam. It
consists of the split photodiode, the base plate,
and the photodiode positioners. The deflection
beam reflecting mirror is mounted on the upper
left in the interior of the head which reflects the
deflected beam toward the photodiode. The
cantilever mount is a metal (for operation in air)
or glass (for operation in water) block which
holds the cantilever firmly at the proper angle,
Fig. 2.12d. Next, the tube scanner consists of an
Invar cylinder holding a single tube made of
piezoelectric crystal which provides the neces-
sary three-dimensional motion to the sample.
Mounted on top of the tube is a magnetic cap on
which the steel sample puck is placed. The tube
is rigidly held at one end with the sample
mounted on the other end of the tube. The
scanner also contains three fine-pitched screws
which form the mount for the optical head. The
optical head rests on the tips of the screws which
are used to adjust the position of the head relative
to the sample. The scanner fits into the scanner
support ring mounted on the base of the micro-
scope, Fig. 2.12c. The stepper motor is con-
trolled manually with the switch on the upper
surface of the base and automatically by the
computer during the tip engage and tip-withdraw
processes.

The scan sizes available for these instruments
are 0.7, 12, and 125 pm. The scan rate must be
decreased as the scan size is increased. A maxi-
mum scan rate of 122 Hz can be used. Scan rates
of about 60 Hz should be used for small scan
lengths (0.7 um). Scan rates of 0.5-2.5 Hz
should be used for large scans on samples with
tall features. High scan rates help reduce drift,
but they can only be used on flat samples with
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Fig. 2.12 Schematics of a
commercial Multimode
AFM/FFM made by Bruker
Instruments Inc. (a) front
view, (b) optical head,

(c) base, and (d) cantilever
substrate mounted on

cantilever mount (not to scale)
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small scan sizes. Scan rate, or scanning speed in
length/time in the fast scan direction, is equal to
twice the scan length times the scan rate in Hz,
and in the slow direction, it is equal to scan
length times the scan rate in Hz divided by

Interlock Sensor

number of data points in the transverse direction.
For example, for 10 pm x 10 pm scan size
scanned at 0.5 Hz, the scan rates in the fast and
slow scan directions are 10 um/s and 20 nm/s,
respectively. Normally 256 x 256 data points
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Fig. 2.12 (continued) (c) Electrical
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are taken for each image. The lateral resolution at
larger scans is approximately equal to scan
length divided by 256. The piezo tube requires
x-y calibration, which is carried out by imaging
an appropriate calibration standard. Cleaved
graphite is used for small scan heads while
two-dimensional grids (a gold plating ruling) can
be used for longer range heads.
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Examples of AFM images of freshly-cleaved
highly-oriented pyrolytic (HOP) graphite and
mica surfaces are shown in Fig. 2.13 (Albrecht
and Quate 1987; Marti et al. 1987; Ruan and
Bhushan 1994b). Images with near atomic reso-
lution are obtained.

Force calibration mode is used to study
interaction between the cantilever and the sample
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Highly-oriented pyrolitic graphite

Fig. 2.13 Typical AFM images of freshly-cleaved
highly-oriented pyrolytic graphite and mica surfaces
taken using a square pyramidal SizNy tip

surface. In the force calibration mode, the X and
Y voltages applied to the piezo tube are held at
zero, and a sawtooth voltage is applied to the Z
electrode of the piezo tube, Fig. 2.14a. The force
measurement starts with the sample far away and
the cantilever in its rest position. As a result of
the applied voltage, the sample is moved up and
down relative to the stationary cantilever tip. As
the piezo moves the sample up and down, the
cantilever deflection signal from the photodiode
is monitored. The force-distance curve, a plot of
the cantilever tip deflection signal as a function
of the voltage applied to the piezo tube, is
obtained. Figure 2.14b shows a typical
force-distance curve showing the various features
of the curve. The arrow heads reveal the direction
of piezo travel. As the piezo extends, it

B. Bhushan and O. Marti

approaches the tip, which is at this point in free
air and hence shows no deflection. This is indi-
cated by the flat portion of the curve. As the tip
approaches the sample within a few nanometers
(point A), an attractive force exists between the
atoms of the tip surface and the atoms of the
sample surface. The tip is pulled towards the
sample and contact occurs at point B on the
graph. From this point on, the tip is in contact
with the surface and as the piezo further extends,
the tip gets further deflected. This is represented
by the sloped portion of the curve. As the piezo
retracts, the tip goes beyond the zero deflection
(flat) line into the adhesive regime because of
attractive forces (van der Waals forces and long
range meniscus forces). At point C in the graph,
the tip snaps free of the adhesive forces, and is in
free air again. The horizontal distance between
points B and C along the retrace line gives the
distance moved by the tip in the adhesive regime.
This distance multiplied by the stiffness of the
cantilever gives the adhesive force. Incidentally,
the horizontal shift between the loading and
unloading curves results from the hysteresis in
the PZT tube (Bhushan 1999a).

2.3.2.1 Multimode Capabilities

The multimode AFM can be used for topography
measurements in the contact mode and AM or
tapping, mode as described earlier. It also can be
used for measurements of lateral (friction) force,
electric force gradients, and magnetic force
gradients.

The multimode AFM using a grounded con-
ducting tip can measure electric field gradients by
oscillating the tip near its resonant frequency.
When the lever encounters a force gradient from
the electric field, the effective spring constant of
the cantilever is altered, changing its resonant
frequency. Depending on which side of the res-
onance curve is chosen, the oscillation amplitude
of the cantilever increases or decreases due to the
shift in the resonant frequency. By recording the
amplitude of the cantilever, an image revealing
the strength of the electric field gradient is
obtained.

In a magnetic force microscope (MFM) used
with a magnetically-coated tip, static cantilever
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Fig. 2.14 (a) Force
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deflection is detected that occurs when a mag-
netic field exerts a force on the tip and the MFM
images of magnetic materials can be produced.
MFM sensitivity can be enhanced by oscillating
the cantilever near its resonant frequency. When
the tip encounters a magnetic force gradient, the
effective spring constant, and hence the resonant
frequency, is shifted. By driving the cantilever
above or below the resonant frequency, the
oscillation amplitude varies as the resonance
shifts. An image of magnetic field gradients is
obtained by recording the oscillation amplitude
as the tip is scanned over the sample.
Topographic information is separated from the
electric field gradients and magnetic field images
by using a so-called lift mode. Measurements in
lift mode are taken in two passes over each scan
line. On the first pass, topographical information
is recorded in the standard tapping mode where
the oscillating cantilever lightly taps the surface.

On the second pass, the tip is lifted to a
user-selected separation (typically 20-200 nm)
between the tip and local surface topography. By
using the stored topographical data instead of the
standard feedback, the separation remains con-
stant without sensing the surface. At this height,
cantilever amplitudes are sensitive to electric field
force gradients or relatively weak but long-range
magnetic forces without being influenced by
topographic features. Two-pass measurements
are taken for every scan line, producing separate
topographic and magnetic force images.

2.3.2.2 Electrochemical AFM

This option allows study of electrochemical
reactions in the AFM. It includes a potentiostat, a
fluid cell with a transparent cantilever holder and
electrodes, and the software required to operate
the potentiostat and display the results of the
electrochemical reaction.
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2.3.3 AFM Probe Construction

Various probes (cantilevers and tips) are used for
AFM studies. The cantilever stylus used in the
AFM should meet the following criteria: (1) low
normal spring constant (stiffness), (2) a high
resonant frequency, (3) a high quality factor of
the cantilever Q, (4) high lateral spring constant
(stiffness), (5) short cantilever length, (6) incor-
poration of components (such as mirror) for
deflection sensing, and (7) a sharp protruding tip
(Albrecht et al. 1990). In order to register a
measurable deflection with small forces, the
cantilever must flex with a relative low force (on
the order of few nN) requiring vertical spring
constants of 1072 to 10? N/m for atomic resolu-
tion in the contact profiling mode. The data rate
or imaging rate in the AFM is limited by the
mechanical resonant frequency of the cantilever.
To achieve a large imaging bandwidth, the AFM
cantilever should have resonant frequency
greater than about 10 kHz (preferably 30—
100 kHz) in order to make the cantilever the least
sensitive part of the system. Fast imaging rates
are not just a matter of convenience, since the
effects of thermal drifts are more pronounced
with slow-scanning speeds. The combined
requirements of a low spring constant and a high
resonant frequency is met by reducing the mass
of the cantilever. The quality factor Q (=®g/(c/m)
where g is the resonant frequency of the
damped oscillator, c is the damping constant, and
m is the mass of the oscillator) should have a
high value for some applications. For example,
resonance curve detection is a sensitive modu-
lation technique for measuring small force gra-
dients in noncontact imaging. Increasing the Q
increases the sensitivity of the measurements.
Mechanical Q values of 100—1000 are typical. In
contact modes, Q is less important. A high lateral
spring constant in the cantilever is desirable to
reduce the effect of lateral forces in the AFM as
frictional forces can cause appreciable lateral
bending of the cantilever. Lateral bending results
in error in the topography measurements. For
friction measurements, cantilevers with less lat-
eral rigidity are preferred. A sharp protruding tip
must be formed at the end of the cantilever to
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provide a well-defined interaction with the sam-
ple over a small area. The tip radius should be
much smaller than the radii of corrugations in the
sample in order for these to be measured accu-
rately. The lateral spring constant depends criti-
cally on the tip length. Additionally, the tip
should be centered at the free end.

In the past, cantilevers have been cut by hand
from thin metal foils or formed from fine wires.
Tips for these cantilevers were prepared by
attaching diamond fragments to the ends of the
cantilevers by hand, or, in the case of wire can-
tilevers, electrochemically etching the wire to a
sharp point. Several cantilever geometries for
wire cantilevers have been used. The simplest
geometry is the L-shaped cantilever, usually
made by bending a wire at a 90° angle. Other
geometries include single-V and double-V
geometries with a sharp tip attached at the apex
of V, and double-X configuration with a sharp tip
attached at the intersection (Marti et al. 1988;
Burnham and Colton 1989). These cantilevers
can be constructed with high vertical spring
constants. For example, a double-cross cantilever
with an effective spring constant of 250 N/m was
used by Burnham and Colton (1989). The small
size and low mass needed in the AFM make hand
fabrication of the cantilever a difficult process
with poor reproducibility. Conventional micro-
fabrication techniques are ideal for constructing
planar thin-film structures which have submicron
lateral dimensions. Triangular (V-shaped) can-
tilevers have improved (higher) lateral spring
constants in comparison to rectangular can-
tilevers. In terms of spring constants, triangular
cantilevers are approximately equivalent to two
rectangular cantilevers in parallel (Albrecht et al.
1990). Although the macroscopic radius of a
photolithographically patterned corner is seldom
much less than about 50 nm, microscopic
asperities on the etched surface provide tips with
near atomic dimensions.

Cantilevers and tips have been used from a
whole range of materials. Most common are
cantilevers/tips made of SizNy, Si, and stainless
steel/diamond. Besides the geometry, the mate-
rial parameters that determine the resonant fre-
quency of the cantilever are Young’s modulus
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Table 2.2 Relevant properties of commonly used materials for cantilevers and diamond used in the some tips

Property Diamond (for tips)
Young’s Modulus (E) (GPa) 900-1050

Density (pg) (kg/m®) 3515
Microhardness (GPa) 78.4-102

Speed of sound (\/E%) (m/s) 17,000

and density. Table 2.2 shows the relevant prop-
erties of commonly used materials and the speed
of sound, indicative of the resonant frequency for
a cantilever beam. Hardness is important to judge
the durability of the tips, and is also listed in the
table. Materials used for STM cantilevers are also
included.

Silicon nitride cantilevers with integrated tips
are less expensive than those made of other
materials. They are very rugged and well suited
to imaging in almost all environments. They are
especially compatible to organic and biological
materials. Microfabricated silicon nitride trian-
gular beams with integrated square pyramidal
tips made of plasma-enhanced chemical vapor
deposition (PECVD) are the most commonly
used (Albrecht et al. 1990). Figure 2.15a shows a
schematic example of four cantilever beams, each
with different sizes and spring constants, arran-
ged in pairs, attached to a borosilicate glass
substrate (Pyrex) and marketed by various man-
ufacturers including Bruker Instruments, Inc.
Each pair of triangular cantilevers measures 115
and 193 pm from the substrate to the apex, with
base widths of 122 and 205 pum respectively.
These cantilevers are commercially available
with wide (top) and narrow (bottom) legs, all in
the same thickness of 0.6 pm. Calculated spring
constant and measured natural frequencies for
each of the configurations are listed in Table 2.3.
The most commonly used cantilever beam is the
115 pm-long, wide-legged cantilever (vertical
spring constant = 0.58 N/m). Cantilevers with
smaller spring constants should be used on softer
samples. Pyramidal tips are highly symmetric
with ends having a radius of about 20-50 nm.
The tip side walls have a slope of 35° and the
length of the edges of the tip at the cantilever
base is about 4 um.

55
SisNy Si Stainless steel W Ir
310 130-188 210 350 530
3180 2330 8050 19,310 -
19.6 9-10 2-4 32 ~3
9900 8200 5080 4250 5300

An alternative to silicon nitride cantilevers
with integrated tips are microfabricated
single-crystal silicon cantilevers with integrated
tips. Si tips are sharper than Si3N, tips because
they are directly formed by the anisotropic etch
in single-crystal Si rather than using an etch pit
as a mask for deposited materials (Wolter et al.
1991). Etched single-crystal n-type silicon rect-
angular cantilevers with square pyramidal tips
with a lower radius of less than 10 nm for contact
and tapping mode (tapping mode etched silicon
probe or TESP) AFMs are commercially avail-
able from various manufacturers including Bru-
ker Instruments, Inc., Fig.2.15b. Spring
constants and resonant frequencies are also pre-
sented in the Fig. 2.15b.

Commercial triangular SizN, cantilevers have
a typical width-thickness ratio of 10-30, which
results in 100—1000 times stiffer spring constants
in the lateral direction compared to the normal
direction. Therefore these cantilevers are not well
suited for torsion. For friction measurements, the
torsional spring constant should be minimized in
order to be sensitive to lateral forces. Rather long
cantilevers with small thicknesses and large tip
lengths are most suitable. Rectangular beams
have lower torsional spring constants in com-
parison to the triangular (V-shaped) cantilevers.
Table 2.4 lists the spring constants (with full
length of the beam used) in three directions of
typical rectangular beams. We note that lateral
and torsional spring constants are about two
orders of magnitude larger than the normal
spring constants. A cantilever beam required for
the tapping mode is quite stiff and may not be
sensitive enough for friction measurements.
Meyer et al. (1992) used a specially designed
rectangular silicon cantilever with length = 200
m, width =21 pm, thickness = 0.4 pm, tip
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Fig. 2.15 Schematics of (a) triangular cantilever beam with square pyramidal tips made of PECVD Si3Ny,
(b) rectangular cantilever beams with square pyramidal tips made of etched single-crystal silicon, and (c) rectangular
cantilever stainless steel beam with three-sided pyramidal natural diamond tip
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Table 2.3 Measured vertical spring constants and natural frequencies of triangular (V-shaped) cantilevers made of

PECVD Si3N, (Data provided by Bruker Instruments, Inc.)

Cantilever dimension

115 pm long, narrow leg 0.38
115 pm long, wide leg 0.58
193 pm long, narrow leg 0.06
193 pum long, wide leg 0.12

Spring constant (k,) (N/m)

Natural frequency (@) (kHz)
40

40

13-22

13-22

Table 2.4 Vertical (k,), lateral (ky), and torsional (kyr) spring constants of rectangular cantilevers made of Si

(IBM) and PECVD Si;N, (Bruker Instruments, Inc.)

Dimensions/stiffness Si cantilever

Length (L) (um) 100
Width (b) (um) 10
Thickness (h) (pm) 1
Tip length (¢) (um) 5

k, (N/m) 0.4
ky (N/m) 40
kyr (N/m) 120
o (kHz) ~90

Si3;Ny cantilever
100

20

0.6

3

0.15

175

116

~65

Note k, = Ebh*/4L?, k, = Eb’h/4£>, k,r = Gbh*/3L¢2, and o, = [k,/(m, + 0.24 bhLp)]"* where E is Young’s modulus,
G is the modulus of rigidity [=E/2(1 + v), where v is the Poisson’s ratio], p is the mass density of the cantilever, and m,
is the concentrated mass of the tip (~4 ng) (Sarid and Elings 1991). For Si, E = 130 GPa, pg = 2300 kg/m?, and
v = 0.3. For Si3Ny, E = 150 GPa, pg = 3100 kg/m3, and v=0.3

length = 12.5 pm, and shear modulus = 50 GPa,
giving a normal spring constant of 0.007 N/m
and torsional spring constant of 0.72 N/m which
gives a lateral force sensitivity of 10 pN and an
angle of resolution of 107’ rad. With this par-
ticular geometry, sensitivity to lateral forces
could be improved by about a factor of 100
compared with commercial V-shaped Si;N4 or
rectangular Si or SizN, cantilevers used by
Meyer and Amer (1990b) with torsional spring
constant of ~ 100 N/m. Ruan and Bhushan
(1994a) and Bhushan and Ruan (1994) used
115 pm-long, wide-legged V-shaped cantilevers
made of SisN, for friction measurements.

For scratching, wear, and indentation studies,
single-crystal natural diamond tips ground to the
shape of a three-sided pyramid with an apex
angle of either 60° or 80° whose point is sharp-
ened to a radius of about 100 nm are commonly
used (Bhushan et al. 1994; Bhushan 1999a)

(Fig. 2.15c). The tips are bonded with conduc-
tive epoxy to a gold-plated 304 stainless steel
spring sheet (length = 20 mm, width = 0.2 mm,
thickness = 20-60 pm) which acts as a can-
tilever. Free length of the spring is varied to
change the beam stiffness. The normal spring
constant of the beam ranges from about 5 to
600 N/m for a 20 pum thick beam. The tips are
produced by various manufacturers including
R-DEC Co., Tsukuba, Japan. SEM micrographs
of silicon nitride, single-crystal silicon, and nat-
ural diamond tips are shown in Fig. 2.16.

For imaging within trenches by AFM, high
aspect ratio tips are used. Examples of the two
probes are shown in Fig. 2.17. The high-aspect
ratio tip (Hart) probes are produced by starting
with a conventional Si;N; pyramidal probe.
Through a combination of focused ion beam
(FIB) and high-resolution scanning electron
microscopy (SEM) techniques, a thin filament is
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l 2 um |

Square pyramidal silicon nitride tip

| | 5 um |
Square pyramidal single-crystal
silicon tip

Three-sided pyramidal
natural diamond tip

Fig. 2.16 SEM micrographs of a square-pyramidal
PECVD SizN, tip, a square pyramidal etched
single-crystal silicon tip, and a three-sided pyramidal
natural diamond tip

grown at the apex of the pyramid. The probe
filament is approximately 1 pm long and 0.1 pm
in diameter. It tapers to an extremely sharp point
(radius better than the resolution of most SEMs).
The long thin shape and sharp radius make it
ideal for imaging within “vias” of microstruc-
tures and trenches (>0.25 pum). Because of flex-
ing of the probe, it is unsuitable for imaging
structures at the atomic level since the flexing of
the probe can create image artifacts. For
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(b)

Fig. 2.17 Schematics of (a) HART Si;N, probe, and
(b) FIB milled SizN, probe

atomic-scale imaging, a FIB-milled probe is used
which is relatively stiff yet allows for closely
spaced topography. These probes start out as
conventional SizN, pyramidal probes but the
pyramid is FIB milled until a small cone shape is
formed which has a high aspect ratio with 0.2—
0.3 um in length. The milled probes allow
nanostructure resolution without sacrificing
rigidity.

Carbon nanotube tips having small diameter
and high aspect ratio are used for high resolution
imaging of surfaces and of deep trenches, in the
tapping mode or noncontact mode. Single-walled
carbon nanotubes (SWNT) are microscopic gra-
phitic cylinders that are 0.7-3 nm in diameter
and up to many microns in length. Larger
structures called multi-walled carbon nanotubes
(MWNT) consist of nested, concentrically
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Fig. 2.18 SEM micrograph of a multi-walled carbon
nanotube (MWNT) tip physically attached on the
single-crystal silicon, square-pyramidal tip (Courtesy
Piezomax Technologies, Inc.)

arranged SWNT and have diameters ranging
from 3 to 50 nm. MWNT carbon nanotube AFM
tips are produced by manual assembly (Dai et al.
1996), chemical vapor deposition (CVD) syn-
thesis, and hybrid fabrication process (Hafner
et al. 2001). Figure 2.18 shows a TEM micro-
graph of a carbon nanotube tip, ProbeMax™,
commercially produced by mechanical assembly
by Piezomax Technologies, Inc., Middleton,
Wisconsin. For production of these tips, MWNT
nanotubes are produced by carbon arc. They are
physically attached on single-crystal silicon
square-pyramidal tips in the SEM using a
manipulator and the SEM stage to control the
nanotubes and the tip independently. Once the
nanotube is attached to the tip, it is usually too
long to image with. It is shortened using an AFM
applying voltage between the tip and the sample.
Nanotube tips are also commercially produced
by CVD synthesis by NanoDevices, Santa Bar-
bara, California.

2.3.4 Friction Measurement Methods

Based on the work by Ruan and Bhushan
(1994a), the two methods for friction measure-
ments are now described in more detail. (Also
see, Meyer and Amer 1990b; Palacio and
Bhushan 2010.) A scanning angle is defined as
the angle relative to the y-axis in Fig. 2.19a. This
is also the long axis of the cantilever. A zero

degree scanning angle corresponds to the sample
scanning in the y direction, and a 90° scanning
angle corresponds to the sample scanning per-
pendicular to this axis in the xy plane (along the
x axis). If the scanning direction is in both y and -
y directions, we call this “parallel scan”. Simi-
larly, a “perpendicular scan” means the scanning
direction is in x and —x directions. The sample
traveling direction for each of these two methods
is illustrated in Fig. 2.19b.

In the method 1 (using “height” mode with
parallel scans) in addition to topographic imag-
ing, it is also possible to measure friction force
when the scanning direction of the sample is
parallel to y direction (parallel scan). If there
were no friction force between the tip and the
moving sample, the topographic feature would
be the only factor which cause the cantilever to
be deflected vertically. However, friction force
does exist on all contact surfaces where one
object is moving relative to another. The friction
force between the sample and the tip will also
cause a cantilever deflection. We assume that the
normal force between the sample and the tip is
W, when the sample is stationary (W is typi-
cally in the range of 10 nN-200 nN), and the
friction force between the sample and the tip is
W; as the sample scans against the tip. The
direction of friction force (Wy) is reversed as the
scanning direction of the sample is reversed from
the positive (y) to the negative (—y) direction
— —

Wrw = =Wy

When the vertical cantilever deflection is set
at a constant level, it is the total force (normal
force and friction force) applied to the cantilever
that keeps the cantilever deflection at this level.
Since the friction force is in opposite directions
as the traveling direction of the sample is
reversed, the normal force will have to be
adjusted accordingly when the sample reverses
its traveling direction, so that the total deflection
of the cantilever will remain the same. We can
calculate the difference of the normal force
between the two traveling directions for a given
friction force W;. First, by means of a constant
deflection, the total moment applied to the can-
tilever is constant. If we take the reference point
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Fig. 2.19 (a) Schematic defining the x- and y-directions relative to the cantilever, and showing the sample traveling
direction in two different measurement methods discussed in the text, (b) schematic of deformation of the tip and
cantilever shown as a result of sliding in the x- and y-directions. A twist is introduced to the cantilever if the scanning is

in the x-direction (b, right) (Ruan and Bhushan 1994a)

to be the point where the cantilever joins the
cantilever holder (substrate), point P in Fig. 2.20,
we have the following relationship:

(W() — AWl)L+ Wfﬁ = (WO —|—AW2)L — ng

(2.1)
or
(AW, + AW,)L = 2Wyt (2.2)
Thus
W = (AW, +AW,) /2L (2.3)

where AW, and AW, are the absolute value of
the changes of normal force when the sample is
traveling in —y and y directions, respectively, as
shown in Fig. 2.20; L is the length of the can-
tilever; and / is the vertical distance between the
end of the tip and point P. The coefficient of
friction (L) between the tip and the sample is then
given as

In all circumstances, there are adhesive and
interatomic  attractive forces between the
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Fig. 2.20 a Schematic
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cantilever tip and the sample. The adhesive force
can be due to water from the capillary conden-
sation and other contaminants present at the
surface which form meniscus bridges (Blackman
et al. 1990; O’Shea et al. 1992; Bhushan 1999a)
and the interatomic attractive force includes van

H
(AW1+ AW2)= k(AH1+ AH2)
—_—
[}
E Ho™ AH (AH1+ AH?)
o

Sliding distance y
Fig. 2.21 Schematic illustration of the height difference
of the piezoelectric tube scanner as the sample is scanned
in y and —y directions

der Waals attraction (Burnham et al. 1991). If
these forces (and indentation effect as well,
which is usually small for rigid samples) can be
neglected, the normal force W, is then equal to
the initial cantilever deflection Hy multiplied by
the spring constant of the cantilever. (AW, +
W,) can be measured by multiplying the same
spring constant by the height difference of the
piezo tube between the two traveling directions
(y and —y directions) of the sample. This height
difference is denoted as (AH; + AH,), shown
schematically in Fig. 2.21. Thus, Eq. (2.4) can
be rewritten as

[

Since the piezo tube vertical position is
affected by the surface topographic profile of the
sample in addition to the friction force being
applied at the tip, this difference has to be taken
point by point at the same location on the sample

Wy

W (2.5)
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surface as shown in Fig. 2.21. Subtraction of
point by point measurements may introduce
errors, particularly for rough samples. We will
come back to this point later. In addition, precise
measurement of L. and ¢ (which should include
the cantilever angle) are also required.

If the adhesive forces between the tip and the
sample are large enough that it can not be
neglected, one should include it in the calcula-
tion. However, there could be a large uncertainty
in determining this force, thus an uncertainty in
using Eq. (2.5). An alternative approach is to
make the measurements at different normal loads
and to use A(Hy) and A (AH; + AH,) from the
measurements in Eq. (2.5). Another comment on
Eq. (2.5) is that, since only the ratio between
(AH; + AH,) and H, comes into this equation,
the piezo tube vertical position Hy and its posi-
tion difference (AH; + AH,) can be in the units
of volts as long as the vertical traveling distance
of the piezo tube and the voltage applied to it has
a linear relationship. However, if there is a large
nonlinearity between the piezo tube traveling
distance and the applied voltage, this nonlinearity
must be included in the calculation.

It should also be pointed out that, Egs. (2.4)
and (2.5) are derived under the assumption that
the friction force W is the same for the two
scanning directions of the sample. This is an
approximation since the normal force is slightly
different for the two scans and there may also be
a directionality effect in friction. However, this
difference is much smaller than W, itself. We can
ignore the second order correction.

Method 2 (“aux” mode with perpendicular
scan) to measure friction was suggested by
Meyer and Amer (1990b). The sample is scanned
perpendicular to the long axis of the cantilever
beam (i.e., to scan along the x or —x direction in
Fig. 2.19a) and the output of the horizontal two
quadrants of the photodiode-detector is mea-
sured. In this arrangement, as the sample moves
under the tip, the friction force will cause the
cantilever to twist. Therefore the light intensity
between the left and right (L and R in Fig. 2.19b,
right) detectors will be different. The differential
signal between the left and right detectors is
denoted as FFM signal [(L — R)/(L + R)]. This
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signal can be related to the degree of twisting,
hence to the magnitude of friction force. Again,
because of a possible error in determining normal
force due to the presence of an adhesive force at
the tip-sample interface, the slope of the friction
data (FFM signal vs. normal load) needs to be
taken for an accurate value of coefficient of
friction.

While friction force contributes to the FFM
signal, friction force may not be the only con-
tributing factor in commercial FFM instruments.
One can notice this fact by simply engaging the
cantilever tip with the sample. Before engaging,
the left and right detectors can be balanced by
adjusting the position of the detectors so that the
intensity difference between these two detectors
is zero (FFM signal is zero). Once the tip is
engaged with the sample, this signal is no longer
zero even if the sample is not moving in the xy
plane with no friction force applied. This would
be a detrimental effect. It has to be understood
and eliminated from the data acquisition before
any quantitative measurement of friction force
becomes possible.

One of the fundamental reasons for this
observation is the following. The detectors may
not have been properly aligned with respect to
the laser beam. To be precise, the vertical axis of
the detector assembly (the line joining T-B in
Fig. 2.22) is not in the plane defined by the
incident laser beam and the beam reflected from
an untwisted cantilever (we call this plane “beam
plane”). When the cantilever vertical deflection
changes due to a change of applied normal force
(without having the sample scanned in the xy
plane), the laser beam will be reflected up and
down and form a projected trajectory on the
detector. (Note that this trajectory is in the
defined beam plane). If this trajectory is not
coincident with the vertical axis of the detector,
the laser beam will not evenly bisect the left and
right quadrants of the detectors, even under the
condition of no torsional motion of the can-
tilever, see Fig. 2.22. Thus when the laser beam
is reflected up and down due a change of the
normal force, the intensity difference between the
left and right detectors will also change. In other
words, the FFM signal will change as the normal
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Fig. 2.22 The trajectory of the laser beam on the
photodetectors in as the cantilever is vertically deflected
(with no torsional motion) for a misaligned photodetector
with respect to the laser beam. For a change of normal
force (vertical deflection of the cantilever), the laser beam
is projected at a different position on the detector. Due to a
misalignment, the projected trajectory of the laser beam
on the detector is not parallel with the detector vertical
axis (the line joint T-B) (Ruan and Bhushan 1994a)

force applied to the tip is changed, even if the tip
is not experiencing any friction force. This
(FFM) signal is unrelated to friction force or to
the actual twisting of the cantilever. We will call
this part of FFM signal “FFME,” and the part
which is truly related to friction force “FFMry”.

The FFME signal can be eliminated. One way
of doing this is as follows. First the sample is
scanned in both x and —x directions and the FFM
signal for scans in each direction is recorded.
Since friction force reverses its directions when
the scanning direction is reversed from x to —x
direction, the FFMr signal will have opposite
signs as the scanning direction of the sample is
reversed (FFMt (x) = —FFMt (—x)). Hence, the
FFMr signal will be canceled out if we take the
sum of the FFM signals for the two scans. The
average value of the two scans will be related to
FFME due to the misalignment,

FFM(x) + FFM(—x) = 2FFMp. (2.6)
This value can therefore be subtracted from
the original FFM signals of each of these two
scans to obtain the true FFM signal (FFMry). Or,
alternately, by taking the difference of the two
FFM signals, one directly gets the FFMr value

FFM(x) — FFM(—x) = FFMy(x) — FFM7(—x)
= 2FFMy(x)

(2.7)

Ruan and Bhushan (1994a) have been shown
that error signal (FFMp) can be very large com-
pared to friction signal FFMr, thus correction is
required.

Now we compare the two methods. The
method of using “height” mode and parallel scan
(method 1) is very simple to use. Technically,
this method can provide 3D friction profiles and
the corresponding topographic profiles. How-
ever, there are some problems with this method.
Under most circumstances, the piezo scanner
displays a hysteresis when the traveling direction
of the sample is reversed. Therefore the mea-
sured surface topographic profiles will be shifted
relative to each other along the y-axis for the two
opposite (y and —y) scans. This would make it
difficult to measure the local height difference of
the piezo tube for the two scans. However, the
average height difference between the two scans
and hence the average friction can still be mea-
sured. The measurement of average friction can
serve as an internal means of friction force cali-
bration. Method 2 is a more desirable approach.
The subtraction of FFMg signal from FFM for
the two scans does not introduce error to local
friction force data. An ideal approach in using
this method would be to add the average value of
the two profiles in order to get the error com-
ponent (FFMg) and then subtract this component
from either profiles to get true friction profiles in
either directions. By making measurements at
various loads, we can get the average value of the
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coefficient of friction which then can be used to
convert the friction profile to the coefficient of
friction profile. Thus any directionality and local
variations in friction can be easily measured. In
this method, since topography data are not
affected by friction, accurate topography data can
be measured simultaneously with friction data
and better localized relationship between the two
can be established.

2.3.5 Normal Force and Friction Force
Calibrations of Cantilever
Beams

Based on Ruan and Bhushan (1994a), we now
discuss normal force and friction force calibra-
tions. In order to calculate the absolute value of
normal and friction forces in Newtons using the
measured AFM and FFMt voltage signals, it is
necessary to first have an accurate value of the
spring constant of the cantilever (k.). The spring
constant can be calculated using the geometry
and the physical properties of the cantilever
material (Albrecht et al. 1990; Meyer and Amer
1990b; Sarid and Elings 1991). However, the
properties of the PECVD SizN, (used in

Fig. 2.23 Illustration
showing the deflection of
cantilever as it is pushed by

(@)
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fabricating cantilevers) could be different from
those of bulk material. For example, by using an
ultrasonic measurement, we found the Young’s
modulus of the cantilever beam to be about
238 + 18 GPa which is less than that of bulk
SisNy (310 GPa). Furthermore the thickness of
the beam is nonuniform and difficult to measure
precisely. Since the stiffness of a beam goes as
the cube of thickness, minor errors in precise
measurements of thickness can introduce sub-
stantial stiffness errors. Thus one should experi-
mentally measure the spring constant of the
cantilever. Cleveland et al. (1993) measured the
normal spring constant by measuring resonant
frequencies of the beams.

For normal spring constant measurement,
Ruan and Bhushan (1994a) used a stainless steel
spring sheet of known stiffness (width = 1.35
mm, thickness = 15 um, free hanging length =
5.2 mm). One end of the spring was attached to
the sample holder and the other end was made to
contact with the cantilever tip during the mea-
surement, see Fig. 2.23. They measured the
piezo traveling distance for a given cantilever
deflection. For a rigid sample (such as diamond),
the piezo traveling distance Z, (measured from
the point where the tip touches the sample)

Cantilever kc

(a) a rigid sample or by (b) a Sample L
flexible spring sheet (Ruan traveling Z )
and Bhushan 1994a) distance

—

—l Rigid sample

Sample
travehng
distance

Cantilever ke

e E—

] Flexible spring ks

Sample

holder

PZT tube scanner
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should equal the cantilever deflection. To keep
the cantilever deflection at the same level using a
flexible spring sheet, the new piezo traveling
distance Z, would be different from Z,. The dif-
ference between Z, and Z, corresponds to the
deflection of the spring sheet. If the spring con-
stant of the spring sheet is k., the spring constant
of the cantilever k. can be calculated by

(Zt/ - Zr)ks =Z k.

or

kS (Zﬂ - Z[)

ke =
Z

(2.8)

The spring constant of the spring sheet (k)
used in this study is calculated to be 1.54 N/m.
For a wide-legged cantilever used in our study
(length = 115 pm, base width = 122 pm, leg
width = 21 pum, and thickness = 0.6 um), k. was
measured to be 0.40 N/m instead of 0.58 N/m
reported by its manufacturer—Digital Instru-
ments Inc. To relate photodiode detector output to
the cantilever deflection in nm, they used the
same rigid sample to push against the AFM
tip. Since for a rigid sample the cantilever vertical
deflection equals the sample traveling distance
measured from the point where the tip touches the
sample, the photodiode output as the tip is pushed
by the sample can be converted directly to can-
tilever deflection. For these measurements, they
found the conversion factor to be 20 nm/V.

The normal force applied to the tip can be
calculated by multiplying the cantilever vertical
deflection by the cantilever spring constant for
samples which have very small adhesive force
with the tip. If the adhesive force between the
sample and the tip is large, it should be included
in the normal force calculation. This is particu-
larly important in atomic-scale force measure-
ment because in this region, the typical normal
force that is measured is in the range of a few
hundreds of nN to a few mN. The adhesive force
could be comparable to the applied force.

The conversion of friction signal (from FFMr¢
to friction force) is not as straightforward. For
example, one can calculate the degree of twisting

for a given friction force using the geometry and
the physical properties of the cantilever (Meyer
and Amer 1988; O’Shea et al. 1992). One would
need the information on the detectors such as the
quantum efficiency of the detector, the laser
power, the instrument’s gain, etc. in order to be
able convert the signal into the degree of twist-
ing. Generally speaking, this procedure cannot be
accomplished without having some detailed
information about the instrument. This informa-
tion is not usually provided by the manufactures.
Even if this information is readily available, error
may still occur in using this approach because
there will always be variations as a result of the
instrumental set up. For example, it has been
noticed that the measured FFMr signal could be
different for the same sample when different
AFM microscopes of the same kind are used.
The essence is that, one cannot calibrate the
instrument experimentally using this calculation.
O’Shea et al. (1992) did perform a calibration
procedure in which the torsional signal was
measured as the sample is displaced a known
distance laterally while ensuring that the tip does
not slide over the surface. However, it is difficult
to verify if the tip sliding does not occur.
Apparently, a new method of calibration is
required. There is a more direct and simpler way
of doing this. The first method described (method
1) to measure friction can directly provide an
absolute value of coefficient of friction. It can
therefore be used just as an internal means of
calibration for the data obtained using method 2.
Or for a polished sample which introduces least
error in friction measurement using method 1,
method 1 can be used to obtain calibration for
friction force for method 2. Then this calibration
can be used for measurement on all samples
using method 2. In method 1, the length of the
cantilever required can be measured using an
optical microscope; the length of the tip can be
measured using a scanning electron microscope.
The relative angle between the cantilever and the
horizontal sample surface can be measured
directly. Thus the coefficient of friction can be
measured with few unknown parameters. The
friction force can then be calculated by
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multiplying the coefficient of friction by the
normal load. The FFMt signal obtained using
method 2 can then be converted into friction
force. For their instrument, they found the con-
version to be 8.6 nN/V.

2.4 AFM Instrumentation
and Analyses

The performance of AFMs and the quality of
AFM images greatly depend on the instrument
available and the probes (cantilever and tips) in
use. This section describes the mechanics of
cantilevers, instrumentation and analysis of force
detection systems for cantilever deflections, and
scanning and control systems.

2.4.1 The Mechanics of Cantilevers

Stiffness and Resonances

of Lumped Mass Systems
Any one of the building blocks of an AFM, be it
the body of the microscope itself or the force
measuring cantilevers, are mechanical resonators.
These resonances can be excited either by the
surrounding or by the rapid movement of the tip
or the sample. To avoid problems due to building
or air induced oscillations, it is of paramount
importance to optimize the design of the AFMs
for high resonant frequencies. This usually
means to decrease the size of the microscope
(Pohl 1986). By using cube-like or sphere-like
structures for the microscope, one can consider-
ably increase the lowest eigen-frequency. The
fundamental natural frequency, oy, of any spring
is given by

24.1.1

1 k
wy = —
0 21\ mey

(2.9)

where k is the spring constant (stiffness) in the
normal direction and m.g is the effective mass.
The spring constant k of a cantilever beam with
uniform cross section (Fig. 2.24) is given by
(Thomson and Dahleh 1998)

B. Bhushan and O. Marti

Fig. 2.24 A typical AFM cantilever with length L, width
b, and height h. The height of the tip is £. The material is
characterized by Young’s modulus E, the shear modulus
G and a mass density p. Normal (F,), axial (Fy), and
lateral (Fy) forces exist at the end of the tip

(2.10)

where E is the Young’s modulus of the material,
L is the length of the beam and I is the moment
of inertia of the cross section. For a rectangular
cross section with a width b (perpendicular to the
deflection) and a height h one obtains an
expression for [

3
,_bh

== (2.11)

Combining Egs. (2.9), (2.10) and (2.11) we
get an expression for mg

o | EDI?
0= 4L3me/f

The effective mass can be calculated using
Raleigh’s method. The general formula using
Raleigh’s method for the kinetic energy T of a

bar is
1 fm02(0)\2
m rd e
T—a/z( az)dx
0

For the case of a uniform beam with a con-
stant cross section and length L one obtains for
the deflection 2(x) = zZmax[l — (Bx/2L) +

(2.12)

(2.13)
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(x*/2L3)]. Inserting Zp. into Eq. (2.13) and
solving the integral gives

L 2
pd [t (3 (27
2 2L )|
0

2 me]f (Zmaxt)

which gives

9

o (2.14)

Meff =

Substituting the Eq. (2.14) into Eq. (2.12) and

noting that m = pLbh, where p is the mass
density, one obtains the following expression

(V5 [E\ h
“=\B e e

It is evident from Eq. (2.15), that one way to
increase the natural frequency is to choose a
material with a high ratio E/p; see Table 2.2 for

(2.15)

typical values of /E/p of various commonly
used materials. Another way to increase the
lowest eigen-frequency is also evident in
Eq. (2.15). By optimizing the ratio h/L?, one can
increase the resonant frequency. However it does
not help to make the length of the structure
smaller than the width or height. Their roles will
just be interchanged. Hence the optimum struc-
ture is a cube. This leads to the design rule, that
long, thin structures like sheet metal should be
avoided. For a given resonant frequency, the
quality factor Q should be as low as possible.
This means that an inelastic medium such as
rubber should be in contact with the structure to
convert kinetic energy into heat.

2.4.1.2 Stiffness and Resonances

of Cantilevers
Cantilevers are mechanical devices specially
shaped to measure tiny forces. The analysis given
in the previous section is applicable. However, to
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understand better the intricacies of force detec-
tion systems we will discuss the example of a
cantilever beam with uniform cross section,
Fig. 2.24. The bending of a beam due to a nor-
mal load on the beam is governed by the Euler
equation (Thomson and Dahleh 1998)

d’z

M =El(x)

(2.16)

where M is the bending moment acting on the
beam cross section. I(x) the moment of inertia of
the cross section with respect to the neutral axis

defined by
- / / Zdydz (2.17)
Ty
For a normal force F, acting at the tip,
M(x) = (L —x)F, (2.18)

since the moment must vanish at the endpoint of
the cantilever. Integrating Eq. (2.16) for a normal
force F, acting at the tip and observing that EI is
a constant for beams with a uniform cross sec-
tion, one gets

¥ /x\2 x
The slope of the beam is
Lx X
/ [ — _
20 =5 (2 L) F.  (2.20)

From Egs. (2.19) and (2.20), at the end of the
cantilever, i.e. for x = L, for a rectangular beam,
and by using an expression for I in Eq. (2.11),

one gets,
4 (L)’
Ly=—|-| F, 2.21
=5 e

(2.22)

Now the stiffness in the normal (z) direction,
k,, is
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(2.23)

and a change in angular orientation of the end of
cantilever beam is

z 6 (L\*
= (7 F,
L Ebh\h N

Now we ask what will, to first order, happen if
we apply a lateral force F, to the end of the tip
(Fig. 2.24). The cantilever will bend sideways
and it will twist. The stiffness in the lateral
(y) direction, ky, can be calculated with Eq. (2.23)
by exchanging b and h

E 3
kv - _h <é>
’ 4 \L

Therefore the bending stiffness in lateral
direction is larger than the stiffness for bending in
the normal direction by (b/h)?. The twisting or
torsion on the other side is more complicated to
handle. For a wide, thin cantilever (b > h) we
obtain torsional stiffness along y axis, kyt

3
Au=3 (2.24)

(2.25)

Gbh®

kyr
where G is the modulus of rigidity [=E/2(1 + v),
where v is the Poisson’s ratio]. The ratio of the
torsional stiffness to the lateral bending stiffness is

kr 1 (b

)
where we assume v = 0.333. We see that thin,
wide cantilevers with long tips favor torsion
while cantilevers with square cross sections and
short tips favor bending. Finally we calculate the

ratio between the torsional stiffness and the
normal bending stiffness,

(2.27)

(2.28)
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Equations (2.26) to (2.28) hold in the case
where the cantilever tip is exactly in the middle
axis of the cantilever. Triangular cantilevers and
cantilevers with tips not on the middle axis can
be dealt with by finite element methods.

The third possible deflection mode is the one
from the force on the end of the tip along the
cantilever axis, F, (Fig. 2.24). The bending
moment at the free end of the cantilever is equal
to the F,£. This leads to the following modifi-
cation of Eq. (2.18) for the case of forces F, and
Fx

M(x)=(L—x)F,+F.{ (2.29)

Integration of Eq. (2.16) now leads to

! [sz(l—i)Fz—szFx} (2.30)

W) =35 3L

Z(x) = [E (2£>FZ+€xFX} (2.31)

TEl|2 L

Evaluating Eqgs. (2.30) and (2.31) at the end
of the cantilever, we get the deflection and the tilt

(L)_L2 L, EF
T E\3T T

L (L
! —_— —
Z(x) EI <2FZ+£F*>

(2.32)

From these equations, one gets

F— 12L 5:1 (Z o - Lz’z(L))

Fo= 105 (212 (L) - 3(0)

(2.33)

A second class of interesting properties of
cantilevers is their resonance behavior. For can-
tilever beams one can calculate the resonant
frequencies (Colchero 1993; Thomson and
Dahleh 1998)
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2
wfree — ﬁ\ﬁ (2.34)
"o2v3Ll\p
with Ao = (0.596864..)n, 4; = (1.494175...)m,
A, — (n + 1/2)m. The subscript n represents the
order of the frequency, e.g., fundamental, second
mode, and the nth mode.

A similar equation as Eq. (2.34) holds for
cantilevers in rigid contact with the surface.
Since there is an additional restriction on the
movement of the cantilever, namely the location
of its end point, the resonant frequency increases.
Only the 4,’s terms change to (Colchero 1993)

2 = (1.2498763 .. )m, A
= (2.2499997 .. )7, i — (n+1/4)n

(2.35)

The ratio of the fundamental resonant fre-
quency in contact to the fundamental resonant
frequency not in contact is 4.3851.

For the torsional mode we can calculate the
resonant frequencies as

(2.36)

For cantilevers in rigid contact with the sur-
face, we obtain the expression for the funda-
mental resonant frequency (Colchero 1993)

tors
fors,contact __ 600

o = (2.37)
1+3(2L/b)*
The amplitude of the thermally induced
vibration can be calculated from the resonant
frequency using

kT
Aztherm = bT

where k;, is Boltzmann’s constant and T is the
absolute temperature. Since AFM cantilevers are
resonant structures, sometimes with rather high
Q, the thermal noise is not evenly distributed as

(2.38)

Eq. (2.38) suggests. The spectral noise density
below the peak of the response curve is (Col-
chero 1993)

2 = “:Z;ZYQ“ {mm/\/m} (2.39)

where Q is the quality factor of the cantilever,
described earlier.

2.4.2 Instrumentation and Analyses
of Detection Systems

for Cantilever Deflections

A summary of selected detection systems was
provided in Fig. 2.8. Here we discuss in detail
pros and cons of various systems.

2.4.2.1 Optical Interferometer
Detection Systems
Interferometers

Soon after the first papers on the AFM (Binnig
et al. 1986), which used a tunneling sensor, an
instrument based on an interferometer was pub-
lished (McClelland et al. 1987). The sensitivity
of the interferometer depends on the wavelength
of the light employed in the apparatus.
Figure 2.25 shows the principle of such an
interferometeric design. The light incident from
the left is focused by a lens on the cantilever. The
reflected light is collimated by the same lens and
interferes with the light reflected at the flat. To
separate the reflected light from the incident light
a M4 plate converts the linear polarized incident
light to circular polarization. The reflected light is
made linear polarized again by the A/4-plate, but
with a polarization orthogonal to that of the
incident light. The polarizing beam splitter then
deflects the reflected light to the photo diode.

Homodyne Interferometer

To improve the signal to noise ratio of the inter-
ferometer the cantilever is driven by a piezo near
its resonant frequency. The amplitude Az of the
cantilever as a function of driving frequency Q is



70

Polarizing
Beam Splitter

Light

y o4 A4— Plateﬁ & Lens

B. Bhushan and O. Marti

Sample

Photodiode

Flat

I Scan Piezo

Cantilever

Cantilever Drive Piezo

Fig. 2.25 Principle of an interferometric AFM. The light of the laser light source is polarized by the polarizing beam
splitter and focused on the back of the cantilever. The light passes twice through a quarter wave plate and is hence
orthogonally polarized to the incident light. The second arm of the interferometer is formed by the flat. The interference

pattern is modulated by the oscillating cantilever

Az(Q) = Az (2.40)

where Az is the constant drive amplitude and Q
the resonant frequency of the cantilever. The
resonant frequency of the cantilever is given by
the effective potential

k_f_azl L
022 ) mey

where U is the interaction potential between the
tip and the sample. Equation (2.41) shows that an
attractive potential decreases €)y. The change in
Qg in turn results in a change of the Az (see
Eq. (2.40)). The movement of the cantilever
changes the path difference in the interferometer.
The light reflected from the cantilever with the
amplitude A, and the reference light with the
amplitude A, interfere on the detector. The
detected intensity I(t) = {A,(t) + A,(t)}? consists
of two constant terms and a fluctuating term

Q) = (2.41)

4nd
240(6)A, (1) = AgoArg sin [wH— %

4nAz
A

+ sin(Qt)} sin(wt) (2.42)

Here o is the frequency of the light, A is the
wavelength of the light,  is the path difference in
the interferometer, and Az is the instantaneous
amplitude of the cantilever, given according to
Egs. (2.40) and (2.41) as a function of Q, k, and
U. The time average of Eq. (2.42) then becomes

476

(2A¢(1)A,(1)) 4 o< cos [T 47;AZ sin(Qt)}

(477:5) . [477:Az
cos{—=) = sin

4nd 4dnAz .
cos (T) - sin(Qr)

1%

sin(Qt)}

1%

(2.43)

Here all small quantities have been omitted
and functions with small arguments have been
linearized. The amplitude of Az can be recovered
with a lock-in technique. However, Eq. (2.43)
shows that the measured amplitude is also a
function of the path difference 6 in the interfer-
ometer. Hence this path difference & must be very
stable. The best sensitivity is obtained when sin
(43/)) =~ 0.

Heterodyne Interferometer

This influence is not present in the heterodyne
detection scheme shown in Fig. 2.26. Light
incident from the left with a frequency o is split
in a reference path (upper path in Fig. 2.26) and a
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measurement path. Light in the measurement
path is shifted in frequency to ®; = ® + A® and
focused on the cantilever. The cantilever oscil-
lates at the frequency €, as in the homodyne
detection scheme. The reflected light A,(t) is
collimated by the same lens and interferes on the
photo diode with the reference light A(t). The
fluctuating term of the intensity is given by

24(1)A(t) = AgpA, sin {(w +Aw)t+ 4;i6

4nAz
A

+ sin(Qt)} sin(wr) (2.44)

where the variables are defined as in Eq. (2.42).
Setting the path difference sin (4md/A) ~ 0 and
taking the time average, omitting small quantities and
linearizing functions with small arguments we get

(RAi(1)A (1)) x co%[AmrJr 42 +— dmhz
A

= sin(a)|

:cm(Au)rJr ﬁ) cos [471 sm(Qt)]
— sin (Aer 47[0) si n[AnA sm(ﬂt)}

~ cos (4’;”) sin[4 sin(Qr)]

~ cos (Arul+ @> [l - 8R/A sm(Qt)}

47[& sin (Amt + 4—) sin(Qr)

4mo 82 Az
= cos (Awt+ i) -2 cos (Au;t+ —) sin(Qr)
A

dmh sin (Awt+ Q) sin(Qr)
/u

242 5
= cos (Awt+ 4LO) — 4“_& cos (Awt+ 42)
/\, A

5 <
+ —— dm A& cos (Awt+ 4—) cos(2Qx1)
/.

4nAz 4nd
™22 i (Awl + —()) sin(Qr)
A a

4o 4m* A
:cm(Au)tJrﬂ) (I - naz )
s

2 A {cos [(A(}+ZQ)I+ Lfté]

+ cos {(Aw 2Q)t+ @] }

2nzA: {Cos [(Aw+Q)t+ %”} + cos [( Ao — Q)r 4 411()]}

(2.45)

+

Multiplying electronically the components
oscillating at Ao and A® +Q and rejecting any
product except the one oscillating at Q we obtain
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2A 4’ A 4o ans
:—AZ (1 — an ) cos {(Am+29)t+ %] cos(AwH— %)
p) a a

A
_ Az 4mPAZ2
== =

) {0+ 27 4 o)
~ HTAZ cos(Q)

(2.46)

Unlike in the homodyne detection scheme the
recovered signal is independent from the path
difference 6 of the interferometer. Furthermore a
lock-in amplifier with the reference set sin(Awt)
can measure the path difference d independent of
the cantilever oscillation. If necessary, a feed-
back circuit can keep & = 0.

Fiber-optical Interferometer

The fiber-optical interferometer (Rugar et al.
1989) is one of the simplest interferometers to
build and use. Its principle is sketched in
Fig. 2.27. The light of a laser is fed into an
optical fiber. Laser diodes with integrated fiber
pigtails are convenient light sources. The light is
split in a fiber-optic beam splitter into two fibers.
One fiber is terminated by index matching oil to
avoid any reflections back into the fiber. The end
of the other fiber is brought close to the can-
tilever in the AFM. The emerging light is par-
tially reflected back into the fiber by the
cantilever. Most of the light, however, is lost.
This is not a big problem since only 4% of the
light is reflected at the end of the fiber, at the
glass-air interface. The two reflected light waves
interfere with each other. The product is guided
back into the fiber coupler and again split into
two parts. One half is analyzed by the photodi-
ode. The other half is fed back into the laser.
Communications grade laser diodes are suffi-
ciently resistant against feedback to be operated
in this environment. They have, however, a bad
coherence length, which in this case does not
matter, since the optical path difference is in any
case no larger than 5 pm. Again the end of the
fiber has to be positioned on a piezo drive to set
the distance between the fiber and the cantilever
to A(n + 1/4).
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Fig. 2.26 Principle of a heterodyne interferometric AFM. Light with the frequency o is split into a reference path
(upper path) and a measurement path. The light in the measurement path is frequency shifted to ®; by an
acousto-optical modulator (or an electro-optical modulator). The light reflected from the oscillating cantilever interferes

with the reference beam on the detector

Nomarski-Interferometer

Another solution to minimize the optical
path difference is to use the Nomarski interfer-
ometer (Schoenenberger and Alvarado 1989).
Figure 2.28 shows a schematic of the micro-
scope. The light of a laser is focused on the
cantilever by lens. A birefringent crystal (for
instance calcite) between the cantilever and the
lens with its optical axis 45° off the polarization

Fiber Coupler

Open end

Piezo for
operating point
adjustment

Cantilever

direction of the light splits the light beam into
two paths, offset by a distance given by the
length of the crystal. Birefringent crystals have
varying indexes of refraction. In calcite, one
crystal axis has a lower index than the other two.
This means, that certain light rays will propagate
at a different speed through the crystal than the
others. By choosing a correct polarization, one
can select the ordinary ray, the extraordinary ray

Laser diode

Detector

Fig. 2.27 A typical setup for a fiber optic interferometer readout
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Fig. 2.28 Principle of Nomarski AFM. The circular polarized input beam is deflected to the left by a non-polarizing
beam splitter. The light is focused onto a cantilever. The calcite crystal between the lens and the cantilever splits the
circular polarized light into two spatially separated beams with orthogonal polarizations. The two light beams reflected
from the lever are superimposed by the calcite crystal and collected by the lens. The resulting beam is again circular
polarized. A Wollaston prism produces two interfering beams with /2 phase shift between them. The minimal path

difference accounts for the excellent stability of this microscope

or one can get any distribution of the intensity
amongst those two rays. A detailed description of
birefringence can be found in textbooks (e.g.,
Shen 1984). A calcite crystal deflects the
extraordinary ray at an angle of 6° within the
crystal. By choosing a suitable length of the
calcite crystal, any separation can be set.

The focus of one light ray is positioned near
the free end of the cantilever while the other is
placed close to the clamped end. Both arms of
the interferometer pass through the same space,
except for the distance between the calcite crystal
and the lever. The closer the calcite crystal is
placed to the lever, the less influence distur-
bances like air currents have.

Table 2.5 Noise in Interferometers

Homodyne interferometer, fiber optic

interferometer
Laser noise % ’72F2Pi2 RIN
2
<5’ >L
Thermal noise lox® i P2 p? T80
2 i i wok
< oi > T

Shot Noise (3i%),  4enPyB

Sensitivity

Sarid (1991) has given values for the sensitivity
of the different interferometeric detection sys-
tems. Table 2.5 presents a summary of his
results.

2.4.2.2 Optical Lever

The most common cantilever deflection detection
system is the optical lever (Meyer and Amer
1988; Alexander et al. 1989). This method,
depicted in Fig. 2.29, employs the same tech-
nique as light beam deflection galvanometers.
A fairly well collimated light beam is reflected
off a mirror and projected to a receiving target.
Any change in the angular position of the mirror
will change the position, where the light ray hits

Heterodyne Nomarski
interferometer interferometer
n* (Pk +P3) RIN P20

4n% 2 p2 4ksTBQ 2 2 p2 4kpTBQ
el Py ok 72 P wok

2en(Pr+ Ps)B fenPB

F is the finesse of the cavity in the homodyne interferometer, P; the incident power, P4 is the power on the detector, 1 is
the sensitivity of the photodetector and RIN is the relative intensity noise of the laser. Pr and Pg are the power in the
reference and sample beam in the heterodyne interferometer. P is the power in the Nomarski interferometer, 30 is the
phase difference between the reference and the probe beam in the Nomarski interferometer. B is the bandwidth, e is the
electron charge, A is the wavelength of the laser, k the cantilever stiffness, ®, is the resonant frequency of the cantilever,
Q is the quality factor of the cantilever, T is the temperature, and di is the variation of current i
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Fig. 2.29 The setup of optical lever detection
microscope
the target. Galvanometers use optical path

lengths of several meters and scales projected to
the target wall as a read-out help.

For the AFM using the optical lever method a
photodiode segmented into two (or four) closely
spaced devices detects the orientation of the end
of the cantilever. Initially, the light ray is set to
hit the photodiodes in the middle of the two
sub-diodes. Any deflection of the cantilever will
cause an imbalance of the number of photons
reaching the two halves. Hence the electrical
currents in the photodiodes will be unbalanced
too. The difference signal is further amplified and
is the input signal to the feedback loop. Unlike
the interferometeric AFMs, where often a mod-
ulation technique is necessary to get a sufficient
signal to noise ratio, most AFMs employing the
optical lever method are operated in a static
mode. AFMs based on the optical lever method
are universally used. It is the simplest method to
construct an optical readout and it can be con-
fined in volumes smaller than 5 cm on the side.

The optical lever detection system is a simple
yet elegant way to detect normal and lateral force
signals simultaneously (Meyer and Amer 1988,
1990b; Alexander et al. 1989; Marti et al. 1990).
It has the additional advantage that it is the fact
that it is a remote detection system.

Implementations

Light from a laser diode or from a super lumi-
nescent diode is focused on the end of the can-
tilever. The reflected light is directed onto a
quadrant diode that measures the direction of the

B. Bhushan and O. Marti

light beam. A Gaussian light beam far from its
waist is characterized by an opening angle . The
deflection of the light beam by the cantilever
surface tilted by an angle o is 2o.. The intensity on
the detector then shifts to the side by the product
of 2a and the separation between the detector and
the cantilever. The readout electronics calculates
the difference of the photocurrents. The pho-
tocurrents in turn are proportional to the intensity
incident on the diode.

The output signal is hence proportional to the
change in intensity on the segments

o
Isig x4 Imz

7 (2.47)

For the sake of simplicity, we assume that the
light beam is of uniform intensity with its cross
section increasing proportional to the distance
between the cantilever and the quadrant detector.
The movement of the center of the light beam is
then given by

Axpe = AZQ (2.48)
L
The photocurrent generated in a photodiode is
proportional to the number of incoming photons
hitting it. If the light beam contains a total
number of Ny photons then the change in dif-
ference current becomes

A(Ig — 1) = AI = const AzDN (2.49)

Combining Eqgs. (2.48) and (2.49), one
obtains that the difference current Al is inde-
pendent of the separation of the quadrant detector
and the cantilever. This relation is true, if the
light spot is smaller than the quadrant detector. If
it is greater, the difference current Al becomes
smaller with increasing distance. In reality the
light beam has a Gaussian intensity profile. For
small movements Ax (compared to the diameter
of the light spot at the quadrant detector),
Eq. (2.49) still holds. Larger movements Ax,
however, will introduce a nonlinear response. If
the AFM is operated in a constant force mode,
only small movements Ax of the light spot will
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occur. The feedback loop will cancel out all other
movements.

The scanning of a sample with an AFM can
twist the microfabricated cantilevers because of
lateral forces (Mate et al. 1987; Marti et al. 1990;
Meyer and Amer 1990b) and affect the images
(den Boef 1991). When the tip is subjected to
lateral forces, it will twist the cantilever and the
light beam reflected from the end of the cantilever
will be deflected perpendicular to the ordinary
deflection direction. For many investigations this
influence of lateral forces is unwanted. The
design of the triangular cantilevers stems from the
desire, to minimize the torsion effects. However,
lateral forces open up a new dimension in force
measurements. They allow, for instance, a dis-
tinction of two materials because of the different
friction coefficient, or the determination of adhe-
sion energies. To measure lateral forces the
original optical lever AFM has to be modified.
The only modification compared with Fig. 2.29 is
the use of a quadrant detector photodiode instead
of a two-segment photodiode and the necessary
readout electronics, see Fig. 2.9a. The electronics
calculates the following signals:

UNormal Force = %[ (Iupper Lefi + Tupper Right)
— (Inower Lefi + ILower Right) |
ULateral Force = P [(1 Upper Lefi + ILower Lefz)
- (1 Upper Right + ILower Righzﬂ
(2.50)

The calculation of the lateral force as a func-
tion of the deflection angle does not have a
simple solution for cross-sections other than
circles. An approximate formula for the angle of
twist for rectangular beams is (Baumeister and
Marks 1967)

ML
- BGb3h

(2.51)

where M, = F,/ is the external twisting moment
due to lateral force, F,, and B a constant deter-
mined by the value of h/b. For the equation to
hold, h has to be larger than b.

Inserting the values for a typical microfabri-
cated cantilever with integrated tips

b=6x10"m
h=10"m
L=10"*m
(2.52)
0=33x10%m
G=5x10"Pa
f=0.333
into Eq. (2.51) we obtain the relation
Fy=11x10"*Nx0 (2.53)

Typical lateral forces are of order 107'° N.

Sensitivity

The sensitivity of this setup has been calculated
in various papers (Colchero et al. 1991; Sarid
1991; Colchero 1993). Assuming a Gaussian
beam the resulting output signal as a function of
the deflection angle is dispersion like. Equa-
tion (2.47) shows that the sensitivity can be
increased by increasing the intensity of the light
beam I, or by decreasing the divergence of the
laser beam. The upper bound of the intensity of
the light I is given by saturation effects on the
photodiode. If we decrease the divergence of a
laser beam we automatically increase the beam
waist. If the beam waist becomes larger than the
width of the cantilever we start to get diffraction.
Diffraction sets a lower bound on the divergence
angle. Hence one can calculate the optimal beam
waist Wop and the optimal divergence angle B
(Colchero et al. 1991; Colchero 1993)

Wopt 7 0.36 b

2 (2.54)
O ~0.897

The optimal sensitivity of the optical lever
then becomes

(MW /rad] — l.S%I,m[mW] (2.55)
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The angular sensitivity optical lever can be
measured by introducing a parallel plate into the
beam. A tilt of the parallel plate results in a
displacement of the beam, mimicking an angular
deflection.

Additional noise source can be considered. Of
little importance is the quantum mechanical
uncertainty of the position (Colchero et al. 1991;
Colchero 1993), which is for typical cantilevers
at room temperature

h

M

Az = = 0.05 fm

(2.56)

where 7 is the  Planck  constant
(=6.626 x 107>* Js). At very low temperatures
and for high frequency cantilevers this could
become the dominant noise source. A second
noise source is the shot noise of the light. The
shot noise is related to the particle number. We
can calculate the number of photons incident on
the detector

It I 1[W]
=== =1.8x 10—
"= o 2nBhe “ BlHZ]

(2.57)

where I is the intensity of the light, T the mea-
surement time, B = 1/t the bandwidth, and c the
speed of light. The shot noise is proportional to
the square root of the number of particles.
Equating the shot noise signal with the signal
resulting for the deflection of the cantilever one
obtains

B[kHz]
I[mW]

L
Azshot = 68 ; [fm] (258)

where w is the diameter of the focal spot. Typi-
cal AFM setups have a shot noise of 2 pm. The
thermal noise can be calculated from the
equipartition principle. The amplitude at the
resonant frequency is

AZZhel‘m =129 [pm] (259)

B
k[N/m]woQ
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A typical value is 16 pm. Upon touching the
surface, the cantilever increases its resonant fre-
quency by a factor of 4.39. This results in a new
thermal noise amplitude of 3.2 pm for the can-
tilever in contact with the sample.

2.4.2.3 Piezoresistive Detection

Implementations

An alternative detection system which is not as
widely spread as the optical detection schemes
are piezoresistive cantilevers (Ashcroft and
Mermin 1976; Stahl et al. 1994; Kassing and
Oesterschulze 1997). These cantilevers are based
on the fact that the resistivity of certain materials,
in particular of Si, changes with the applied
stress. Figure 2.30 shows a typical implementa-
tion of a piezo-resistive cantilever. Four resis-
tances are integrated on the chip, forming a
Wheatstone bridge. Two of the resistors are in
unstrained parts of the cantilever, the other two
are measuring the bending at the point of the
maximal deflection. For instance when an AC
voltage is applied between terminals a and ¢ one
can measure the detuning of the bridge between
terminals b and d. With such a connection the
output signal varies only due to bending, but not
due to changing of the ambient temperature and
thus the coefficient of the piezoresistance.

Sensitivity

The resistance change is (Kassing and Oester-
schulze 1997)

Fig. 2.30 A typical setup for a piezoresistive readout
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AR
— =115 (2.60)
Ry

where II is the tensor element of the

piezo-resistive coefficients, & the mechanical
stress tensor element and R, the equilibrium
resistance. For a single resistor they separate the
mechanical stress and the tensor element in lon-
gitudinal and transversal components

AR
o H,é, + H(féé
Ry

(2.61)

The maximum value of the stress components
are IT, = —64.0 x 107" m*N and II, = —71.4
107" m*N for a resistor oriented along the
(110) direction in silicon (Kassing and Oester-
schulze 1997). In the resistor arrangement of
Fig. 2.30, two of the resistors are subject to the
longitudinal piezo-resistive effect and two of
them are subject to the transverse piezo-resistive
effect. The sensitivity of that setup is about four
times that of a single resistor, with the advantage
that temperature effects cancel to first order. The
resistance change is then calculated as

6L
Az =I11—F,

AR 3Eh
n
bh?

where IT = 67.7 x 107" m%N is the averaged
piezo-resistive coefficient. Plugging in typical

values for the dimensions (Fig. 2.24)
(L=100 pm, b=10pum, h=1pum) one
obtains
AR 4 x 107
ot g (2.63)
R() nN

The sensitivity can be tailored by optimizing
the dimensions of the cantilever.

2.4.2.4 Capacitance Detection

The capacitance of an arrangement of conductors
depends on the geometry. Generally speaking,
the capacitance increases for decreasing separa-
tions. Two parallel plates form a simple capacitor
(see Fig. 2.31, upper left), with the capacitance
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A
C:ﬂ

b (2.64)

where A is the area of the plates, assumed equal,
and x is the separation. Alternatively, one can
consider a sphere versus an infinite plane (see
Fig. 2.31, lower left). Here the capacitance is
(Sarid 1991)

sin h(o

C = 4neoR Zsm h(na) (2.65)

where R is the radius of the sphere, and o is

defined by
z 2 z
1+ = = +2-=
+ R + R2 + R

One has to keep in mind that capacitance of a
parallel plate capacitor is a nonlinear function of
the separation. Using a voltage divider one can
circumvent this problem. Figure 2.32a shows a
low pass filter. The output voltage is given by

2= In (2.66)

Up = U2 — gy 1o U=
our— ”R+ﬂu¢c* *JoCR+1 " JoCR
(2.67)

Here, U is the driving voltage, C is given by
Eq. (2.64), o is the excitation frequency and j is

— ¥x

ASA

X

Ix

b >

2s

Fig. 2.31 Three possible arrangements of a capacitive
readout. The upper left shows the cross section through a
parallel plate capacitor. The lower left shows the geometry
sphere versus plane. The right side shows the more
complicated, but linear capacitive readout
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(b)

U{)Ll[

Fig. 2.32 Measuring the capacitance. The left side, (a) shows a low pass filter, the right side, (b) shows a capacitive
divider. C (left) or C, (right) are the capacitances under test

the imaginary unit. The approximate relation in
the end is true when ®CR > 1. This is equiva-
lent to the statement that C is fed by a current
source, since R must be large in this
setup. Plugging Eq. (2.64) into Eq. (2.67) and
neglecting the phase information one obtains

U~x

Uou = T 5.
" wRe A

(2.68)

which is linear in the displacement x.
Figure 2.32b shows a capacitive divider.
Again the output voltage U, is given by

Ci Ci
Ui = U ——=Un 77— 2.69
' G +Ci wd 4y (2:69)
Fig. 2.33 Linearity of the 1.0

capacitance readout as a
function of the reference
capacitor

Reference
Capacitor

Normalized Qutput Voltage

05 06 07

If there is a stray capacitance C, then
Eq. (2.69) is modified as

Ci
Uour = Uzm

(2.70)

Provided Cg + C; < C, one has a system
which is linear in x. The driving voltage U has to
be large (more than 100 V) to have the output
voltage in the range of 1 V. The linearity of the
readout depends on the capacitance C,
(Fig. 2.33).

Another idea is to keep the distance constant
and to change the relative overlap of the plates
(see Fig. 2.31, right side). The capacitance of the

0.8 09 1 11 1.2 13 1.4 1.5
Normalized Position
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moving center plate versus the stationary outer
plates becomes

€ eobx

C=Ci+2 (2.71)

where the variables are defined in Fig. 2.31. The
stray capacitance comprises all effects, including
the capacitance of the fringe fields. When length
X is comparable to the width b of the plates one
can safely assume that the stray capacitance is
constant, independent of x. The main disadvan-
tage of this setup is that it is not as easily
incorporated in a microfabricated device as the
others.

Sensitivity

The capacitance itself is not a measure of the
sensitivity, but its derivative is indicative of the
signals one can expect. Using the situation
described in Fig. 2.31, upper left, and in
Eq. (2.64) one obtains for the parallel plate
capacitor

dC  &gA
e x2

(2.72)

Assuming a plate area A of 20 pm by 40 pm
and a separation of 1 um one obtains a capaci-
tance of 31 fF (neglecting stray capacitance and
the capacitance of the connection leads) and a
dC/dx of 3.1 x 107® F/m = 31 fF/um. Hence it
is of paramount importance to maximize the area
between the two contacts and to minimize the
distance x. The latter however is far from being
trivial. One has to go to the limits of microfab-
rication to achieve a decent sensitivity.

If the capacitance is measured by the circuit
shown in Fig. 2.32 one obtains for the sensitivity

dU()ut _ dx
U~  ®RegA

(2.73)

Using the same value for A as above, setting
the reference frequency to 100 kHz, and select-
ing R = 1 GQ, we get the relative change of the
output voltage Uy, to

dUpy 225 x 1076

U~ 2

X dx

(2.74)

A driving voltage of 45 V then translates to a
sensitivity of 1 mV/A. A problem in this setup is
the stray capacitances. They are in parallel to the
original capacitance and decrease the sensitivity
considerably.

Alternatively one could build an oscillator
with this capacitance and measure the frequency.
RC-oscillators typically have an oscillation fre-
quency of

1 X
X RC ™ RegoA

Fres (2.75)

Again the resistance R must be of the order of
1 GQ, when stray capacitances C; are neglected.
However C; is of the order of 1 pF. Therefore
one gets R =10 MQ. Using these values the
sensitivity becomes

Cdx N 0.1Hz
R(C+C)’x A

Afpes = dx  (2.76)

The bad thing is that the stray capacitances
have made the signal nonlinear again. The lin-
earized setup in Fig. 2.31 has a sensitivity of

dC eeob

—=2— 2.77

dx s ( )
Substituting typical values, b = 10 um,

s =1 pm one gets dC/dx = 1.8 x 107'° F/m. It
is noteworthy that the sensitivity remains con-
stant for scaled devices.

Implementations

The readout of the capacitance can be done in
different ways (Neubauer et al. 1990; Godden-
henrich et al. 1990). All include an alternating
current or voltage with frequencies in the
100 kHz to the 100 MHz range. One possibility
is to build a tuned circuit with the capacitance of
the cantilever determining the frequency. The
resonance frequency of a high quality Q tuned
circuit is
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wo = (LC) (2.78)

where L is the inductance of the circuit. The
capacitance C includes not only the sensor
capacitance but also the capacitance of the leads.
The precision of a frequency measurement is
mainly determined by the ratio of L and C

BF

Here R symbolizes the losses in the circuit.
The higher the quality the more precise the fre-
quency measurement. For instance a frequency
of 100 MHz and a capacitance of 1 pF gives an
inductance of 250 pH. The quality becomes then
2.5 x 10%. This value is an upper limit, since
losses are usually too high.

Using a value of dC/dx = 31 fF/um one gets
AC/A = 3.1 aF/A. With a capacitance of 1 pF
one gets

0= (2.79)

Aa)_lAC
©o2c 1 3.1aF (2.80)
Aw = 100 MHz x — = 155Hz

2 1pF

This is the frequency shift for 1 A deflection.
The calculation shows, that this is a measurable
quantity. The quality also indicates that there is no
physical reason why this scheme should not work.

2.4.3 Combinations for 3D-Force
Measurements

Three dimensional force measurements are
essential if one wants to know all the details of
the interaction between the tip and the cantilever.
The straightforward attempt to measure three
forces is complicated, since force sensors such as
interferometers or capacitive sensors need a
minimal detection volume, which often is too
large. The second problem is that the
force-sensing tip has to be held by some means.
This implies that one of the three Cartesian axes
is stiffer than the others.
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However by the combination of different
sensors one can achieve this goal. Straight can-
tilevers are employed for these measurements,
because they can be handled analytically. The
key observation is, that the optical lever method
does not determine the position of the end of the
cantilever. It measures the orientation. In the
previous sections, one has always made use of
the fact, that for a force along one of the
orthogonal symmetry directions at the end of the
cantilever (normal force, lateral force, force
along the cantilever beam axis) there is a one to
one correspondence of the tilt angle and the
deflection. The problem is, that the force along
the cantilever beam axis and the normal force
create a deflection in the same direction. Hence
what is called the normal force component is
actually a mixture of two forces. The deflection
of the cantilever is the third quantity, which is
not considered in most of the AFMs. A fiber
optic interferometer in parallel to the optical lever
measures the deflection. Three measured quan-
tities then allow the separation of the three
orthonormal force directions, as is evident from
Egs. (2.27) and (2.33) (Fujisawa et al. 1994a, b;
Grafstrom et al. 1994; Overney et al. 1994;
Warmack et al. 1994).

Alternatively one can put the fast scanning
direction along the axis of the cantilever. For-
ward and backward scans then exert opposite
forces Fy. If the piezo movement is linearized,
both force components in AFM based on the
optical lever detection can be determined. In this
case, the normal force is simply the average of
the forces in the forward and backward direction.
The force form the front, F,, is the difference of
the forces measured in forward and backward
direction.

2.4.4 Scanning and Control Systems

Almost all SPMs use piezo translators to scan the
tip or the sample. Even the first STM (Binnig
et al. 1982; Binnig and Rohrer 1983) and some
of the predecessor instruments (Young et al.
1971, 1972) used them. Other materials or setups
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y +y
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z: inner electrode

Fig. 2.34 Schematic drawing of a piezoelectric tube
scanner. The piezo ceramic is molded into a tube form.
The outer electrode is separated into four segments and
connected to the scanning voltages. The z-voltage is
applied to the inner electrode

for nano-positioning have been proposed, but
were not successful (Gerber and Marti 1985;
Garcia Cantu and Huerta Garnica 1990).

2.4.4.1 Piezo Tubes

A popular solution is tube scanners (Fig. 2.34).
They are now widely used in SPMs due to their
simplicity and their small size (Binnig and Smith
1986; Chen 1992a). The outer electrode is seg-
mented in four equal sectors of 90°. Opposite
sectors are driven by signals of the same mag-
nitude, but opposite sign. This gives, through
bending, a two-dimensional movement on,
approximately, a sphere. The inner electrode is
normally driven by the z signal. It is possible,
however, to use only the outer electrodes for
scanning and for the z-movement. The main
drawback of applying the z-signal to the outer
electrodes is, that the applied voltage is the sum
of both the x- or y-movement and the
z-movement. Hence a larger scan size effectively
reduces the available range for the z-control.

2.4.4.2 Piezo Effect

An electric field applied across a piezoelectric
material causes a change in the crystal structure,
with expansion in some directions and contrac-
tion in others. Also, a net volume change occurs
(Ashcroft and Mermin 1976). Many SPMs use
the transverse piezo electric effect, where the

applied electric field E is perpendicular to the
expansion/contraction direction.
— Vv
AL:L(E -ﬁ)d31 = L=dy (2.81)
where dj; is the transverse piezoelectric constant,
V is the applied voltage, t is the thickness of the
piezo slab or the distance between the electrodes
where the voltage is applied, L is the free length
of the piezo slab, and @ is the direction of
polarization. Piezo translators based on the
transverse piezoelectric effect have a wide range

of sensitivities, limited mainly by mechanical
stability and breakdown voltage.

24.4.3 Scan Range

The calculation of the scanning range of a
piezotube is difficult (Carr 1988; Chen 1992a, b).
The bending of the tube depends on the electric
fields and the nonuniform strain induced. A finite
element calculation where the piezo tube was
divided into 218 identical elements was used
(Carr 1988) to calculate the deflection. On each
node the mechanical stress, stiffness, strain and
piezoelectric stress was calculated when a volt-
age was applied on one electrode. The results
were found to be linear on the first iteration and
higher-order corrections were very small even for
large electrode voltages. It was found that to first
order the x- and z-movement of the tube could be
reasonably well approximated by assuming that
the piezo tube is a segment of a torus. Using this
model one obtains

L2
dx = (Vi —V_)|ds1| — 2.82
k= (V4 )l 31|th ( )
L
dz = (V+ +V_ - 2VZ) d31|£ (283)

where |d3;| is the coefficient of the transversal
piezoelectric effect, L is tube’s free length, t is
tube’s wall thickness, d is tube’s diameter, V. is
voltage on positive outer electrode while V_ is
voltage of the opposite quadrant negative elec-
trode, and V, is voltage of inner electrode. The
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cantilever or sample mounted on the piezotube
has an additional lateral movement because the
point of measurement is not in the end plane of
the piezotube. The additional lateral displace-
ment of the end of the tip is ¢ singp ~ ¢, where ¢
is the tip length and ¢ is the deflection angle of
the end surface. Assuming that the sample or
cantilever are always perpendicular to the end of
the walls of the tube and calculating with the
torus model one gets for the angle

L_de

¢ ==

=T (2.84)

where R is the radius of curvature the piezo tube.
Using the result of Eq. (2.84) one obtains for the
additional x-movement

2dxt /L
dxgqa = Lop = 7 = (Vi - V—)|d3l|g

(2.85)

and for the additional z-movement due to the
X-movement

(p?  20(dx)?
dzaaq = ¥ — ¥ cos (p:%:2 (LZ)
/L
= (Vi =V ldsi 5o (2.86)

Carr (1988) assumed for his finite element
calculations that the top of the tube was com-
pletely free to move and, as a consequence, the
top surface was distorted, leading to a deflection
angle about half that of the geometrical model.
Depending on the attachment of the sample or
the cantilever this distortion may be smaller,
leading to a deflection angle in-between that of
the geometrical model and the one of the finite
element calculation.

2.4.4.4 Nonlinearities and Creep

Piezo materials with a high conversion ratio, i.e.
a large d;; or small electrode separations, with
large scanning ranges are hampered by substan-
tial hysteresis resulting in a deviation from
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linearity by more than 10%. The sensitivity of the
piezo ceramic material (mechanical displacement
divided by driving voltage) decreases with
reduced scanning range, whereas the hysteresis is
reduced. A careful selection of the material for
the piezo scanners, the design of the scanners,
and of the operating conditions is necessary to
get optimum performance.

2.4.4.5 Linearization Strategies

Passive Linearization: Calculation

The analysis of images affected by piezo non-
linearities (Libioulle et al. 1991; Stoll 1991;
Durselen et al. 1995; Fu 1995) shows that the
dominant term is

x = AV + BV? (2.87)
where x is the excursion of the piezo, V the
applied voltage and A and B two coefficients
describing the sensitivity of the material. Equa-
tion (2.87) holds for scanning from V =0 to
large V. For the reverse direction the equation
becomes

x=AV —B(V = Vp)’ (2.88)
where A and B are the coefficients for the back
scan, and V.. is the applied voltage at the
turning point. Both equations demonstrate the
true x-travel is small at the beginning of the scan
and becomes larger towards the end. Therefore
images are stretched at the beginning and com-
pressed at the end.

Similar equation hold for the slow scan
direction. The coefficients, however, are differ-
ent. The combined action causes a greatly dis-
torted image. This distortion can be calculated.
The data acquisition systems record the signal as
a function of V. However the data is measured as
a function of x. Therefore we have to distribute
the x-values evenly across the image this can be
done by inverting an approximation of
Eq. (2.87). First we write
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B
x—AV(l —V) (2.89)
A
For B < A we can approximate
X
V=— 2.90
: (290)

We now substitute Eq. (2.90) into the non-
linear term of Eq. (2.89). This gives

Bx
x=AV 1+E

(2.91)
T A(1+Bx/A%) T A A2
Hence an equation of the type
Xtrue = X(O( - ﬁx/xmw() withl = o — [3
(2.92)

takes out the distortion of an image. o and P are
dependent on the scan range, the scan speed and
on the scan history and have to be determined
with exactly the same settings as for the mea-
surement. X;.x 1S the maximal scanning range.
The condition for o and B guarantees that the
image is transformed onto itself.

Similar equations as the empirical one shown
above Eq. (2.92) can be derived by analyzing the
movements of domain walls in piezo ceramics.

Passive Linearization: Measuring the Position
An alternative strategy is to measure the position
of the piezo translators. Several possibilities
exist.

(1) The interferometers described above can be
used to measure the elongation of the piezo
elongation. Especially the fiber optic inter-
ferometer is easy to implement. The coher-
ence length of the laser only limits the
measurement range. However the signal is of
periodic nature. Hence a direct use of the
signal in a feedback circuit for the position is
not possible. However as a measurement tool
and, especially, as a calibration tool the

(@)

3

“

(&)
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interferometer is without competition. The
wavelength of the light, for instance in a
HeNe laser is so well defined that the pre-
cision of the other components determines
the error of the calibration or measurement.
The movement of the light spot on the
quadrant detector can be used to measure the
position of a piezo (Barrett and Quate 1991).
The  output current  changes by

0.5% X g[[ng]]. Typical values (P =1 mW,

R =0.001 cm) give 0.5 A/cm. The noise
Ar[Hz)
H[W/em?]’
Again this means that the laser beam above
would have a 0.1 nm noise limitation for a
bandwidth of 21 Hz. The advantage of this
method is that, in principle, one can linearize

two axes with only one detector.

A knife-edge blocking part of a light beam
incident on a photodiode can be used to
measure the position of the piezo. This
technique, commonly used in optical shear
force detection (Betzig et al. 1992;
Toledo-Crow et al. 1992), has a sensitivity of
better than 0.1 nm.

The capacitive detection (Griffith et al. 1990;
Holman et al. 1996) of the -cantilever
deflection can be applied to the measurement
of the piezo elongation. Equations (2.64) to
(2.79) apply to the problem. This technique
is used in some commercial instruments. The
difficulties lie in the avoidance of fringe
effects at the borders of the two plates. While
conceptually simple, one needs the latest
technology in surface preparation to get a
decent linearity. The electronic circuits used
for the readout are often proprietary.

Linear Variable Differential Transformers
(LVDT) are a convenient means to measure
positions down to 1 nm. They can be used
together with a solid state joint setup, as
often used for large scan range stages. Unlike
the capacitive detection there are few diffi-
culties to implementation. The sensors and
the detection circuits LVDTs are available
commercially.

limit is typically 0.15nm X
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(6) A popular measurement technique is the use
of strain gauges. They are especially sensi-
tive when mounted on a solid state joint
where the curvature is maximal. The reso-
lution depends mainly on the induced cur-
vature. A precision of 1 nm is attainable. The
signals are low—a Wheatstone bridge is
needed for the readout.

Active Linearization

Active linearization is done with feedback sys-
tems. Sensors need to be monotonic. Hence all
the systems described above, with the exception
of the interferometers are suitable. The most
common solutions include the strain gauge
approach, the capacitance measurement or the
LVDT, which are all electronic solutions. Optical
detection systems have the disadvantage that the
intensity enters into the calibration.

2.4.4.6 Alternative Scanning Systems
The first STMs were based on piezo tripods
(Binnig et al. 1982). The piezo tripod (Fig. 2.35)
is an intuitive way to generate the three dimen-
sional movement of a tip attached to its center.
However, to get a suitable stability and scanning
range, the tripod needs to be fairly large (about
50 mm). Some instruments use piezo stacks
instead of monolithic piezoactuators. They are
arranged in the tripod arrangement. Piezo stacks
are thin layers of piezoactive materials glued
together to form a device with up to 200 pm of
actuation range. Preloading with a suitable metal
casing reduces the nonlinearity.

If one tries to construct a homebuilt scanning
system, the use of linearized scanning tables is

Fig. 2.35 An alternative type of piezo scanners: the
tripod
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recommended. They are built around solid state
joints and actuated by piezo stacks. The joints
guarantee that the movement is parallel with little
deviation from the predefined scanning plane. Due
to the construction it is easy to add measurement
devices such as capacitive sensors, LVDTs or
strain gauges which are essential for a closed loop
linearization. Two-dimensional tables can be
bought from several manufacturers. They have a
linearity of better than 0.1% and a noise level of
107*-107° of the maximal scanning range.

2.4.4.7 Control Systems

Basics

The electronics and software play an important
role in the optimal performance of an SPM.
Control electronics and software are supplied with
commercial SPMs. Control electronic systems can
use either analog or digital feedback. While digital
feedback offers greater flexibility and the ease of
configuration, analog feedback circuits might be
better suited for ultralow noise operation. We will
describe here the basic setups for AFM.

Figure 2.36 shows a block schematic of a
typical AFM feedback loop. The signal from the
force transducer is fed into the feedback loop
consisting mainly of a subtraction stage to get an
error signal and an integrator. The gain of the
integrator (high gain corresponds to short inte-
gration times) is set as high as possible without
generating more than 1% overshoot. High gain
minimizes the error margin of the current and
forces the tip to follow the contours of constant
density of states as good as possible. This oper-
ating mode is known as Constant Force Mode.
A high voltage amplifier amplifies the outputs of
the integrator. As AFMs using piezotubes usu-
ally require =150 V at the output, the output of
the integrator needs to be amplified by a high
voltage amplifier.

In order to scan the sample, additional volt-
ages at high tension are required to drive the
piezo. For example, with a tube scanner, four
scanning voltages are required, namely +Vj,
=V, +Vy and —V,. The x- and y-scanning
voltages are generated in a scan generator (ana-
log or computer controlled). Both voltages are
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Fig. 2.36 Block schematic

of the feedback control loop
of an AFM

Distance
Sensor

Sample

input to the two respective power amplifiers.
Two inverting amplifiers generate the input
voltages for the other two power amplifiers. The
topography of the sample surface is determined
by recording the input-voltage to the high voltage
amplifier for the z-channel as a function of x and
y (Constant Force Mode).

Another operating mode is the Variable Force
Mode. The gain in the feedback loop is lowered
and the scanning speed increased such that the
force on the cantilever is not any more constant.
Here the force is recorded as a function of x and y.

Force Spectroscopy
Four modes of spectroscopic imaging are in
common use with force microscopes: measuring
lateral forces, oF/dz, 9F/9x spatially resolved,
and measuring force versus distance curves.
Lateral forces can be measured by detecting the
deflection of a cantilever in a direction orthogo-
nal to the normal direction. The optical lever
deflection method most easily does this. Lateral
force measurements give indications of adhesion
forces between the tip and the sample.

0F/0z measurements probe the local elasticity
of the sample surface. In many cases the mea-
sured quantity originates from a volume of a few
cubic nanometers. The 9F/dz or local stiffness
signal is proportional to Young’s modulus, as far
as one can define this quantity. Local stiffness is
measured by vibrating the cantilever by a small
amount in z-direction. The expected signal for
very stiff samples is zero: for very soft samples
one gets, independent of the stiffness, also a

High
Voltage
Amplifier

Integrator

Error

Readout Force
Electronics Preset
I Normal force
Lateral force

constant signal. This signal is again zero for the
optical lever deflection and equal to the driving
amplitude for interferometeric measurements.
The best sensitivity is obtained when the com-
pliance of the cantilever matches the stiffness of
the sample.

A third spectroscopic quantity is the lateral
stiffness. It is measured by applying a small
modulation in the x-direction on the cantilever.
The signal is again optimal when the lateral
compliance of the cantilever matches the lateral
stiffness of the sample. The lateral stiffness is, in
turn, related to the shear modulus of the sample.

Detailed information on the interaction of the
tip and the sample can be gained by measuring
force versus distance curves. It is necessary to
have cantilevers with high enough compliance to
avoid instabilities due to the attractive forces on
the sample.

Using the Control Electronics as a
Two-Dimensional Measurement Tool

Usually the control electronics of an AFM is
used to control the x- and y-piezo signals while
several data acquisition channels record the
position dependent signals. The control elec-
tronics can be used in another way: it can be
viewed as a two-dimensional function generator.
What is normally the x- and y-signal can be used
to control two independent variables of an
experiment. The control logic of the AFM then
ensures that the available parameter space is
systematically probed at equally spaced points.
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Fig. 2.37 Wiring of an AFM
to measure friction force
curves along a line
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y_to external parameter
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An example is friction force curves measured
along a line across a step on graphite.

Figure 2.37 shows the connections. The
z-piezo is connected as usual, like the x-piezo.
However the y-output is used to command the
desired input parameter. The offset of the
y-channel determines the position of the tip on
the sample surface, together with the x-channel.

2.4.4.8 Some Imaging Processing
Methods

The visualization and interpretation of images
from AFMs is intimately connected to the pro-
cessing of these images. An ideal AFM is a
noise-free device that images a sample with
perfect tips of known shape and has perfect linear
scanning piezos. In reality, AFMs are not that
ideal. The scanning device in AFMs is affected
by distortions. The distortions are both linear and
nonlinear. Linear distortions mainly result from
imperfections in the machining of the piezo-
translators causing crosstalk from the Z-piezo to
the X- and Y-piezos, and vice versa. Among the
linear distortions, there are two kinds which are
very important. First, scanning piezos invariably
have different sensitivities along the different
scan axes due to the variation of the piezo
material and uneven sizes of the electrode areas.
Second, the same reasons might cause the scan-
ning axes not to be orthogonal. Furthermore, the
plane in which the piezoscanner moves for

High
Voltage
Amplifier x
i Scan Control |~
U;%'l.ge linesgtalis Electronics
Amplifier z
Readout Force
Electronics Preset

| Normal force
Lateral force

constant height z is hardly ever coincident with
the sample plane. Hence, a linear ramp is added
to the sample data. This ramp is especially
bothersome when the height z is displayed as an
intensity map.

The nonlinear distortions are harder to deal
with. They can affect AFM data for a variety of
reasons. First, piezoelectric ceramics do have a
hysteresis loop, much like ferromagnetic mate-
rials. The deviations of piezoceramic materials
from linearity increase with increasing amplitude
of the driving voltage. The mechanical position
for one voltage depends on the previously
applied voltages to the piezo. Hence, to get the
best position accuracy, one should always
approach a point on the sample from the same
direction. Another type of nonlinear distortion of
the images occurs when the scan frequency
approaches the upper frequency limit of the X-
and Y-drive amplifiers or the upper frequency
limit of the feedback loop (z-component). This
distortion, due to feedback loop, can only be
minimized by reducing the scan frequency. On
the other hand, there is a simple way to reduce
distortions due to the X- and Y-piezo drive
amplifiers. To keep the system as simple as
possible, one normally uses a triangular wave-
form for driving the scanning piezos. However,
triangular waves contain frequency components
as multiples of the scan frequency. If the cutoff
frequency of the X- and Y-drive electronics or of
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the feedback loop is too close to the scanning
frequency (two or three times the scanning fre-
quency), the triangular drive voltage is rounded
off at the turning points. This rounding error
causes, first, a distortion of the scan linearity and,
second, through phase lags, the projection of part
of the backward scan onto the forward scan. This
type of distortion can be minimized by carefully
selecting the scanning frequency and by using
driving voltages for the X- and Y-piezos with
waveforms like trapezoidal waves, which are
closer to a sine wave. The values measured for X,
Y, or Z piezos are affected by noise. The origin
of this noise can be either electronic, some dis-
turbances, or a property of the sample surface
due to adsorbates. In addition to this incoherent
noise, interference with main and other equip-
ment nearby might be present. Depending on the
type of noise, one can filter it in the real space or
in Fourier space. The most important part of
image processing is to visualize the measured
data. Typical AFM data sets can consist of many
thousands to over a million points per plane.
There may be more than one image plane pre-
sent. The AFM data represents a topography in
various data spaces.

Most commercial data acquisition systems use
implicitly some kind of data processing. Since
the original data is commonly subject to slopes
on the surface, most programs use some kind of
slope correction. The least disturbing way is to
substrate a plane z(x, y) = Ax + By + C from
the data. The coefficients are determined by fit-
ting z(x, y) to the data. Another operation is to
subtract a second order function such as z(x,
y) = Ax* + By® + Cxy + Dx + Ey + F. Again,
the parameters are determined with a fit. This
function is appropriate for almost plane data,
where the nonlinearity of the piezos caused such
a distortion.

In the image processing software from Digital
Instruments, up to three operations are performed
on the raw data. First, a zero-order flatten is
applied. The flatten operation is used to eliminate
image bow in the slow scan direction (caused by
physical bow in the instrument itself), slope in
the slow scan direction, bands in the image
(caused by differences in the scan height from

one scan line to the next). The flatten operation
takes each scan line and subtracts the average
value of the height along each scan line from
each point in that scan line. This brings each scan
line to the same height. Next, a first-order plan-
efit is applied in the fast scan direction. The
planefit operation is used to eliminate bow and
slope in the fast scan direction. The planefit
operation calculated a best-fit plane for the image
and subtracts it from the image. This plane has a
constant non-zero slope in the fast scan direction.
In some cases, higher-order polynomial “plane”
may be required. Depending upon the quality of
the raw data, the flatten operation and/or the
planefit operation may not be required at all.

2.5 Closure

Since introduction of the STM in 1981 and AFM
in 1985, many variations of probe-based micro-
scopies, referred to as SPMs, have been devel-
oped. While the pure imaging capabilities of
SPM techniques are dominated by the applica-
tion of these methods at their early development
stages, the physics of probe-sample interactions
and the quantitative analyses of tribological,
electronic, magnetic, biological, and chemical
surfaces have now become of increasing interest.
Nanoscale science and technology are strongly
driven by SPMs which allow investigation and
manipulation of surfaces down to the atomic
scale. With growing understanding of the
underlying interaction mechanisms, SPMs have
found application in many fields outside basic
research fields. In addition, various derivatives of
all these methods have been developed for spe-
cial applications, some of them targeting far
beyond microscopy.
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