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“I will lift up my eyes to the hills--from whence comes my help?
My help comes from the LORD, Who made heaven and earth.
He will not allow your foot to be moved; He who keeps you will not slumbef.
Behold, He who keeps Israel shall neither slumber nor sleep.
The LORD is your keeper; The LORD is your shade at your right hand.
The sun shall not strike you by day, nor the moon by night.
The LORD shall preserve you from all evil; He shall preserve your soul.
The LORD shall preserve your going out and your coming in from this time forth,

and even forevermore.”

Psalm 121, Old Testament, The Bible
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ABSTRACT

This work is aimed at evaluating the plausibility of using atomic force
microcopy (AFM) instrumentation and techniques for the measurement of
interaction force and surface characterization in a high throughput manner.
Investigations of the feasibility of combining tapping mode (TM) AFM and
pulsed-force mode (PFM) AFM with an inverted AFM (i-AFM) design were
carried out. Conventional AFM requires a cantilever with an integrated tip to
image a substrate-supported sample, whereas i-AFM, uses one of tens of
thousands of substrate-supported tips to image a cantilever-supported sample.
Microcontact printed and dip-pen nanolithographyically modified silicon chip and
tipless cantilevers were characterized by both conventional and inverted AFM in
contact mode (CM), TM, force volume (FV) and PFM.,

We have demonstrated for the first time that iTM-AFM and iPFM-AFM
are capable of differentiating chemical heterogeneity of a patterned surface by

phase contrast and adhesive force measurement, respectively.
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CHAPTER 1

INTRODUCTION
1.1 Background

Scientists are interested in studying the microscopic properties of
materials since a lot of fundamental interactions between objects are dependent on
their microscopic natures. Amongst these properties, scientists are curious about
what is it, how much is it, and where is it. In order to answer these questions,
different instrumentation techniques were developed. First there were wave
microscopies such as optical microscopy and electron microscopy. Optical
microscopy uses visible light and lenses to obtain information. However, the
resolution of using such a method is limited by diffraction effects to
approximately half of the wavelength of light [1]; for example, light with a
wavelength of 500 nm would have a diffraction limited resolution of ~250 nm.
This resolution is increased by changing the waves from electromagnetic (optics)
to DeBroglie (electrons). The DeBroglie wavelength of an electron can be made
arbitrarily small by accelerating it to a high kinetic energy, for example, an
electron accelerated to 30keV would have a DeBroglie wavelength of 0.007 nm,
resulting in a substantially higher resolution than can be obtained with light. This
led to the development of techniques such as scanning electron microscopy
(SEM) [2] and transmission electron microscopy (TEM) [3], which have
demonstrated atomic resolution [4,5]. The drawbacks for these techniques,
however, are the high-energy electrons can easily damage the sample, and these
techniques must be performed in vacuum.

The last three decades have witnessed the development of scanning probe
microscopies (SPM), which in some cases boast atomic resolution and are less
destructive to the samples than the corresponding electron microscopies. Each one
of these SPM methods scans a probe of some kind over the sample surface, to
produce an image of the surface, in a three-dimensional manner. Several different
kinds of probes have been developed, based on electron tunneling (scanning

tunneling microscopy), mechanical forces (scanning force microscopy),
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electrochemical current (scanning electrochemical microscopy), and even optics
(scanning near-field optical microscopy). Each of these methods employ
piezoelectric transducers [6] (hereafter referred to as piezos) to control the xyz
coordinates of the sample relative to the probe. By scanning the position of the
sample relative to the probe in a raster manner, images of the properties can be
produced. The research presented herein is concerned with the development of
novel SPM instrumentation.

In scanning tunneling microscopy (STM) [7,8], the probe is a metallic tip,
and when a bias voltage is applied between the tip and the sample a tunncling
current is produced which depends exponentially on the tip-sample separation.
Therefore, small changes in the surface topography can alter the current greatly,
allowing STM to achieve a very high sensitivity to height differences (0.01 A)
[9]. This scanning method has the best lateral resolution among all of the SPM
techniques and the reproducibility of atomic resolution images can be obtained
day after day [10,11].

The probe used in atomic force microscopy (AFM) [12] often has very
small radius of curvature (<30 nm) because the observed topography and the
measured force are largely dependent on the contact area and the shape of the
AFM tip. The system detects the cantilever deflection which is related to the
sample topography [13] as well as sample properties such as elasticity [14] and
compositional chemistry [15,16]. Reports of atomic resolution acquired by AFM
have been published [17,18]. There are different operating modes in AFM for
measurements of different properties of interest.

SECM [19,20] is in fact the combination of probe microscopy and
ultramicro size electrode electrochemistry [ 21 ]. The probe is an
ultramicroelectrode and the experiment is performed in an electrolytic solution. A
constant potential difference verses a reference electrode is applied to both the tip
and the sample substrate. The system detects the Faradaic current from the
electrolysis of the solution species, which changes depending upon the tip-sample
separation, the local electrical conductivity of the sample and other variables.

Like other SPMs, there are different operating modes based on different feedback
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mechanisms in SECM. One of them is the monitoring of the distance-dependent
electrochemical reaction of the electrolyte to obtain surface topography [22].

The following section will introduce the basic principles of AFM and a
few of the commonly used AFM operating modes, strengths and weaknesses, and

some examples of applications will be discussed.

1.2 Atomic Force Microscopy

Since its introduction in 1986, AFM has found wide application in many
fields of study such as pharmacology [23,24], polymer sciences [25,26], biology
[27,28], chemistry [29,30] and various surface characterization studies [31,32].
AFM often requires little sample preparation and it can be used to image many
different types of surfaces under many different kinds of conditions [33,34]. It
allows direct measurements of insulating materials, and can provide atomic-
resolution data [17,18].

Figure 1.1 illustrates the principle of an AFM using the optical-lever
deflection method. In this case, the sample is mounted on a xyz-piezo for three-
dimensional translation. A laser beam is focused on the back of a microfabricated
cantilever. The laser beam is then reflected by the cantilever, depending on the
cantilever’s deflection, and directed by a mirror onto a quadrant photodiode
detector. There are usually two photodiodes on top and two at the bottom to form
a quadrant detector. The laser beam reflects to the bottom two photodiodes when
the cantilever bends upward, while it is reflected on the top two photodiodes when
it bends downward. The advantage of having four photodiodes over two is that
not only the deflection of the cantilever, but also the torsion of the cantilever can
be detected, as illustrated in Figure 1.2. When the sample scans the tip in direction
that is perpendicular to the cantilever’s side, the tip-sample interaction causes the
cantilever to tilt parallel to the sample plane. Therefore, information about the
adhesion between the tip and the sample can be obtained (details of friction force
microscopy (FFM) will be described in section 1.2.1.1).

An AFM cantilever can be considered as a spring with a spring constant .
The force, F, exerted on the sample by the tip can be calculated using Hooke’s

Law if k is known [35,30]
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Figure 1.1. Schematic diagram of an AFM. The laser beam coming out from the laser source
is bounced off the back of the cantilever, which scans over the sample in a raster pattern,
and the mirror onto the position-sensitive photodiode detector. The piezoelectric transducer
is made of electrical sensitive material. It is responsible for the lateral (xy plane) movement
of the sample and the vertical (z direction) movement in the feedback mechanism.
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Deflection Torsion

Figure 1.2. Schematic illustration of a cantilever exhibits (left) deflection perpendicular to
the surface and (right) torsion parallel to the surface plane.
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F = —kAz, (1.1)

where 4z is the deflection of the cantilever from its equilibrium position.

In a typical force-distance curve (Figure 1.3), the cantilever deflection is
recorded as a function of the tip-sample separation as the tip approaches and
retracts from the sample. The tip starts far from contact with the sample at (A).
When tip-sample separation is large, there are no substantial interaction forces
between the tip and the sample, and the cantilever is not deflected from its
equilibrium position. As the tip-sample separation is decreased, by moving the z-
piezo in the z direction, eventually the tip-sample intcraction will result in a force
being applied to the cantilever which in turn causes the cantilever to bend from its
equilibrium position (position when the tip is not in contact with the sample). In
this force-distance curve, the force is attractive; the tip “jumps” to contact with
the sample at (B). As the tip-sample separation continues to decrease, the
interaction forces between them become repulsive which causes the cantilever to
deflect away from the sample at (C). When the tip is retracted from the sample,
the cantilever slowly moves back to its equilibrium position and the tip-sample
adhesion forces causing the tip to bind with the sample. As the sample continues
to move away from the cantilever, eventually the restoring force of the cantilever
overcomes the adhesion force between the tip and the sample and the tip is
detached from the sample at (D).

The AFM uses feedback mechanisms to perform imaging and
measurements. According to the different operating modes, various feedback
mechanisms can be used. The two most commonly used operating modes are
contact mode (CM) and tapping mode (TM), while other modes such as adhesion
mapping, pulsed-force mode (PFM) and non-contact mode (NCM) are also
available.

1.2.1 Contact Mode

As the name implies, the tip and the sample are in contact during the
imaging process in CM. Before going into contact with the sample, i.e. far above

the sample, the cantilever is at its equilibrium position. The deflection set point is
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Figure 1.3. Typical force-distance curve observed in AFM. A Si tip probing a Si surface.
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externally adjusted so that during imaging, the cantilever is allowed to deflect
from its equilibrium position. Before the tip and the sample are engaged (engage
is a term commonly used in AFM to describe the satisfaction of the feedback set
point by the cantilever deflection), the tip continues to approach the sample until
the deflection of the cantilever reaches the deflection set point. Once the tip has
engaged it starts to scan in the x and y directions. Within CM two surface imaging
options can be chosen: “constant height” and “constant force”. The former is good
when the surface is relatively flat. The feedback loop is turned off, thus, the
vertical position of the sample is fixed. The cantilever deflection as a result of tiny
changes in surface roughness is monitored. Since the output signal for this
imaging method is collected directly from the cantilever deflection, inaccurate
data acquisition arising from slow electronic communication and slow piezo
response that might occur in the feedback loop can be eliminated. Therefore, high
vertical resolution images can be obtained. However, the draw back for this
imaging method is that it prevents the control over the imaging force, which can
easily lead to sample or tip destruction. Hence, it is not commonly practised in our
group.

In constant force imaging, a feedback mechanism is employed to ensure
that the force being exerted on the sample by the tip is kept constant. A feedback
loop is connected between the detector and the z-piezo. By monitoring the
deflection of the cantilever, the feedback signals the z-piezo to retract or extend in
order to maintain the cantilever deflection at a constant level as the tip is scanning
in the lateral direction. For instance, if the tip scans over a tall feature, which
causes the cantilever to deflect above the set point, the feedback mechanism will
signal the z-piezo to retract the sample to return the cantilever deflection to its set
point value. As mentioned above, the tip is continuously touching the surface in
CM, which happens in both constant height and constant force imaging; thus,
when the tip is scanning in the lateral direction, a shear force (force that is
induced by the dragging motion of the tip on the sample which could cause
sample destruction) is introduced. In general, CM imaging is not ideal for soft and

delicate samples as it tends to damage the sample surface.
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1.2.1.1 Friction Force Microscopy

Mate et al. [28] at the IBM research center in Almaden made use of this
shear force and invented the friction force microscope (FFM). We learnt from a
famous artist, Leonardo da Vinci, that friction is proportional to the applied load
and that friction is independent of the apparent contact area [37,38]. However,
this is only true for macroscopic objects. Kendall [39,40] and many other
scientists [41,42,43] believed that for small length scale objects where the true
area of contact is small, such as an AFM tip and sample, friction is dependant on
the applied load, interaction (adhesion) and the contact arca between the two
objects. If we assumed the AFM tip as a sphere with a certain radius of curvature,
which probes an atomically flat surface, and the tip-sample contact area and the
applied force are constant throughout the friction force measurement, the
observed friction contrast must be due to the tip-sample interaction (adhesion). By
monitoring the degree of torsion of a cantilever, the interaction between the tip
and the sample can be determined, i.e. higher friction results in higher torsion of
the cantilever. Local properties such as elasticity [44] and chemical heterogeneity
[45] on a surface can also be revealed. In fact, surface roughness also contributes
to the tilting of the AFM cantilever [46]. Nevertheless, by examining the friction
image against the topographic image, one can still extract qualitative properties of
the surface.

Due to FFM’s ability to differentiate chemical heterogeneity at high scan
rates, and the ease of preparation, this surface characterization technique was used
for verification of the chemical patterning on Au-covered microscopic slides and
Au-coated cantilevers in the projects that will be presented in Chapter 2 and
Chapter 3.
1.2.1.2 Force Modulation Microscopy

In a typical force modulation microscopy (FMM) [47,48], either the tip or
the sample is oscillated at hundreds of kiloHertz with an amplitude of a few
nanometers [49] while the sample is scanned in contact with the tip. The
amplitude of the cantilever is monitored and is associated with the local elastic

properties of the sample in such a way that the amplitude is directly related to the
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stiffness of the sample. For instance, if the tip scans over a soft material, more

indentation is forced into the sample and results in a smaller oscillation amplitude.
The drawback for this operating mode, however, is that tip and sample destruction
could result from the sample indentation. Some applications of the FMM include
the analyses of automotive brake pads [50], carbon nanotubes [51] and polyester
films [52].
1.2.2 Intermittent Contact Mode

Three main operating modes fall under this category, TM, force volume
(FV) and PFM.

1.2.2.1 Tapping Mode
In contrast to the CM, the tip in the TM-AFM is not constantly in contact

with the sample, but rather striking on it intermittently at a very high frequency
[53,54]. Up to date, there are two excitation modes that have been developed to
excite the tip-integrated cantilever: the magnetic mode [55] and the acoustic mode
[53,54]. The former mode excites the magnetized cantilever directly by applying
an oscillating magnetic field [55,56], whereas in the latter mode an oscillating
voltage is applied to a piezoelectric actuator which is assembled inside the
cantilever holder, causing the cantilever to oscillate [53,54,56]. The advantage of
the magnetic mode over the acoustic mode is that when imaging under fluid,
undesired resonances associated with the acoustic excitation in the liquid medium
can be eliminated [55]. However, since the magnetic excitation mode was not
used in our lab and none of the experiments that will be presented in the following
chapters were performed in fluid, the description of the magnetic mode will not be
covered here, and I will focus mainly on the TM with the acoustic excitation
mode.

In TM-AFM the cantilever is excited to oscillate at or near its resonant
frequency, which is usually between 50-500kHz depending on the type of
cantilever being used, with an oscillation amplitude in the range of 10-100nm, It
uses a feedback mechanism (o obtain topographical data and other useful
information of a surface, The amplitude of an oscillating cantilever is monitored

as a function of distance, and the signal triggers the z-piezo to retract or extend
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depending on the surface topography. If the amplitude of the cantilever is damped
below the pre-defined amplitude set point, then the feedback loop will signal the z
piezo to retract so that the set point amplitude is maintained [53,54].

Figure 1.4 is a typical amplitude-distance curve obtained in a TM

experiment. Before the tip-sample engagement, the amplitude set point is defined
as some voltage below the free oscillating amplitude, which is determined by
viscous damping of the cantilever in air [57] when it is far from the sample at (A).
As the tip is approaching the sample, the attractive interaction acts on the tip and
the sample causes the amplification of oscillations [57]. Eventually the tip
“jumps” to contact with the sample, and the amplitude is reduced as the tip
continues to approach the sample at (B). Since the cantilever is oscillating at a
high amplitude, it has sufficient energy to break free from the capillary attraction
(a layer of water formed between the tip and the sample which draws the tip and
the sample together), the electrostatic, magnetic and van der Waals interactions
that are binding it to the sample [46]. As the tip-sample distance decreases, the
tip-sample contact time increases. Once the damped amplitude reaches the pre-set
set point, the z-approach stops and the tip starts to scan in the lateral direction at
(B). During the imaging process the tip continues to oscillate at the excitation
frequency (usually a few hundred kiloHertz). Since the tip “jumps” in and out of
contact with the sample at a high frequency in the TM, the shear force acting on
the sample can be greatly reduced, and it is reasonable to assume that no friction
force is induced. Furthermore, since TM-AFM can operate in a wide range of
conditions (ambient, fluid and vacuum), it is an ideal scanning probe method for a
large diversity of samples such as biomolecules and living cells [58-59--60].
It is unlikely that the amplitude of the cantilever will reduce to zero ((C) in Figure
1.4) in a TM experiment because the cantilever is no longer tapping in this region
but is constantly touching the surface, which will exert a great amount of force on
the sample. By adjusting the amplitude set point, one has the control over the
force applied to the sample.

Although the TM-AFM does not have the ability for friction imaging,

phase imaging in TM can map out surface compositions and differentiate local
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Figure 1.4. Typical TM AFM amplitude vs. z distance curve. A Si tip probing a Si surface.
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properties of a sample [61,62]. Phase imaging is the detection of the difference
between the measured cantilever oscillation phase angle and the one that is
driving it. Since the degree of phase lag is correlated to the energy being
dissipated into the sample and maybe the surrounding medium [63,64], phase
imaging is capable of providing quantitative analysis in surface characterization
[65-666768].
1.2.2.2 Force Volume

This imaging mode is mostly used for measurements of elasticity [69,70],
magnetic and chemical properties of a sample [71-7273]. Basically force volumc
(FV) includes the measurements of force-distance curves in a two-dimensional
scanning area. At each unique Xy position in the image, a force-distance curve is
obtained. By combining the measured force-distance curves within an image, a
three-dimensional force data can be acquired. Extension of this mode to measure
interactions between two distinct functional groups has been made by Lieber and
co-workers [74], in which chemically modified AFM tips and substrates were
used.
1.2.2.3 Pulsed-Force Mode

Although not as commonly used as adhesion mapping (section 1.2.2.2),
PFM [75] is a useful and rapid force-measuring device. PFM is an external z-
piezo modulator that can be connected to many commercially available AFM
instruments, allowing them to measure the local stiffness and adhesion, and obtain
the topographic information without introducing a shear force on the sample
[75,76-777879]. In contrast to the triangular wave in FV, an AC current with a
sinusoidal waveform is applied to the z-piezo of an AFM unit, which causes the z-
piezo to oscillate vertically in a frequency of 100 Hz to 2 kHz with the amplitude
in the range of 10-500nm. The purpose of controlling the oscillating frequency
below 2kHz is to prevent any disturbing resonance from the cantilever, cantilever
holder and the z transducer tube [75]. Similar to the TM, the amplitude of the z-
piezo must be large enough to avoid the tip-sample adhesion binding them
throughout the oscillation cycle as the adhesion is measured at the points where

the tip breaks free from the sample (Figure 1.5). An oscilloscope in conjunction
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with the PFM unit is used to monitor the behavior of the cantilever and to set
several parameters in accordance. The principle of PFM can be better illustrated
by Figure 1.5 which shows a typical force curve observed in a PFM measurement
as well as the corresponding responses of the tip with respect to the z-piezo.

The dark solid line in Figure 1.5 refers to the cantilever’s response
(cantilever deflection) while the dashed line represents the sine wave that drives
the z-piezo to oscillate. The tip is at its equilibrium position at (A) where the
sample is withdrawn from the tip. As the sample moves toward the tip, driven by
the sine wave modulation of the z piczo, the attractive force between them causes
the tip to sanp into contact with the sample at (B). The tip and the sample
experience the largest repulsive force at (C) when the driving sine wave reaches
its maximum, and here is where the topographic data is obtained. Then the z-
piezo, i.e. sample, retracts from the tip until it is far enough to overcome the
adhesion at (D) and is completely free from the sample. Finally the subsequent
free oscillation of the cantilever is damped to the baseline at (E). The cycle
repeats from (A) to (E) at a rate of 100 to 2,000 cycles per second according to the
pre-defined frequency. The detection of the maximum repulsive force value and
the adhesion peak is achieved by connecting a peak-picker circuit and a sample-
and-hold circuit [80] to the unit. The peak-picker follows the original force signal
and picks up the maximum value in the case of maximum force detection and the
minimum value for adhesion [75,80]. At the end of each cycle, the peak-picker is
read out by a sample-and-hold circuit and then reset to the original value. The
advantage of PFM over force-volume is that PFM provides high-speed and high-
resolution force measurements by collecting only a few well-chosen data points
[75] instead of recording the complete force-distance curve.

1.2.3 Non-Contact Mode

This imaging mode is good for soft samples [81,82] because the tip will
not cause damage to the sample due to the fact that they are not in contact. In
addition, if one is concerned about contamination introduction from the tip to the
sample, this mode of operation can certainly deal with the problem. This imaging

mode is designed for monitoring the cantilever response due to the van der Waals
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Force

Figure 1.5. Typical force curve shown on an oscilloscope in PFM experiment. The dark solid
line traces the cantilever deflection and the dashed line represents the sine wave that drives
the z-piczo to oscillate. The schematic figures on the bottom depict the movements of the z-
piezo and the response of the cantilever.
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interaction between the tip and the sample. The tip is excited to vibrate above the
sample, i.e. tens to hundreds of angstroms. Since the resonant frequency of a
cantilever is dependent on the distance-related force gradient it experiences, the
system detects the changes in the amplitude, phase or frequency of the oscillating
cantilever in order to feedback to the z-piezo. For example, when a tip
experiences an attractive force from the sample, its oscillation amplitude
increases; the feedback then increase the tip-sample separation to return the
amplitude to its set point value. Unfortunately, the fluid contaminant layer on the
sample surface is often thicker than the van der Waals force gradient. Therefore,
NCM is not as sensitive to the surface topography as CM unless the fluid
contaminant layer is eliminated.
1.2.3.1 Magnetic Force Microscopy

The tip and the sample are operated in the non-contact domain in magnetic
force microscopy (MFM) and this operating mode can be used to collect
information of the topography and the magnetic properties of a sample [83,84].
First, the tip is coated with a ferromagnetic thin film and oscillated near the
sample. The tip-sample separation dependent magnetic field induced by the tip
and the sample causes changes of the cantilever resonant frequency. The system
keeps the amplitude, phase or frequency of the cantilever at a constant value by
monitoring one of these variables and feedback to the z piezo. Note that the
topographic information and the magnetic properties of the sample are both
contained in a MFM obtained image. In order to determine which property
contributes more to the image, one must image the same area with the same tip at
various tip-sample separations. This is because van der Waals interaction, which
allows detection of the topography (as described in section 1.2.3), is predominate
at small tip-sample separation, whereas magnetic effect is more significant at
greater tip-sample separation.
1.2.4 Inverted AFM

Inverted AFM (i-AFM) [85] is simply the inverted design of the
conventional AFM. Instead of having a cantilever integrated tip probing a

substrate, one substrate-supported tip from a tip array is used to probe a
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cantilever-supported sample at a time. Our custom-built 1 cm x 1 cm tip array
[86] is composed of 90,000 tips and two adjacent tips are 25uum apart. Each 1cm?
tip array is divided into 9 squares and each square has 100 sub-arrays, each of
which having an index marker and 100 tips, as illustrated in Figure 1.6. The index
marker serves as the tip identification of different tip sub-arrays.

It is important to understand that AFM topographic image is a convolution
of the tip shape. The actual shape of the sample being probed and the measured
force are significantly dependent on the area of contact between the tip and
sample. Therefore, it is desirable to probe a sample with an ultra-sharp tip (c.g.
carbon nanotube tip [87]) to achieve higher lateral resolution images or with
various tips to obtain more precise results. However, the development for carbon
nanotubes as AFM tips is not yet mature and the commercial tip-integrated
cantilevers are costly. Note that in i-AFM switching from one tip to another
simply moves the cantilever. Thus, the enhanced availability of tips for
topographic imaging and force measurements in i-AFM can greatly increase the
speed of data collection and reduce the research cost from the economical point-
of-view.

Since i-AFM is a newly developed extension to the AFM, not much study
or application of such technique has been published. In this work, I aimed to

investigate the plausibility of operating TM and PFM in the i-AFM design.
1.3 Self-Assembled Monolayers

The applications of self-assembled monolayers (SAMs) have grown
extensively since the discovery of these structures due to their ability to modify
the physical and chemical properties of a surface [88-8990]. The formation of
self- assembled alkanethiol monolayers is spontaneous self-organization of
functionalized, long chain alkanethiol molecules onto the surface of appropriate
substrates (e.g. Au, Ag) by physisorption without external aid [91-9293]. This
process can be achieved by the exposure of a substrate to the alkanethiol-
contained media for various times. Once the molecules have adsorbed to the
substrate, they begin to organize themselves so that the closely packed

hydrocarbon tails are mainly in trans configuration and are tilted at approximately

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1: Introduction Self-Assembled Monolayers 18

Index marker for tip addressing  Tipless cantilever

cantilever

4 4 A

A single tip Adjacent tips are 25um apart =S upponted tip array

Figure 1.6. (A) Scanning electron micrograph of a tip array and (B) optical micrograph of a
sub-array with 100 tips. (Bottom) Inset of a schematic illustration of i-AFM.
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30° from the surface normal to maximize the van der Waals interaction between
the adjacent methylene groups [88,93,94].

An alkanethiol molecule consists of a sulfur atom at one end (called the
head group), which bonds to the substrate, and any type of functional groups at
the other end (called the end group) connected by a methylene chain. The end
group serves to provide different properties to the SAM surface. For example the
surface becomes hydrophilic if a carboxyl group is used as the end group, while
the surface becomes hydrophobic if a methyl group is attached instead. By
choosing alkanethiols with different terminal functional groups, onc can adjust the
lubrication, adhesion and friction of the surface [91-9293,95]. There are several
methods to pattern SAMs, such as microcontact printing (uCP) [95] and dip-pen
nanolithography (DPN) [96] (readers are directed to an excellent review of SAM
by Smith et al., Ref. [88]).

1.3.1 Microcontact Printing

Microcontact printing is a technique in which an elastomeric polymer,
usually polydimethylsiloxane (PDMS) is used to transfer thiol molecules to a
substrate surface [88,95]. Figure 1.7 depicts the procedure for uCP of alkanethiol
molecules on a transition metal substrate. A PDMS stamp with predefined pattern
acts as a sponge and absorbs the alkanethiol after immersion into alkanethiol
solution and dried (Step i). Then the molecules are transferred to the substrate
through the direct contact of the inked PDMS stamp and the substrate (Step ii).

After removing PDMS, the alkanethiol molecules order themselves in a
spontaneous fashion to form a uniform SAM (Step iii). The unstamped regions on
the substrate can be modified with different molecules by immersing the substrate
into another dilute solution [93]. Hence, a surface composed of binary chemistries
can be easily produced.

1.3.2 Dip-Pen Nanolithography
In DPN, the AFM tip and the substrate can be considered as a nib of a dip-

pen and paper, respectively. The tip is inked by immersion into a saturated
solution of interest (alkanethiol) or by other spotting methods such as non-contact

robotic spotting. The molecules from the “ink”-coated AFM tip are directly
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Figure 1.7. Schematic illustration of procedures for pCP of alkylthiol on a transition metal
substrate.
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deposited onto the substrate of interest [97]. Some researchers believe that the
transfer of the molecules from the tip to the substrate depends on the water
meniscus formed between the two [96,98], while others propose that in some
cases water plays no role in the transport process [99,100].

There are possibly two basic steps involved in the patterning process in a
DPN experiment if we assume that the transfer of the molecules is water-related:
1) molecular transport from the tip to the substrate, and ii) “ink” adsorption onto
the surface and monolayer formation [97], as illustrated in Figure 1.8. The first
step is achieved by the dissolution of “ink™ (alkanethiol) into the water meniscus,
while the second step is a spontaneous self-organization process. Nonetheless, the
mechanisms for both the “ink” transportation and adsorption are complicated and
are dependent on a number of variables such as temperature, humidity and the
writing speed (i.e. scan rate of the AFM tip) [97].

In this work, SAMs formed by pCP and DPN were used to modify the
cantilever surface and some gold-coated macro-substrates in order to prevent any

contamination and to provide a heterogeneous surface.

1.4 Combinatorial inverted AFM

Some of the early AFM studies revealed that the measured adhesion,
friction and other tip-sample interactions are correlated to the tip and the sample
surface chemistries [101,102]. By altering the surface functional groups of a tip,
one can enhance the interaction selectivity between the tip and the sample.
Lieber and co-workers [74] were the first group which applied SAMs to both the
AFM tip and the surface that was studied. They measured the interaction between
the CHj3- and COOH- modified tip and the CH;- and COOH- modified surfaces.
Despite the fact that they did not take into account the tip radii, which affect the
degree of interaction, they were able to distinguish the adhesive forces between
CH3/CHj3, CH3/COOH, and COOH/COQOH functional groups.

One of the benefits of the i-AFM is that there are tens of thousands of tips
that are available for modification. By modifying the tipless cantilever and the tip
arrays with different chemistries or biomaterials, one can obtain a series of

distinct force measurements between different chemistries or biochemical
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Figure 1.8. Illustration of molecules being transfer from an AFM tip to a substrate surface
through the water meniscus between the tip and the substrate. The molecules then undergo
self-organization to form SAMs,
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combinations in a relatively short period of time [103]. The modification of the
cantilevers and the tip arrays can be achieved by employing different surface
modification techniques such as robotic spotting [104] and the ones mentioned in
section 1.3.
1.5 Research Objectives

This work is aimed at evaluating the plausibility of performing TM with i-
AFM and also PFM with i-AFM in order to achieve high-speed and high lateral-
resolution force measurements. Surface modification techniques like pCP and
DPN were employed to modify the tipless cantilevers and the tip arrays. The
ability to differentiate different chemically modified areas by phase imaging in
the iTM-AFM, and adhesion force measurement in the iPFM-AFM were
examined. Experimental setup, results and discussions, as well as the directions of

future developments of these methods will also be addressed.
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CHAPTER 2

TAPPING MODE INVERTED ATOMIC FORCE
MICROSCOPY

2.1 Introduction

Over the years, atomic force microscopy (AFM) [1] has been utilized to
measure the forces between molecules and to study surface properties [2-3-4]. In
conventional AFM, a cantilever-supported tip is used to probe a surface. If the tip
gets destroyed, or if one wants to replace the tip with a different chemically
modified tip, the time it required for replacement and the pre-experimental
alignment is unnecessarily long. The solution to this tedious task was given by the
invention of the inverted-AFM (i-AFM) [5]. A schematic diagram of an i-AFM is
shown in Figure 0.1.

In i-AFM, a substrate-supported tip from a tip array is used to probe a
cantilever-supported sample. Since the area for imaging on a tipless cantilever (35
pm x ~15 pm) is much smaller than the sample size (I cm x 1 cm) often used in
conventional AFM, the limited scan size in i-AFM makes it much easier for
experimentalist to locate the same spot on a sample substrate for imaging over
and over again with different tips. In our 1 cm x 1 cm custom-built tip array, there
are 90,000 tips and each adjacent tip is 25 pm apart from the others. Since they
are sufficiently far apart, only one tip probes the tipless cantilever at a time. With
the aid of modern spotting technology [6], it is possible to modify a 1 cm x 1 cm
tip array with hundreds or even thousands of distinct chemistries or biomolecules.
Similarly, a tipless cantilever can theoretically be modified with tens or hundreds
of different chemistries or biomolecules. Therefore, a large number of
combinations of interactions could in principle be measured. With new modes
these measurements may be made in a relatively short period of time [7].

As it is becoming more important in pharmaceutical and drug industries to
examine cell-chemistry, virus-antibody and ligand-receptor interactions in a fast

and convenient way, a soft imaging tool with high throughput force measurement
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Figure 2.1. Illustration of a tipless cantilever addressing one of the tips from a tip arra}'.
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is essential. Hence, in this project we will examine the plausibility of performing
TM in the inverted AFM design and to investigate the optimal conditions for such
performance.

In TM-AFM, the cantilever is excited to oscillate at or near its resonant
frequency, the amplitude and phase of the oscillating cantilever are measured, and
used to create images of the sample. The cantilever is allowed to oscillate freely at
a drive amplitude when it is far from the sample where there is no tip-sample
interaction. When the tip is approaching the sample surface, the oscillation
amplitude is monitored as a function of z distance (tip-sample separation). As the
tip gets closer to the sample, the interactions between them, for example, long-
range electromagnetic interactions and van der Waals interaction, reduce the
cantilever oscillation amplitude. Once the amplitude is reduced to the preset set
point, usually 50-80% of the free oscillation amplitude, the tip starts to scan in
both x and y directions, and the feedback loop keeps a constant amplitude by
adjusting the tip-sample distance. If the amplitude drops below the amplitude set
point, then the feedback loop signals the z-piezo to retract, moves away from the
tip, and in such manner the topography in the x and y plane is obtained. Since the
tip is tapping on the sample at high frequency instead of dragging along the
sample during imaging, the shear force acting on the sample is minimized [8,9].
As a result of the relatively small forces applied to the sample, TM-AFM can
yield a more accurate representation of the actual sample topography. The
oscillating tip together with the feedback loop makes TM-AFM an ideal imaging
tool for soft and fragile samples.

As mentioned the actual data recorded is the amplitude of cantilever
oscillation, but by comparing the amplitude of cantilever oscillation to the drive
signal we can also measure the phase lag of the cantilever with respect to the
drive signal. This phase signal can be used for imaging chemical sensitive
samples [10], biomaterial [11] and nanoparticles [12]. This phase data can be
correlated with the chemical heterogeneity [13], viscosity and local elasticity of a
surface [14,15]. Such detection is simultaneously performed as the topographical

data is generated. If we consider the AFM cantilever as a damped harmonic
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oscillator, then the resonance frequency, @,, of the cantilever is related to its
spring constant, k, and effective mass, m, by k=ma,’ [15]. The phase angle, ¢ (in
radians), as a function of a driving frequency, w, of a freely oscillating cantilever

can be expressed as [15]

-1 mowaw
¢ = tan [E(E:m) s (21)

where Q is the quality factor. The phase angle is at m/2 when the driving
frequency is equal to the resonance frequency. When the tip is brought relatively
close to the sample, the phase angle will change due to the interaction between the
tip and the sample. Thus equation (2.1) becomes [15]

i mow,
¢ =tan (Q(k+0'—ma)2)J’ 22

where o is the sum of force derivatives that are acting on the cantilever.
Assuming that ois very small compared to %, then the phase angle shift, Ag,, of
the free oscillating and interacting cantilever is defined as [15]
Ad, =£—tan"(-—k——] L9 (2.3)
2 Qo k
It can be seen from this equation that phase shift is dependent on the
degree of tip-sample interaction. The stronger interaction between the tip and the
sample produces more phase angle shift. Thus, by probing a surface with a well-
characterized tip in TM-AFM, it is possible to extract qualitative (i.e.
compositional chemistry) and quantitative (i.e. adhesion force) information on a
surface [16-171819].
2.2 Experimental

2.2.1 Chemicals

Octadecanethiol (ODT) and 11-mercaptoundecanoic acid (MUA) (Sigma-
Aldrich) were used for cantilevers and tip arrays modification. Anhydrous ethanol
(Commercial Alcohols Inc.) was used in all chemical ethanolic solution and for
rinsing. Distilled and deionized 17.4 MQ cm water from a water purificatoin

system (Barnstead) was used throughout the experiment. 49% hydrofluoric acid
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aqueous solution (Fisher Scientific Company) was used for stripping off SiO,
layer on the tip arrays. Sylgard 184 silicone elastomer and sylgard 184 curing
agent (Dow Corning) were used for the fabrication of polydimethylsiloxane
(PDMS) stamp. Hexane (EMD Chemicals Inc., Germany) was used for the
cleaning and purification of the PDMS stamp. Purified N, gas for drying was used
throughout the experiment.
2.2.2 Cantilevers and tip arrays

These experiments make use of 3 different kinds of cantilevers and 3
different kinds of tip arrays. Figure 2.2 shows a scanning electron micrograph
(SEM) of a representative Si chip supporting 3 tipless cantilevers. The assigned
names for the cantilevers, their manufacturer specified characteristics, chemical
modification and the types of experiments they were involved in this work are
presented in Table 2.1. The cantilevers that were used in the imaging were 1a, 1b,
2b and 3. Cantilever 2b was Au-coated and chemically modified by immersion
into 0.1 mM of MUA ethanolic solution. Cantilevers la and 1b were also Au-
coated and were chemically modified by pCP and DPN (details of the chemical
modification are covered in section 2.2.4 and section 2.2.6, respectively). The
patterns on cantilevers la and 1b were verified by cantilever 3 in conventional
friction force microscopy (FFM) imaging (i.e. cantilever 3 on top and cantilevers
la and 1b on boftom). After verification of the patterning, cantilever la was
imaged in TM in the conventional and inverted orientations, and cantilever 1b
was imaged in TM in the inverted orientation. Cantilever 2b was used to image
cantilever la in conventional TM. Cantilevers lc and 2a were used for the
measurements of the amplitude-distance curves in both conventional and inverted
orientations, and the cantilevers were used as received.

All of the tip arrays were microfabricated by Dr. J.-B. Green (as described
in Ref. [20]) at the Cornell Nanofabrication Facility. The silicon dioxide (SiO,)
layer (~2 pm thick), which was remained on the tip arrays after the fabrication to

protect the tips from being damaged, was removed by the immersion of the tip
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Figure 2.2. Scanning electron micrograph of a Si chip with three tipless cantilevers attached
to one end.
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Assigned Tipped Material and Length and Resonant Spring Chemical Experiment
name'” or tipless shape thickness frequency constant modification
la Tipless Si 90 um 256 kHz 14 N/m Au-coated Conventional FFM,
Rectangular 2 um uCP TM and inverted
TM imaging
1b Tipless Si 110 pm 203 kHz 7.5 N/m Au-coated Conventional FFM
Rectangular 2 um DPN and inverted TM
imaging
lc Tipless Si 110 pm 194 kHz 7.5 N/m N/A Conventional and
Rectangular 2 pm inverted A(d)
curves
2a Tipped Si 125 pm 325 kHz 40 N/m N/A Conventional and
Rectangular 4 ym inverted A(d)
curves
2b Tipped Si 125 ym 325 kHz 40 N/m Au-coated Conventional TM
Rectangular 4 pm Immersion in imaging
MUA
3 Tipped Si3Ny4 90 um 34 kHz 0.08 N/m N/A Conventional FFM
V-shaped 0.4 um imaging

Table 2.1. Characteristics of the cantilevers that were used in this project. Cantilever geometries are adopted from manufacturer’s specification.

' Cantilevers 1a, 1b, 1c, 2a and 2b purchased from MicroMash.
? Cantilever 3 was purchased from Veeco Intruments Inc.61
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arrays in HF for more than 20 minutes, followed by rinsing with water and dried
under a stream of N, before they were used.

Representative tips from the same batch of tips as the ones that were used
in this experiment were characterized by SEM, as shown in Figure 2.3. The
images were captured at 87° to the plane normal. A commercially available Si
tapping tip (cantilever 2a) was also characterized. The assigned names for the
substrate-supported tips, the geometries of the tips and cantilever 2a, and the
experiments they were involved are tabulated in Table 2.2.

The SEM micrographs reveal that the tip radius of curvature and the tip
height from different batches of tip array vary greatly. The radii of curvature of
the tips were measured to be in the range of 30 nm to 300 nm, and the tip height
varied from 2 um to 7 pm. The tallest tip (7 wm) among the substrate-supported
tips is one third of the tapping tip and the shortest one is only one tenth of the
tapping tip. The SEM images also reveal that the substrate-supported tips are
cylindrically symmetric and the tapping tip is octagonal pyramidal.

It should be obvious to the readers that all of the tip arrays were only used
in the inverted orientation. Tip array X was Au-coated and chemically modified,
which was used for phase imaging of cantilever la, and tip arrays A, B and O
were used for phase imaging of cantilever la. Tip arrays A, B and O were also
used to obtain amplitude-distance curves with cantilever lc.

Au deposition on cantilevers 1a, 1b, 2b and tip array X was achieved by
gold sputtering using Kurt J. Lesker DC sputtering system (Nanofab, University
of Alberta) under vacuum (below 10 torr). Ti worked as an adhesive layer
between the substrate and Au and the deposition rates for Ti and Au are ~5 nm
and ~40 nm, respectively.

2.2.3 Instrumentation

All topographic, phase and friction images for the DPN and pCP modified
tipless cantilevers were obtained using Nanoscope IV controller equipped with a
Dimension 3100 scanning probe microscope (Veeco Inc.). Amplitude-distance
curves were obtained with a Multimode scanning probe microscope and

Nanoscope Illa controller (Veeco Inc.).
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@] B A Cantilever 2a
Figure 2.3. Scanning electron micrographs of substrate-supported tips and a tip-integrated
cantilever.
Assigned Tip radius of Tip height Experiment
name curvature
A ~300 nm ~7 um Inverted TM and A(d)
curve
B ~30 nm ~3 um Inverted TM and A(d)
curve
0 ~50 nm ~2 pm Inverted TM and A(d)
curve
X N/A N/A Inverted TM
Cantilever ~150 nm ~20 um Conventional and
2a inverted A(d) curves

Table 2.2. Characteristics of tips from different batches of arrays obtained by SEM.
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All scanning electron micrographs were obtained from the scanning electron
microscope (SEM) laboratory in the department of earth and atmospheric sciences
in the University of Alberta (X-vision, JSM-6301 FXV, JEOL).

2.2.4 Microcontact printing of cantilever

Cantilever l1a was modified by pCP. A patterned polydimethylsiloxane
(PDMS) stamp was fabricated by mixing 10 parts of sylgard 184 silicone
elastomer with 1 part of sylgard 184 curing agent w/w, and then poured onto a Si
master (the Si master was made by Ademola Idowu at the University of Alberta
NanoFab). The PDMS was lcft to curc on the Si overnight. After the removal
from the Si master, the PDMS underwent cycles of purification and cleaning
before it was ready to use. Prior to usage, the PDMS stamp was cleaned in
accordance with the protocol suggested by Ratner et al. [21]. Briefly, the stamp
was immersed in hexane overnight; the next morning the stamp was removed and
dried inside a vacuum dessicator for 4 hours. This was followed by sonication in
1:1 anhydrous ethanol and deionized water v/v for 15 minutes and dried under a
stream of N,. After completion of the cleaning procedure, the PDMS stamp was
immersed into a 1 mM ethanolic solution of ODT for 1 minute and then removed
from solution and dried under a stream of Ny,

Figure 2.4 illustrates the patterning setup for the nCP on cantilever la.
First attaching the bottom side (side without pattern) of the PDMS on a
microscopic glass slide and having the pattern facing down. Then the glass slide
was lifted up by two small glass vials and was placed under a microscope (10x
magnification, Nikon, Japan) equipped with a CCD camera (Sony, Japan), which
allowed precise positioning of the PDMS and the cantilever. The cantilever chip
was cleaned in ozone (UVO-Cleaner®, Jetlight Company Inc.) for 40 minutes and
was adhered on one end of a homemade cantilever holder using double-sided
tape. The other end of the cantilever holder was attached to an xyz translator
(model mmn-1, Nirishige, Japan). The microscope was adjusted to focus on the
PDMS pattern, and the cantilever was slowly moved up using the z translator until
it was relatively close to the surface of the stamp. Then the xy translator was

utilized to align the end of the cantilever to the pattern. After the alignment was
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Figure 2.4. Optical micrograph of the patterning setup.
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done, the cantilever was brought into contact, using the z translator, with the
PDMS stamp. The cantilever remained in contact for 5 minutes, at which time it
was separated from the stamp. Figure 2.5 is the optical micrograph captured while
the PDMS stamp and the cantilever were in contact.

To avoid contamination from tape residue, the back of the cantilever chip
was gently abraded with a piece of filter paper that was wet with ethanol. Then
the cantilever chip was immersed into a | mM ethanolic solution of MUA for 2
minutes. After immersion in MUA, the cantilever was rinsed by ethanol, followed
by drying under a stream of N,.

2.2.5 Microcontact printing of tip array

Chemical modification of tip array X was also achieved with the contact
printing technique. A small piece of PDMS, without any pattern on it, was cut
from the piece of PDMS that was prepared from section 2.2.4. The same cleaning
procedure mentioned in that section was applied to this PDMS. After the
completion of the cleaning procedure, the PDMS was immersed into a 1 mM
ethanolic solution of ODT for 1 minute and then dried under a stream of N,. Tip
array X was cleaned in an ozone cleaner for 30 minutes prior for stamping. The
stamp was placed on top of tip array X, covering half of the surface, for 3
minutes. It was then immersed in a 1 mM ethanolic solution of MUA for 4
minutes. Upon removal from the MUA solution, the tip array was rinsed with
ethanol and dried under a stream of N,. By doing this half of the tips on the array
were ODT modified while the other half were MUA modified.

2.2.6 DPN patterning of cantilevers

The modification of the cantilever 1b was done in an inverted AFM design
where a substrate-supported tip was used to modify a tipless cantilever
(performed by Shiau-Yin Wu, University of Alberta). To briefly describe the
DPN process, a non-contact robotic spotting system (OmniGrid 100, Genomic
Solutions) was used to modify the tips of a tip array with 0.1 mM ethanolic ODT.

Then the cantilever and the ODT modified tip were brought into close proximity

in iICM-AFM.
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Figure 2.5. Optical micrograph of the position of the PDMS stamp relative to the cantilever.
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The humidity of the DPN experiment was controlled by pumping N, gas
through water into the AFM chamber. The relative humidity and the temperature
were between 80 % and 90 %, and about 23 °C, respectively. The tip was scanned
at a rate of 2 pm/s and had scanned over the same area (1 ;.Lmz) for 26 times
continuously. The cantilever was then immersed into a 1 mM ethanolic solution
of MUA for 5 minutes, followed by rinsing with ethanol and dried under a stream
N,.

2.2.7 Imaging

Note: all of the AFM images in the results and discussion section have
been plane fitted and flattened by the Nanoscope software to remove imaging
artifacts, care was taken not to introduce additional flattening artifacts. Flattening
the images renders the average and the slope of each scan line equal to zero.
2.2.7.1 Conventional

Friction: Cantilever 3 was used in the friction force microscopy (FFM) to
verify the patterning on cantilevers la and 1b in the conventional orientation (i.e.
cantilever 3 on top and cantilevers 1a and 1b on bottom). The tip was scanned at a
rate of 5 Hz and the images were composed of 512 x 512 data points.
Topography, friction images of the tip scanned in the trace and retrace directions
were captured. The friction images that present in section 2.3.1 and section 2.3.2
had been modified by the trace minus retrace function from the Nanoscope
software in order to remove topographic artifacts, i.e. change in slope, and light
interference in the images.

Tapping Mode: Cantilever 2b was excited to oscillate at its resonant
frequency and the phase shift was set to 0° when the cantilever was freely
oscillating. The free amplitude was 2.25 V (rms volts) and the amplitude set point
was 1.5 V. The scan rate of the cantilever was 1.4 Hz and the number of data
points for the topographic and phase images were 512 x 512.

2.2.7.2 Inverted

Cantilever 1a and 1b were excited to oscillate at their resonant frequencies
and the free amplitude was 1.9 V (rms volts). Phase shift was set to 0° when the

cantilever was freely oscillating. The scan rate of the cantilevers was 0.9 Hz and
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the amplitude set points varied when different tip arrays and cantilever 2b were
used. The number of data points for the topographic and phase images were also
512 x 512.

2.2.8 Amplitude distance

Amplitude-distance, A(d), curves were acquired in both conventional and
inverted orientations. In the conventional orientation, cantilever 2a was positioned
above cantilever 1c so that the imaging tip was located ~2 um from the end of the
tipless cantilever. In the inverted orientation, the same Si tipless cantilever was
used with the 4 different kinds of tips (3 tip arrays and 1 cantilever as mentioned
in section 2.2.2). The tipped cantilever is now mounted as a substrate. The end of
the cantilever was aligned in a manner similar to in the conventional case. The tip
was centered under the cantilever and ~1-2 um from the end of the tipless
cantilever.

The remaining steps are identical whether the measurements were in the
conventional or inverted orientation. The top cantilever oscillated at its resonant
frequency, and the free oscillation amplitude of the cantilever was set to 2 V (rms
volts) when the tip-cantilever separation was ~40 pum. After the tip had engaged in
TM, the operating mode was switched to force calibration mode and the
amplitude-distance and deflection-distance plots were obtained. The number of
data points for the approach and retract plots was 8192. The ramp size of the z-
piezo excursion was set to 5 pm at a rate of 35 um/s. No triggering was used,
there were no pauses between the approach and the retract cycles, and the cycles
were continuously repeated. The stepper motor was used to adjust the z distance
between the cantilever and the tip until the cantilever oscillation was reduced to
zero. Automate 5 Professional®, an automation software (Network Automation
Inc., CA) was used to automatically and repeatedly increment the stepper motor to
increase the z distance. The software also allowed the automated capture of the
corresponding amplitude-distance and deflection-distance plots after each

increment. The automation macro is included in Appendix A for reference.
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2.3 Results and Discussion
2.3.1 Micro Contact Printing

Conventional FFM was used to verify the patterning on the uCP tipless
cantilever (cantilever la). FFM has demonstrated sensitivity to chemical and
material properties [22-232425], and it is recognized as a fast and reliable method
to examine surface heterogeneity [26]. The conventional topography and friction
images are shown in Figure 2.6. The friction image clearly displays a
checkerboard pattern similar to the pattern on the PDMS stamp. This supports the
assertion that we have modified the cantilever, and that the regions on the
cantilever are distinguishable. The chain length of ODT is ~Inm longer than
MUA due to the seven extra methylene groups. Therefore, regions modified by
ODT should be noticeably higher than the regions modified by the MUA in the
topography image. Nevertheless, the topography does not show an agreement
with the expectation. At the time of these experiments, the cantilever handling and
patterning had not yet developed into reliable routine procedures. Thus, although
the friction image confirmed that there was a chemical heterogeneity on the
cantilever, it might not necessarily correspond to ODT and MUA, and it is more
appropriate to address the lower friction region as the PDMS stamped region, and
the higher friction region as the backfilled region. This assignment was based on
the pattern, which uniquely identified which region was under the stamp.

After frictional verification of the patterning, the cantilever was probed by
a MUA modified tapping tip (cantilever 2b), in conventional TM-AFM to obtain
the topography and phase image shown in Figure 2.7. The phase angle was at 0°
when the cantilever was freely oscillating.

The bright area in Figure 2.7B corresponds to the backfilled regions. The
phase contrast between the modified and backfilled regions is most likely due to
the change of tip-sample interactions in the different regions as equation (2.3)
shows that the phase shift is proportional to the force derivatives acting on the tip.

Although the contrast in the phase image is not as obvious as it is in the friction
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Figure 2.6. (A) Topography and (B) friction (trace minus retrace) image of cantilever 1a by AFM in conventional orientaion. The scan size is 20pm x
20um. Cross-sectional profiles correspond to (A) height and (B) friction on horizontal line as shown in the images.
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image, the phase difference between the modified and backfilled regions is still
observable and measurable. The phase difference between the modified and
backfilled regions was found to be about 10° according to the section analysis
provided in the Nanoscope software.

Note that the topography (Figure 2.7A) does not correlate to the phase
image except for the tall feature at the centre of the image which is consistent
with the assertion that the phase contrast in Figure 2.7B is due to the chemical
inhomogeneity on the surface.

The results that will be shown in this section were performed in the
inverted orientation, where the tipless cantilever was mounted to the cantilever
holder and was probed by substrate-supported tips. Figure 2.8 shows the
corresponding topography and phase image. Note that Figure 2.8 is the mirror
image of Figure 2.6 and Figure 2.7 because the left-right orientation on a surface
is reversed when it is changed from the conventional design to the inverted
design.

Also note that the phase contrast on the top part of Figure 2.8B does not
resemble the pattern. We hypothesize that this is due to a change in the tip
chemistry, perhaps the tip temporarily picked up some particles in the beginning
and lost them during the scanning process. When a particle is stuck on the tip, it
alters the tip properties, making it difficult to distinguish the chemical
composition on a surface. However, when the tip was scanning over that tall
feature in the middle of the image, the particle that was attached to the tip was
removed, leaving a more stable, possibly MUA modified tip imaging the
cantilever.

Experiments using ODT modified tip and ODT modified substrate-
supported tip to probe the patterned tipless cantilever in conventional AFM and i-
AFM were also performed. However, such experiments did not produce a
noticeable contrast in the phase images. Rationale for this observation could be
the relatively small interaction of ODT modified tip to either regions in air. Thus,

AFM images obtained from those experiments will not be presented here
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2.3.2 DPN patterning of cantilevers

A DPN patterned tipless cantilever (cantilever 1b) was used to conduct
more iTM-AFM experiments. The cantilever was probed by a Si3Ny tip (cantilever
3) prior to patterning to ensure that the surface was clear of undesired particles.
Then it was patterned using ODT modified tip in contact mode in the inverted
design, and backfilled with MUA. After patterning, the cantilever was
characterized by the same Si3;Njy tip (cantilever 3) that was used in the verification
of the pCP cantilever, to verify the pattern using FFM. Figure 2.9 is the
topography and friction image of the DPN patterned cantilever.

The square is clearly shown in the friction image but not in the topography
with 20 nm scale. However, the average section shows that the area inside the
square is lower than its surrounding. This observation contradicted the
expectation that the ODT modified square should appear higher than the MUA
backfilled region. As discussed above, at the time when this experiment was
conducted, the surface modification technique had not yet been fully developed,
and surface contamination led to unpredictable and irreproducible patterning.
Nevertheless, contrast in friction image shows heterogeneity on the cantilever
surface. Thus, although the surface might not be ODT and MUA modified, the
presence of surface heterogeneity was good enough for demonstration purposes.
2.3.3 Effect of Tip Height

Sputtered gold-coated tips with various tip heights (section 2.2.2) were
used to probe the cantilever in iTM-AFM after the pattern had been verified. The
topography and phase image obtained by imaging the DPN patterned cantilever
with tip A are shown in Figure 2.10. Once again, images captured in i-AFM are
mirror image of the ones captured in the conventional AFM. The fact that
topography of AFM image is a convolution of the tip shape and the surface is
clearly illustrated in Figure 2.10A, where the wide radius of curvature of tip array
A broadened the surface structure or the particles that lie on the cantilever in the
topography and the phase image. Therefore, it is important to have the knowledge
of the tip geometry in order to accurately extract information from AFM images;

otherwise it might lead to a false interpretation of the actual surface.
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Figure 2.9. (A) Topography and (B) friction image of cantilever 1b by AFM in conventional orientation. The scan size is 2um x 2pm. Cross-
sectional profiles correspond to (A) height and (B) friction on horizontal line as shown in the images.
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Figure 2.10. (A) Topography and (B) phase image of cantilever 1b by AFM in inverted orientation. Probed by tip array A. The scan size is 2um x
2um. Cross-sectional profiles correspond to (A) height and (B) phase lag on horizontal line as shown in the images.

¢ YdLdVHD

.
.

AV PaMaAU] apoIA Suldde],

1] pue s)nsay]

.

uoISsSnosl

1S



CHAPTER 2: Tapping Mode Inverted AFM Results and Discussion 52

Figure 2.11 shows the topography and phase image captured from tip
array B imaging the DPN patterned cantilever. Among all of the substrate-
supported tips, tip array B has the smallest tip radius of curvature (~30 nm). It is
obvious that the features shown in Figure 2.11A are smaller than those appear in
Figure 2.10A. This observation also supports the statement made earlier: dull tip
makes a surface looks broader than it actually is.

Figure 2.11A shows that the surface is more uniform within the modified
area compared to the backfilled area. Section analysis of the topography shows
that the height difference between the modified region and the backfilled region is
about 1 nm. Clearly the inverted TM-AFM is capable of differentiating the two
regions on the cantilever, and can be used for compositional mapping.

Next, the tip with tip height of ~2 um (tip array O) was used to image the
DPN patterned cantilever. The topography and phase image are shown in Figure
2.12. These images look similar to the ones in Figure 2.11 except that the features
in Figure 2.12 appear to be broader. This is again due to the larger radius of
curvature of tip O. Notice that the bottom part of Figure 2.12 does not seem to be
continuous from the upper part of the image because the tip was too short. As the
tip was moving towards the base of the cantilever, the end of the cantilever
touched the surface of the substrate and lifted the cantilever above the tip. Instead
of the tip imaging the cantilever, the end of the cantilever began imaging the
substrate. This phenomenon is illustrated schematically in Figure 2.13.

Due to the fact that the chip holder tilts the cantilever at 10° from the
horizontal surface, it is not possible to obtain image with a scan size greater than
12 um when a short tip, less than 2 pum, is used. The end of the cantilever would
eventually bump into the base of the array. Fortunately this problem can be
overcome by using taller tips.

2.3.4 Amplitude-distance curves

The difference between the rate of the amplitude-distance curves and the
rate of capturing was such that about every third amplitude-distance curves was

captured. This allowed the system to briefly equilibrate after each motor step,
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Figure 2.11. (A) Topography and (B) phase image of cantilever 1b by AFM in inverted orientation. Probed by tip array B. The scan size is 2um x
2pm. Cross-sectional profiles correspond to (A) height and (B) phase lag on horizontal line as shown in the images.
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Direction of slow scan axis

Figure 2.13. Illustration of the edge of a tipless cantilever bumping into the base of the
substrate.
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ensuring that the amplitude-distance curve was not distorted. Amplitude-distance
curves were captured in both conventional and inverted TM experiments. The
curves were then processed in Microsoft® Excel to create a continuous and
complete amplitude curve from z = 0 pum to z = 50 um. Figure 2.14 displays a set
of amplitude-distance curves measured over tips with different tip heights. For
comparison purposes, the y-axes for these plots have all been normalized to the
free oscillation amplitude. To understand these curves we should briefly review
the behavior of driven and damped harmonic oscillators. The displacement of the

oscillator from equilibrium (z) can be expressed by the differential equation:

2
d = b% +kz = F, sin(or) . (2.4)
a

m
dt

The solution to this differential equation can be expressed in terms of the
amplitude of the cantilever oscillation as a function of frequency, where the

cantilever oscillating amplitude, 4, is defined as [27]

(2.5)

A= Aw,

and where Ay, ay, », b and m are the cantilever amplitude at zero frequency, the
resonance frequency of the cantilever, the drive frequency, the damping
coefficient and the effective mass of the cantilever, respectively. The amplitude at
zero frequency will depend on the amplitude of the drive force F,. The damping
coefficient, b, originates from the sum of all of the dissipating processes that
oppose oscillation of the cantilever. In this case that will include the intra-
cantilever friction, but at atmospheric pressures, this term will be dominated by
fluid dynamic viscous drag of the atmosphere surrounding the cantilever. When
the cantilever is far from any other surfaces, this damping will be a constant
value; however, as the cantilever approached other surfaces, the extent of the fluid
damping will change. Several models have been developed to study these

phenomena, known as “squeeze-film damping”. In principle one could solve the
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Navier-Stokes differential equations for the appropriate geometry, and determine
the effects that the fluid dynamics would have on the oscillating cantilever.
However, in practice, approximations and numerical simulations are the methods
of choice. Based on some initial investigations into software capabilities and our
system geometry, we concluded that the simulation of this oscillating cantilever in
close proximity to the tip array is beyond the scope of this thesis. However, there
are some models (based on approximations) for simplified geometries that might
be instructive for comparison. One such model involves equal sized parallel plates
that are driven to oscillate [27-29]. Approximate solutions for this modcl suggest
that the damping coefficient is inversely proportional to the third power of the
separation between the plates [27-29]. The cantilever used in iTM-AFM acts very
similarly to this squeeze-film damping model except (i) the cantilever is tilted at
10°, (ii) there are tips on the substrate, and (iii) the “plates” are not equal in size.
Schematic diagrams of the two models are described in Figure 2.15. Fitting of the
theoretical curves over the experimental amplitude-distance curves was
attempted. According to this model of squeeze-film damping, the damping
coefficient is related to the area of the cantilever, «’, gas viscosity, 4, and the
separation between the cantilever and the base of the tip array, d, in the form of
[27]

b .
=;1%+bm , b, =0.42a%u. (2.6)

Here b is the damping coefficient when the cantilever is far away from the tip

array. In order to examine how A is related to ¢ experimentally, equations (2.5)

and (2.6) are combined to form a new expression

NN

A= Aoa)02 5 2.7

(a)o2 —a)z)2 +(%7+bm)2 wi

where a new term n defines the order of dependence of A on the distance between

the cantilever and the tip array. Three parameters by, b and n were adjusted by
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Figure 2.15. Illustrations of the model described in squeeze-film damping (left) and i-AFM
(right).
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regression analysis to find the best-fit to the experimental curve. The drive
frequency was the experimental value. The 4y, wpand Q were derived from the
fitting of the cantilever spectrum, when it was far from the surface, using the

following equation

Ao
A= 00 - (2.8)
ooy ]
0 QZ

The results are shown in Figure 2.16. The fitting result shows that b is inversely

proportional to one and a half power of distance, which is in variation with the
suggested mathematical solutions for the parallel plates model, to the third power.
Thus, the observed damping of the cantilever is not well modeled by the parallel
plate model for squeeze-film damping. Although the solutions to the parallel
plates model does not solely fit our experimental data, the cantilever damping is
believed to be related to the separation between the cantilever and the base of the
tip arrays. This is illustrated in Figure 2.14, where the shortest tip demonstrates
the greatest reduction of oscillation amplitude, and the tallest tip shows little
reduction.

2.4 Conclusions

This study shows that chemically heterogeneous samples positioned on a
tipless cantilever can be imaged with tapping mode in the inverted orientation.
Unfortunately patterning procedures and sample handling issues remain
problematic and need to be improve of. Patterning efforts are still too
unpredictable and irreproducible for routine operation.

Scanning electron micrographs reveal that the tip heights range from 2 pm
to 7 um for the substrate-supported tips and 20 pum for the tapping tip. The
amplitude-distance curves indicate that there was severe damping of the
oscillating cantilever even when it was far above the substrate. The reduction of
the cantilever’s oscillation amplitude is related to the tip height in a way that the
shortest tip showed the most severe damping. Fitting of the experimental

amplitude-distance curves resulted in a 1/d"®  dependence to the damping
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coefficient. This is not consistent with the parallel plate model for squeeze-film
damping, which predicted a 1/d> dependence. The reason for this disparity is as
yet unknown, but we think that this may be the result of our more complicated
geometry. Investigations on the oscillation damping are still ongoing by other
group members. Increasing tip heights clearly minimizes the magnitude of the
damping, so tapping mode AFM is completely accessible to the inverted AFM
orientation, and while taller tips are likely to produce identical results to the

conventional design, smaller tips still allow routine imaging of the sample.
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CHAPTER 3

PULSED FORCE MODE INVERTED ATOMIC
FORCE MICROSCOPY

3.1 Introduction

Pulsed-force mode (PFM) [1,2] has been recently developed as an add-on
module for the commercially available atomic force microscope (AFM). The
main functions of PFM are to (i) determine the adhesion between the tip and the
sample, (ii) map the sample stiffness and (iii) simultaneously collect the
topographical data [1-3]. There are a numerous ways to measure the adhesive
force between the tip and the sample using AFM. For instance, force verses
distance curves {4-6], force volume (FV) [7-9] and phase imaging in tapping
mode (TM) [10]. However, these methods have some limitations, such as poor
lateral resolution, slow data acquisition, a large amount of required memory space
for data storage, and the complication of the quantitative extraction of the
adhesion force [1,2,11]. The newly developed PFM has the capability to
overcome these limitations by employing the sample-and-hold circuit in which the
most useful data is acquired and analyzed [1]. In addition, PFM can acquire
thousands of force curves per second, which is hundred times faster than the
conventional force-distance curve measurements.

Despite being newly (1997) developed, the PFM-AFM, possessing the
advantages of the contact mode (high scan speed), the force-distance curve
(mapping adhesion), and the tapping mode (elimination of the lateral shear force),
has found its applications in many research fields [12-15]. Fujihira and his co-
workers have performed a substantial amount of studies on surface
characterization using the PFM-AFM [2,16-23]; many of these studies focused on
interactions between self-assembled monolayers (SAM) of COOH- and CHj;-
functionalized tip and surface [17-20]. They have demonstrated that the adhesive
force mapping by PFM-AFM has the ability to discriminate different functional

groups of a surface both in ambient air and in pure water [17], and that the
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and that the adhesion measured between a tip and a surface is dependent on the
chemistry and the contact area [18,20].

As it has been mentioned in chapter two that the inverted AFM (i-AFM)
[24] has the capability for high-speed imaging between different chemistry
combinations with the modified tips and tipless cantilever. The aim for this
research project is to investigate the plausibility of combining the PFM with the i-
AFM to develop an instrumentation method that is competent to perform ultra
high-speed force measurements.

In PFM-AFM, a function generator sends out a sinusoidal voltage to the z
piezoelectric transducer (z-piezo) which causes vibration of the z-piezo at a
variable frequency of 100 Hz to 2 kHz with an adjustable amplitude of 10 nm to
500 nm [1,2,25]. The z modulation is chosen to oscillate below 2 kHz because the
scanning system, i.e. the piezo and the cantilever, can be excited to produce
disturbing resonance at higher frequency, which might interfere with the
topography and adhesion data [25]. The PFM-AFM is also connected to an
oscilloscope that is used to monitor the response of the cantilever during the
experiment. By observing the cantilever deflection (force signal) as a function of
time on the oscilloscope, one can select the points-of-interest from the trace,
which later defines the topography and adhesion. A picture of the front panel of
the PFM modulator is shown in Figure 3.1. The top and the bottom displays on
the left hand side of the unit show the z modulation frequency in Hertz and the
percentage of the maximum amplitude, respectively, and the knobs beside them
are used to adjust their values.

The knobs in the Trigger Module are triggers for the sample-and-hold
circuits at the points-of-interest. The positions of the triggers are indicated in a
typical force-versus-time curve shown in Figure 3.2. The curve simply reflects the
response of the cantilever in each of the modulation cycle. Because the PFM unit
modulates the z-piezo and in turn the sample stage, it is more appropriate to
describe the tip-sample distance as the sample moves towards and away from the
tip rather than the tip moving towards and away from the sample. When the

sample is far from the tip, the cantilever is at its equilibrium position, as denoted
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Figure 3.1. Front panel of a PFM unit.
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Figure 3.2. Typical force-versus-time curve obtain in PFM measurement and the
corresponding positions of the triggers. The dotted line represents the output voltage from
PFM that modulates the z-piezo and the solid line represents the response of the cantilever,
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by (A) in Figure 3.2, where the cantilever is bending neither upward or
downward. As the sample moves closer to the tip, long-range electromagnetic
interactions between them cause the cantilever to bend towards the sample and
eventually snap into contact with it at (B). At (C), the sample and the tip
experience the most repulsive force, Fpax. The Foyy is used in the feedback loop to
maintain a constant applied force on the sample by adjusting the z-piezo, and give
the topography. The set point of the AFM controls the force between the baseline
and the maximum applied force Fy,, [25]. Data for adhesion map is obtained from
(D) where the maximum adhesion occurs between the tip and the sample. After
being detached from the sample and the subsequent free oscillation of the
cantilever, the tip resumes to its equilibrium position at (E). For example, the
baseline trigger determines the equilibrium position of the cantilever when it is
not interacting with the sample. It is done by averaging the detected signals within
the bandwidth of the trigger. By adjusting the trigger to mark the baseline on the
oscilloscope trace, all other points-of-interest are in reference to the baseline [25].
3.2 Experimental
3.2.1 Chemicals

Octadecanethiol (ODT) and 11-mercaptoundecanoic acid (MUA) (Sigma-
Aldrich) were used for cantilevers and tip arrays modification. Anhydrous ethanol
(Commercial Alcohols Inc.) was used in all chemical ethanolic solution and for
rinsing. Distilled and deionized 17.4 MQ cm water from a water purificatoin
system (Barnstead) was used throughout the experiment. 49% hydrofluoric acid
aqueous solution (Fisher Scientific Company) was used for stripping off SiO,
layer on the tip arrays. Sylgard 184 silicone elastomer and sylgard 184 curing
agent (Dow Corning) were used for the fabrication of polydimethylsiloxane
(PDMS) stamp. Hexane (EMD Chemicals Inc., Germany) was used for the
cleaning and purification of the PDMS stamp. Purified N, gas for drying was used
throughout the experiment. Piranha solution (1:3 H,O,/H,SOq, Fisher Scientific

Company) was used for Si wafer cleaning.
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3.2.2 Silicon chip, cantilevers and tip arrays
These experiments made use of 1 Si chip, 3 different kinds of cantilevers

and 1 kind of tip array. The Si chip was diced from a 4” Si wafer and had
dimensions of 1 cm x 1 cm. It was coated with ~5 nm of Cr and ~20 nm of Au
and was chemically modified by nCP (details of the chemical modification of Si
chip are covered in section 3.2.5). It was imaged in conventional friction force
microscopy (FFM), FV and PFM. The assigned names for the cantilevers, their
manufacturer specified characteristics, chemical modification and the types of
experiments they were involved in this work are presented in Table 3.1.
Cantilevers 1a was Au-coated and chemically modified by pCP (details of the
chemical modification of cantilever la are covered in section 3.2.4). It was
imaged in FFM in the conventional orientation and PFM in the inverted
orientation. Cantilever 1b was also Au-coated and chemically modified by the
immersion of the cantilever into 0.3 mM ethanolic solution of MUA. It was
imaged in FV and PFM in the inverted design. Cantilever 2 was used as received
from the manufacturer for the characterization of the patterned cantilever
(cantilever 1a) and Si chip in conventional FFM. Cantilever 3 was also used as
received for the adhesion mapping of the Au-coated chip in FV and PFM in the
conventional orientation.

The tip arrays were microfabricated by Dr. J.-B. Green (as described in
Ref. [26]) at the Cornell Nanofabrication Facility. The silicon dioxide (SiO;) layer
(~2 pm thick), which was remained on the tip arrays after the fabrication to
protect the tips from being damaged, was removed by the immersion of the tip
arrays in HF for more than 20 minutes, followed by rinsing with water and dried
under a stream of N before they were used.

Two tip arrays came from the same wafer of tip arrays were used for the
adhesion mapping of the tipless cantilevers (cantilevers 1a and 1b) in the inverted
design. Scanning electron micrograph (Figure 3.3, captured at 87° to the plane
normal) of one of the tips from the tip array shows that the tip radius of curvature

is ~30 nm and the tip height is ~7.8 pm. These tip arrays were coated with Au and
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Assigned Tipped or tipless Material and Length and Spring Chemical Experiment
name'? shape thickness constant modification »

la Tipless Si 110 pm 0.95 N/m Au-coated Conventional FFM
Rectangular 2 um uCP and inverted PFM

1b Tipless Si 250 pm 0.65 N/m Au-coated Inverted FV and
Rectangular 2 um Immersion in MUA PFM

2 Tipped SizNy 90 pm 0.08 N/m N/A Conventional FFM

V-shaped 0.4 pm

3 Tipped Si 225 um 2.8 N/m N/A Conventional FV

Rectangular 3 um and PFM

Table 3.1. Characteristics of the cantilevers that were used in this project. Cantilever geometries were adapted from manufacturer’s specification.

! Cantilevers 1a, 1b and 2 purchased from MicroMasch.
% Cantilever 3 purchased from Veeco Instrumentation Inc.
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Figure 3.3. Scanning electron micrograph of a representative tip from a tip array. Image was
taken at 87° from the plane normal.
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one of them was chemically modified by immersion into a 0.3 mM ethanolic
solution of MUA after it was cleaned in ozone (UVO-Cleaner®, Jelight Company
Inc.) for 30 minutes. And then rinsed with water and dried under a stream of N,
before they were used.

Ti and Au deposition on cantilevers 1a and the tip arrays was achieved by
sputtering using Kurt J. Lesker Magnetron sputtering system (Nanofab,
University of Alberta) under vacuum condition. The system was first pumped
down to ~2 x 10 torr and then filled with Argon gas to ~7 x 10™ torr. Ti worked
as an adhesive layer between the substrate and Au. The deposition rates for Ti and
Au are 0.03 nm/s and 0.14 nm/s, respectively. Approximately 14 nm Ti and 40
nm Au were deposited on the cantilever and the tip arrays. Cantilever 1b was Cr
(worked as adhesive layer between the Si substrate and Au) and Au-coated by
thermal evaporation deposition (FTM-2000, Torr International Inc.) under
vacuum (5x10°® mbar). The deposition rates were 0.05 nm/s for Cr and 0.03 nm/s
for Au. Approximately 9 nm of Cr and 40 nm of Au were deposited on the
cantilever.

3.2.3 Instrumentation

All topography and friction images for the Si chip, cantilevers la and 1b
captured in the conventional orientation were obtained using Nanoscope IV
controller equipped with Dimension 3100 scanning probe microscope (Veeco
Instruments Inc.). Adhesion mapping in PFM were performed with a PFM
Extension (WiTec Instruments Corp.) in combination with a digital storage
oscilloscope (Tektronix, Inc.) and a Multimode SPM (Veeco Instruments Inc.)
with a Nanoscope Illa system controller. Adhesion mapping in FV was performed
with a Multimode SPM (Veeco Instruments Inc.) with a Nanoscope Illa system
controller, and a digital storage oscilloscope was connected to the SPM.

Scanning electron micrographs were obtained from the scanning electron
microscope (SEM) laboratory in the department of earth and atmospheric sciences

in the University of Alberta (X-vision, JSM-6301 FXV, JEOL).
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3.2.4 Microcontact printing of cantilever

The PDMS stamp used for the pCP of the cantilever was the same as the
one that was used in section 2.2.4 and the same cleaning protocol for the PDMS
as mentioned in section 2.2.4 was employed. Microcontact printing of the tipless
cantilever was achieved in an identical manner as described in section 2.2.4.
3.2.5 Microcontact printing of Au-coated chip

The same PDMS stamp that was used in section 2.2.4 was used to pattern
the Au-coated chip, and the same cleaning procedure for the PDMS as mentioned
in that section also applied in this casc. The pattcrning procedurc was carried out
as follows: vertical lines that were 1 mm apart were scratched on the chip. This
chip was then cleaned by immersion into piranha solution for 15 minutes,
followed by rinsing thoroughly with water and dried under a stream of N,. The
pattern on the stamp was aligned in between the vertical scratch lines. This
allowed easy locating of the pattern when it was imaged in the AFM experiments.
The stamp and the chip were placed in contact for 5 minutes, in which time the
chip was immersed in a 1 mM ethanolic solution of MUA for 2 minutes. It was
then rinsed by ethanol and dried under a stream of Nj.
3.2.6 Imaging

Note: all of the AFM images in the results and discussion section have
been plane fitted and flattened by the Nanoscope software to remove imaging
artifacts, care was taken not to introduce additional flattening artifacts. Flattening
the images renders the average and the slope of each scan line equal to zero.
3.2.6.1 Conventional Orientation

Friction: Cantilever 2 was used in the FFM to verify the patterning on the
Si chip and cantilever 1a in the conventional orientation (i.e. cantilever 2 on top
and cantilever la on bottom). The tip was scanned at a rate of 5 Hz and the
images were composed of 512 x 512 data points. The friction images of the tip
scanned in the trace and retrace directions were captured for the patterned Si chip.
The retrace image was subtracted from the trace image to obtain a more accurate

friction image for the patterned Si chip.
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FV: Cantilever 3 was used to probe the Si chip to obtain force-distance
curves. The tip was scanned at a rate of 2 Hz and the topography and adhesion
images were composed of 64 x 64 data points while the force-distance curves
were also composed of 64 data points. Relative triggering at 0.03 mV was turned
on.

PFM: Cantilever 3 was also used to probe the Si chip to obtain PFM
adhesion and topographic images. The tip was scanned at a rate of 1 Hz and the
images were composed of 512 x 512 data points. The z-piezo oscillation was ~1
kHz.
3.2.6.2 Inverted Orientation

FV: Cantilever 1b was probed by a chemically modified tip array to obtain
force-distance curves in the inverted orientation. The scan rate was 2.5 Hz with
topographic and adhesion images of 16 x 16 data points and 512 data points for
the force-distance curves. Relative triggering at 0.2 V was turned on.

PFM: A tip array was used to probe cantilever 1a with a scan rate of 1 Hz
and a chemically modified tip array was used to probe cantilever 1b with a scan
rate of 0.8 Hz to obtain topographic and PFM adhesion images. These images
were composed of 512 x 512 data points and the z-piezo oscillation was ~1 kHz

in both sets of experiments.

3.3 Results and Discussion

This section will begin with an introduction and validation of pulsed force
mode characterization of samples in a conventional AFM. This is followed with
an experiment that demonstrates the use of PFM with the inverted AFM
orientation.

As discussed in the experimental section above, a 1 cm square silicon
sample was coated with Au and patterned via pCP. Verification of the pCP
modified chip was performed with FFM, and the topographic and friction images
are shown in Figure 3.4. Recall that the friction image is actually formed by
taking the difference between two lateral force images (one that is the trace and
the other that is the retrace). This trace minus retrace image is referred to as a

friction image. Based on the pattern of the stamp, the low friction regions (dark
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Figure 3.4. (A) Topography and (B) friction image of the patterned chip imaged by AFM in conventional orientation. Friction image was generated by

trace minus retrace. Scan size is 15um x 15um. Dark contrast in (B) represents lower friction and bright contrast represents higher friction. Cross-
sectional profiles correspond to the average (A) height and (B) friction calculated within the box shown in the images
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correspond to the area that was stamped, and the high friction regions (bright)
correspond to the area that was backfilled. Section analysis of the height data
shows that on average the area in the backfilled region is 0.5 nm taller than the
stamped region. An ODT monolayer should be ~Inm taller than a MUA
monolayer. Thus while the assertion that the stamped region is covered with an
ODT monolayer and that the backfilled region is covered with an MUA
monolayer is supported by the frictional contrast, it is not supported by the height
data. Instead the height data directly contradicts this assertion. In addition, the
dark spots in the backfilled region (Figure 3.4B) suggest that the MUA or other
contaminants did not form a uniform layer on the chip surface. This could be a
result of the formation of multilayers on the backfilled region or some other form
of surface contamination. In either case, the sample is heterogeneous, and that
was the primary goal of the sample preparation. With this heterogeneous sample
prepared, PFM data may be acquired and compared to the more traditional
adhesion measurement methods.

The most common form of adhesion measurement with AFM is the force-
distance curve. Force volume (FV) imaging involves making force-distance curve
measurements at an array of Xy locations, thus creating an image of adhesion
measurements. The force measurements from the FV were used to compare with
the PFM force measurements that were obtained afterward to determine the
reliability of the PFM data. Figure 3.5 shows the topography and FV images of
the same location, which was shown in Figure 3.4. The adhesion image consists
of an array of 64 x 64 (or 4096) force-distance curves. Due to the data collection
capabilities of the Nanoscope software, this lateral resolution (64 force-distance
curves in 14.8 pm) limited the resolution of the force-distance curves to 64 data
points. Higher resolution force-distance curves required sacrificing the lateral
resolution, and thus the total number of force-distance curves per image. The
force volume image, shown in Figure 3.5, required ~70 minutes to acquire. The
force volume shown in Figure 3.5 is consistent with the friction image in Figure

3.4B in that a stronger adhesion between the tip and the surface corresponds to a

friction.
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Figure 3.5. (A) Topography and (B) FV adhesion image of the patterned Au-coated Si chip imaged by AFM in conventional orientation. Scan size is

14.8um x 14.8um. Adhesion image is composed by 4096 force curves. Dark contrast in (B) represents higher adhesion and bright contrast represents
lower adhesion.
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Then two close-up FV images with scan size of 100 nm, one within the stamped
region and the other inside the backfilled region, were obtained. Each image was
composed of an array of 16 x 16 (256) force-distance curves and each force-
distance curve had 512 data points. The units of the raw data in the force-distance
curves were nanometer for the tip-sample distance and volt for the cantilever
deflection. In order to convert the cantilever deflection into a useful unit, in this
case the force, F' (nN), the following equation was used,

F=VxSxk (3.1
where V is the mecasured deflection voltage in volts, S is the detectlor sensitivity in
nm/volt and £ is the cantilever spring or force constant in nN/nm. The cantilever
sensitivity is defined as the ratio of the distance a cantilever bends to the volts
detected by the split photodiodes. The sensitivity is determined from the slope of
the force distance curve for the region where the cantilever was in contact with a
rigid surface. To this end it was assumed that the chip substrate is a rigid
substrate. The cantilever force constant was obtained from the manufacturer’s
specification. Figure 3.6 presents the force-distance curves measured within the
stamped and the backfilled regions. The adhesive forces were determined by
taking the difference between the force at the point where the tip broke free from
the surface and the force when the tip is not interacting with the surface. In this
way each force volume image which produced 256 force-distance curves, also
produced 256 values for the adhesion force. Histograms of these adhesion force
values are shown in Figure 3.7. As several histograms are presented in this
chapter, diamonds will always correspond to data from stamped areas and
triangles for data from backfilled areas, and the Gaussian curves are least square
fitted Gaussian functions to the adhesion data. The fitting was done by Solver in
Microsoft® Excel. It can be seen from the force-distance curves and the
histograms that the adhesion distribution is fairly tight for both the stamped and
backfilled areas. Furthermore, the results also show that the adhesion between the
unmodified tip and the backfilled region is almost three times stronger than the

adhesion between the same tip and the stamped region.
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Figure 3.6. Force-distance curves obtained from FV adhesion measurements of the patterned
Si chip inside (A) stamped region and (B) backfilled region with 100 nm scan area. Each
plot is composed of 256 (retract) force curves and each force curve has 512 data points.
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Figure 3.7. Histograms generated from FV measurements inside modified region (diamond)
and backfilled region (triangle) of the patterned Si chip. Each histogram is composed of 256
force measurements. The measured average adhesion inside the modified region and the
backfilled region are 5.1nN and 14.0nN, respectively.
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Figure 3.8. (A) Topography and (B) PFM adhesion image of the patterned Si chip imaged by AFM in conventional orientation. Scan size is 15um x

15um. Dark contrast in (B) represents lower adhesion and bright contrast represents higher adhesion. Cross-sectional profiles represent average (A)
height and (B) adhesion calculated within the box shown in the images
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The same area on the chip was then imaged by the PFM. Figure 3.8 which is a
representative of many PFM images, was captured at a scan rate of 1 Hz and
contains 512 x 512 data points. As a reminder, in PFM the electronics of the PFM
module uses triggers to determine various values, such as the average value of the
cantilever deflection when it is not interacting, and the minimum deflection of the
cantilever during a force-distance curve. While the force-distance curve is not
saved in normal operation of the PFM, the electronics are designed to extract the
value for the adhesion from each force-distance curve. This deflection voltage is
then sent to the Digital Tnstruments AFM electronics, which maps that voltage
onto the xy coordinates, and creates a map of that voltage. The resulting image is
called a PFM image, and corresponds to the PFM determined value for adhesion.
Thus while each point in the image does not explicitly correspond to a particular
force distance curve, in fact there are more force-distance curves than there are
data points. The result is a high resolution technique.

The amount of time required to capture the PFM image was less than 10
minutes. Since the z-piezo oscillated at 1,000 Hz, ~600,000 force-distance curve
measurements were performed during the time required to obtain this PFM image
which is composed of 512 x 512 (262,144) data points. The PFM obtained
topography (Figure 3.8A) looks similar to Figure 3.4A which is topography
captured in contact mode, and the section analysis reveals that the average height
in the stamped area is about 0.1 nm lower than the backfilled area. The dark
contrast in PFM adhesion image represents low adhesion. The low adhesion area
in the PFM image (Figure 3.8B) is consistent with the low friction in the friction
image shown in Figure 3.4, and the low adhesion measured by FV as shown in
Figure 3.5. The consistencies of the topographic images captured from PFM and
CM, and the adhesion images captured from PFM and FV verified that the PFM is
capable of producing reliable data from a normal patterned sample. However, the
source of the horizontal bands in the PFM adhesion image remain something of a
mystery. These bands occur more often when the scan size is greater than 1 pm.
The reason for this occurrence could be that the tip picked up some particles

during scanning, which changed its interaction with the sample surface, or that
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there was a change in uniformity of the water meniscus between the tip and the
surface, which alters the behavior of the cantilever.

In an analogous manner to the force volume experiment above, PFM
images with smaller scan sizes were obtained inside the stamped and the
backfilled regions. The scan size for these PFM images was also 100 nm and all
of the experimental parameters were set to the same values as they were when
capturing the 15 pm image. Figure 3.9 shows the topographic and PFM adhesion
images captured within the backfilled region as well as their cross-sectional
profiles. The section was performed by the dual scction function provided by the
Nanoscope software which allows one to examine exactly the same scan line on
each of the images and to compare them on the same plot, as illustrated in the
bottom part of Figure 3.9. These 100 nm images show a strong negative
correlation between the topography and adhesion, i.e. high features in topography
produce low adhesion. Supportive evidence can be drawn from the mirror image
of the section lines where at taller topography (dashed line) the adhesion (solid
line) is smaller. This is a well-known phenomenon that adhesion is directly
proportional to the contact surface area. The contact area between the tip and the
sample decreases when the tip scans over a tall, sharp feature, thus leading to an
observed lower adhesion if the surface is homogeneous [18,20].

Figure 3.10 shows the histograms of the PFM adhesion measured inside
the stamped and the backfilled areas. Notice that each of these histograms are
composed of 262,144 data points, and that the data was offset by some unknown
functions during output from the Nanoscope controller. In order to correct the
offset adhesion, experiments to determine the unknown functions that cause the
offset must be performed. This could be done by systematically correlating the
PFM (Nanoscope) measured adhesion to the oscilloscope-displayed values.
Unfortunately, this offset was not known at the time that these adhesion images
were obtained, therefore, a reformulation of the data into raw data was not
performed.

While the tip was scanning over the stamped and backfilled regions, part

of the corresponding force-time curves shown on the digital oscilloscope were
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Figure 3.9. (A) Topography and (B) PFM adhesion image within the backfilled area of patterned Si chip by AFM in conventional orientation. The scan

size is 100nm. The adhesion image (B) is composed of ~600,000 force measurements. Cross-sectional profiles correspond to the horizontal line shown on
the topography (dashed line) and adhesion (solid line) image.
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Figure 3.10. Histograms generated from PFM adhesion measurements inside modified
region (diamond) and backfilled region (triangle) of the patterned Si chip. Each histogram is
composed of ~600,000 force measurements. The measured average adhesion inside the
modified region and the backfilled region are 2.5nN and 3.2nN, respectively.
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Figure 3.11. Force-time curves generated from oscilloscope during PFM adhesion
measurements within 100nm scan area of the (A) modified region and (B) backfilled region
of the patterned Si chip.
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captured. A section of the curves is shown in Figure 3.11. There were 10,000 data
points along the oscilloscope trace and 100 force-distance curves were captured
within 0.1 s. Hence, each complete force-distance curve was composed of 100
data points. It is possible to capture all of the PFM force-distance curves in one
complete scan, i.c., one image, in high resolution; however, this requires a device
that can process extremely fast data throughput and is able to save a large amount
of data. Nevertheless, such a device is not necessary in this experiment since the
most useful data has already been collected by the PFM-AFM and used to
generate the adhesion and topographic images.

The oscilloscope data was processed and the subsequent histograms of the
force-distance curves were generated, as shown in Figure 3.12. Based on the
histogram of the limited number of force-distance curves that were captured from
the oscilloscope, the mean adhesions of the stamped area and the backfilled area
with the unmodified Si tip were found to be 7 nN and 12 nN, respectively, and the
discrepancies of these values with the ones measured in FV were 40 % and 14 %.
The difference of the force volume and PFM measured adhesions could be a
result of the small amount of data collected from the oscilloscope in PFM, which
led to an inaccurate force representation. The difference in loading rate (the rate at
which the tip jumps into contact with and detaches from the sample) could also
contribute to the discrepancies [27-2829].

As the goal for this research project was to examine the plausibility of
combining PFM with the inverted design of AFM to perform high-speed and high
resolution force measurements, the i-AFM was set up to image the chemically
modified Au-coated tipless cantilever in PFM. Verification of the pCP modified
tipless cantilever was performed with FFM, and the topographic and trace friction
images are shown in Figure 3.13. The friction image shown that this cantilever
was heterogeneous. After the verification of the pattern, the tipless cantilever was
mounted to the cantilever holder and was imaged by a substrate-supported Au-
coated tip. Figure 3.14 shows the topography and PFM adhesion image of a 10
pum square within the 15 pum square shown in Figure 3.13. Note that Figure 3.14 is

the mirror image of Figure 3.13 due to the inversion of the cantilever in i-AFM. A
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Figure 3.12. Histograms generated from oscilloscope captured PFM adhesion measurements
inside modified region (diamond) and backfilled region (triangle) of the patterned Si chip.
Each histogram is composed of 50 force measurements. The mecasured average adhesion
inside the modified region and the backfilled region are 6.9nN and 11.6nN, respectively
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Figure 3.13. (A) Topography and (B) friction (trace) image of patterned cantilever by AFM in conventional orientation. Scan size is 15pm x 15pm.
Dark contrast in (B) represents lower friction and bright contrast represents higher friction. Cross-sectional profiles correspond to the average (A)
height and (B) friction calculated within the box shewn in the images.difference indicate that PFM i-AFM is capable of differentiating surface

compositions.
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Firgure 3.14. (A) Topography and (B) PFM adhesion image of patterned cantilever by AFM in inverted orientation. Scan size is 10um x 10um. The
adhesion image is composed of ~600,000 force measurements. Dark contrast in (B) represents lower adhesion and bright contrast represents higher

adhesion. Cross-sectional profiles correspond to average (A) height and (B) friction calcuiated within the box shown in images.
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round-edge square can be seen in the adhesion image in Figure 3.14B which
corresponds to the stamped region and the surrounding bright contrast
corresponds to the backfilled region. Topographic effect on the PFM adhesion
image can also be observed.

To further demonstrate that PFM could function in combination with the i-
AFM, force measurements using a Au-coated tipless cantilever and a Au-coated
tip array, both modified with MUA, were performed. The PFM adhesion was
compared with the FV measured adhesion. Topography and PFM adhesion image
with scan size of 1 um arc presented in Figure 3.15. Since this tipless cantilever
was coated with thermally evaporated Au, the grain size of the Au atoms is larger
than it is in sputtered-Au. Hence, the surface appears to be rougher than a
sputtered-Au coated surface (Figure 3.14). The manufacturer specified spring
constant of this cantilever was 0.65 N/m and the sensitivity of the cantilever was
found to be 175 nm/V. The z-peizo oscillated at 1000 Hz with scan rate of 0.8 Hz
in a 1 um scan area with 512 x 512 data points. Therefore, the PFM adhesion
image was composed of 640,000 force-distance curves. On the other hand, in FV,
the resolution in the x and y plane was 16 x 16 and the FV scan rate was 0.0788
Hz, where each force-distance curve had 512 data points. That made up a FV
image composed of 256 force-distance curves. The time it took to capture one
PFM adhesion image and one FV image were about 11 minutes and 3.5 minutes,
respectively. Although it took almost three times longer to capture the PFM
image, it had 1,024 times better resolution on the x and y plane than the FV
image, and the PFM adhesion map was composed of 2,500 times more force-
distance curves than the FV image. Seventy curves captured in segments directly
from the oscilloscope during the PFM measurement were processed and analyzed
in Microsoft® Excel to generate force-distance curves (see Appendix B for a detail
description for the conversion of the data to force-distance curves). Part of the
curves captured from PFM and FV are shown in Figure 3.16. Since the loading
rate was high (~1 kHz) in the PFM measurement, the subsequent free oscillation
of the cantilever after detaching from the tip was very strong (Figure 3.16A), and

this observation seemed to correlate to the magnitude of the adhesive force, i.e., a
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Figure 3.15. (a) Topography and (B) PFM adhesion image of modified cantilever by AFM in inverted orientation. Scan size is 1um x 1pm. The adhesion
image is composed of ~600,000 force measurements. Dark contrast in (B) represents lower adhesion and bright contrast represents higher
adhesion.Cross-sectional profiles represent horizontal lines shown on images.
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Figure 3.16. Force-distance curves generated from measurements of a modified cantilever
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Figure 3.17. Histograms generated from FV (cross) and oscilloscope captured PFM (circle)
adhesion measurements of modified cantilever by AFM in inverted orientation. FV
generated histogram is composed of 256 force measurements and the PFM generated
histogram is composed of 70 force measurements.
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stronger adhesion between the tip and the cantilever produced a stronger
oscillation. It can be seen from Figure 3.16B that the FV measured adhesion
distribution is quite wide and mainly in between 10 nN to 40 nN. The histograms
(Figure 3.17) show that the average adhesions for FV and PFM are 26 nN and 22
nN with the standard deviations of 10 nN and 7 nN, respectively. The average
adhesions and their standard deviations measured in PFM and FV in 1 um and 5
pum scan sizes are tabulated in Table 3.2. It is important to note that the PFM
oscilloscope force-distance curves were captured in 7 random locations within the
1 pm and 5 um scan areas. Adhesion divergence due to topographic effects could
play a significant role in the measurements. Additionally, only 10 complete
curves were captured in each segment which corresponded to 4 data points; thus,
the PFM adhesion histogram only represents 28 data points (0.01%) of the
262,144 data points composing the image. Raw data is needed to generate
accurate results; hence, it is desired to have the digital PFM and oscilloscope that
can collect all the measured raw data. In spite of these problems, the results
obtained in PFM and FV still showed a good agreement with each other within
the standard deviation. Thus, it proves that PFMi-AFM has the ability to obtain

reliable force measurements in high-speed and high lateral resolution.

3.4 Conclusion

The reliability of PFM in adhesive force measurement was studied. The
results obtained from measurements of a uCP modified Au-coated Si chip using
PFM and FV in conventional AFM were compared. The discrepancies of the
measured adhesive forces in different modes might be due to topographic effects
and different loading rates. Chemically modified tipless cantilevers and tip array
were used to perform i-AFM in PFM. Adhesion data from PFM and FV operated
in the inverted design were also collected and compared. The results obtained
from each of these modes were consistent with one another within the standard
deviations. Thus, this experiment has clearly demonstrated that it is practical to
operate i-AFM in PFM. Moreover, the ability to measure accurate and precise
adhesion in high-speed can be achieved by the usage of digital PFM and advanced

digital oscilloscope.
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Adhesion (1pum) Adhesion (5um)
PFM 21.7 £ 7nN 20.3 £14nN
FV 26.4 £ 10nN 23.4+ 7/nN

Table 3.2. Average adhesion measured by PFM (oscnlloscope) and FV in 1pm and Spm of
modified cantilever in inverted orientation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3: Pulsed-Force Mode Inverted AFM References 97

3.5 References

1 Rosa, A,; Weilandt, E.; Hild, S.; Marti, O. Meas. Sci. Technol. 1997, 8, 1333.

2 Miyatani, T.; Horii, M.; Rosa, A.; Fujihira, M.; Marti, O. Appl. Phys. Lett. 1997,
71,2632,

3 Pfrang, A.; Huttinger, J. K.; Schimmel, Th. Swf. Interface Anal. 2002, 33, 96.

4 Weisenhorn, A. L.; Maivald, P.; Butt, H-J.; Hansma, P. K.; Phys. Rev. B 1992,
45, 226.

5 Hoh, J. H.; Cleveland, J. P.; Prater, C. B.; Revel, J-P.; Hansma, P. K. J. Am.
Chem. Soc. 1992, 114, 4917.

6 Radmacher, M.; Cleveland, J. P.; Fritz, M.; Hansma, H. G.; Hansma, P. K.
Biophys. J. 1994, 66, 2169.

7 Radmacher, M.; Fritz, M.; Cleveland, J. P.; Walters, D. A.; Hansma, P. K.
Langmuir 1994, 10, 3809.

8 Van der Werf, K. O,; Putman, C. A. J.; Groth, B. G.; Greve, J. Appl. Phys. Lett.
1994, 65, 1195.

9 Mizes, H. A.; Loh, K-G.; Miller, R. J. D,; Ahujy, S. K.; Grabowski, E. F. Appl.
Phys. Lett. 1991, 59, 2901.

10 Magonov, S. N.; Elings, V. B.; Whangbo, M-H. Surf. Sci. 1997, 375, L385.
11 Whangbo, M-H.; Bar, G.; Brandsch, R. Suif. Sci. 1998, 411, 1L.801.

12 Marti, O.; Stifter, T.; Waschipky, H.; Quintus, M.; Hild, S. Colloid Surface
1999, /54, 65.

13 Hinder, S. J.; Connell, S. D.; Davie, M. C.; Roberts, C. J.; Tendler, S. J. B.;
Williams, P. M. Langmuir 2002, 18, 3151.

14 Dickson, L. E.; Berg, J. C. J. Adhesion Sci. Technol. 2001, 15, 171,

15 Zhang, H.; Grim, P. C. M.; Foubert, P.; Vosch, T.; Vanoppen, P.; Wiesler, U.-
M.; Berresheim, A. J.; Mullen, K.; De Schryver, F. C. Langmuir 2000, /6,
9009.

16 Miyatani, T.; Okamoto, S.; Rosa, A.; Marti, O.; Fujihira, M. Appl. Phys. A
1998, 66, S349.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3: Pulsed-Force Mode Inverted AFM References 98

17 Okabe, Y.; Furugori, M.; Tani, Y.; Akiba, U. Fujihira, M. Ultramicroscopy
2000, 82, 203.

18 Okabe, Y. Akiba, U. Fujihira, M. Applied Surface Science 2000, 157, 398.

19 Fujihira, M.; Tani, Y.; Furugori, M.; Akiba, U.; Okabe, Y. Ultramicroscopy
2001, 8¢, 67.

20 Sato, F.; Okui, H.; Akiba, U.; Suga, K.; Fujihira, M. Ultramicroscopy 2003,
97,303,

21 Kwak, K. I.; Kudo, H.; Fijihira, M Ultramicroscopy 2003, 97, 249.
22 Kwak, K. J.; Kudo, H.; Yoda, S.; Fijihira, M Ultramicroscopy 2004, 100, 179.

23 Akimoto, K.; Sato, F.; Morikawa, T.; Fujihira, M. Jpn. Appl. Phys. 1 2004, 43,
4492,

24 Green, J.-B. D.; Novoradovsky, A.; Park, D.; Lee, G. U. Appl. Phys. Lett.
1999, 74, 10.

25 Krotil, H.-U.; Stifter, T.; Waschipky, H; Klaus, W.; Hild, S; Marti, O. Surf.
Interface Anal. 1999, 27, 336.

26 Mabry, J. C.; Yau, T.; Yap, H.-W.; Green, J.-B. ultramicroscopy 2002, 91, 73.

27 Grandbois, M.; Beyer, M.; Rief, M.; Clausen-Schaumann, H.; Gaub, H. E.
Science 1999, 283, 1727.

28 Lo, Y.-S.; Zhu, Y.-J.; Beebe, Jr. T. P. Langmuir 2001, 17, 3741.

29 Evans, E. Annu. Rev. Biophys. Biomol. Struct. 2001, 30, 105.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



99
CHAPTER 4

CONCLUSIONS AND FUTURE

4.1 Conclusions

The experimental results presented in the preceding chapters have
demonstrated that the hypotheses stated in the beginning of this thesis are valid.
Various types of surface characterization techniques were mentioned and used.
DPN and pCP modified surfaces were verified by frictional force microscopy
(FFM) [1]. Surface properties such as inhomogeneity of material, chemical
composition and topography lead to the lateral deflection of a cantilever in contact
mode (CM) atomic force microscopy (AFM) [2]; thus, producing friction images.

Phase imaging in tapping mode (TM) [3] on the modified surface was
performed in both conventional and inverted AFM. Inverted AFM (i-AFM) [4] is
a newly developed technique where a cantilever-supported sample is probed by
one of thousands substrate-supported tips. Agreement of the phase imaging results
obtained by conventional AFM and i-AFM proved that i-AFM is able to operate
in TM. The power to resolve topography and surface inhomogeneity in
conventional TM-AFM can also be applied to iTM-AFM.

Reduction of the amplitude of an oscillating cantilever as far as 20 pm
above the substrate-supported tip was observed in the iTM-AFM experiment. The
magnitude of the amplitude reduction increases when the tip height decreases and
the cantilever-tip distance decreases. Fitting over the experimental force-distance
curve with equation (2.7) showed that the amplitude is proportional to the
separation between the tip and the cantilever to the power of one and a half, while
the theory of squeeze-film damping [5-8] states that the amplitude is proportional
to the third power of the separation. This discrepancy indicated that the observed
damping of the cantilever was not due to the squeeze-film damping, and we
believed that it was atmosphere-related. Increasing the tip height by fabrication of
taller tips or modifying the existence tips could most likely avoid or at least

minimize the damping effect.
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The capability of pulsed-force mode (PFM) [9-,12] to perform high-speed
force measurement with high lateral resolution while simultaneously collecting
topographical data was demonstrated in chapter 3. The periodic contact and
detachment between the tip and the sample at high frequency, i.e. 1 kHz, allowed
a 15 pm adhesion image, composed of ~600,000 force curves and 512 x 512
points, be captured within 10 minutes (Figure 3.8). More than 70 minutes were
required to image the same location with lateral resolution of 64 x 64 points and
64 force curves (Figure 3.5) in force volume (FV) measurements [13-15]. Force
mcasurcments from thc PFM and FV in the i-AFM design were also performed.
Adhesion data acquired between chemically modified cantilevers and tip array in
PFM and FV (Table 3.2) shows a consistency with one another within error. In
this experiment, we have shown that PFM could be combined with i-AFM to
obtain topography and adhesion measurements. Use of digital PFM for force
measurement is considered to be superior as the most useful raw data can be

collected and stored, and in turn provide more accurate and precise results.

4.2 Future Prospects

The benefit of having multiple tip selection and the possibility to modify
each of the tip with different chemistries or biomolecules in i-AFM makes this
technique a powerful surface characterization tool. Since i-AFM is still in its early
stage of development, it needs to go through a long way of method development
and optimization. We have demonstrated that i-AFM was functional in TM, FV
and PFM, and the work presenting i-AFM operating in CM has been published
[16]. Studies on operating i-AFM in all of the modes mentioned above in fluids
will be useful since much of the interest is focused on cell-cell and cell-drug
interactions nowadays. Being able to conduct measurements in physiological
condition is definitely an advantage. Besides, a well-controlled, contamination-
free and high reproductive surface modification method on micro scale surface,
i.e. tipless cantilever, needs to be developed. Currently, some the members in our
group are studying the plausibility of applying DPN on i-AFM in CM and TM.
Advanced robotic spotting technology [17] is employed to modify tips on tip

arrays, with different chemistries, which are then used to “write” on tipless
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cantilever. If the optimal conditions for this surface modification technique are
well understood then the cantilever and tips on tip array can be modified with
thousands of different kinds of chemistries and\or biomolecules, and thousands
combinations of interactions can be measured. Furthermore, chemical
identification techniques such as spectroscopy may be combined with the i-AFM

to improve the validity of force measurements.
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Appendix A

Automate S Professional macro for amplitude-distance experiment (section
2.2.8)

<AMLOOP TOTALLOOPS="20">

<AMWINDOWFOCUS WINDOWTITLE="NanoScope Control">
<AMSENDKEY>{ALT}ms</AMSENDKEY>
<AMSENDKEY>{TAB}{TAB}{ENTER}</AMSENDKEY>
<AMPAUSE SCALAR="1">
<AMSENDKEY>{TAB}{TAB}{TAB}{ENTER}</AMSENDKEY>
<AMPAUSE SCALAR="1">
<AMSENDKEY>{CTRL}c</AMSENDKEY>

<AMPAUSE SCALAR="1">

0. </AMLOOP>

N A LN~

~ o %

Loop the following steps 20 times

Focus window “Nanoscope Control”

Click on step motor

Click “tip up”, where the step is pre-set to 3.95um
Pause for 1sec

Close the step motor window

Pause for Isec

Click capture

Pause for 1 sec

Endloop

N0 NS LA W~

S
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Appendix B
Conversion of cantilever deflection from volts to newtons
Conversion of cantilever deflection (volts) vs. time curve captured from
oscilloscope in PFM adhesion measurement into force vs. distance curve.
1. Plot cantilever deflection (volts) vs. time
2. Insert a wave function into the plot
f(t) = Acos[27(wt) + ¢], where
A = coefficient relating the calculated distance to actual distance travel by
Z-piezo
w = true z-piezo oscillation frequency
¢ = time at each data point
¢ = phase shift of the calculated wave function
3. Adjust w and ¢ so that the calculated wave function is in phase with the
oscilloscope captured PFM adhesion curve
4. Convert the cantilever deflection signal from volts into force using the
following equation
F =V xS8xk,where
V =raw voltage
k = cantilever spring constant
S = sensitivity obtained from oscilloscope trace captured during FV
measurement. Since the distance traveled by the tip is known in FV,
sensitivity of the cantilever can be calculated from the slope of the retract

force curve

5. Plot force vs. calculated wave function and adjust A so that the slope at the

contact regime is equal to 1.
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