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Abstract

A variable temperature atomic force microscope is being constructed at Houghton College. The
microscope will operate in a rough vacuum and will utilize spring vibration isolation and eddy current
damping to minimize mechanical vibration. A modified “Johnny Walker” beetle is being constructed
for the rough approach. The sample will be mounted onto the walker scanning head and scanned
across a cantilever tip and laser assembly. When completed, resolution should be on the order of

nanometers. Liquid nitrogen and resistive heating will allow operation from ~100 K to 500 K.
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Chapter 1
HISTORY AND MOTIVATION

11 Introduction

Ever since the limits of optical microscopy were reached, other methods have been devised to probe
the nature of matter on smaller scales. One such device is the atomic force microscope (AFM),
originally developed in 1985 by Binnig, Quate and Gerber [1]. It enabled atomic resolution of surface
topography and was useful in mapping out the atomic interactions between the sample and the tip.
An overview of the history of the AFM reveals the great use of this device and lends insight into the

reasons for the building of the particular device of this project.

1.2 Precursors to the AFM

1.2.1  The Profiler

One early alternative to the optical microscope was the profiler, invented in 1929 [2], which was used
for measuring the vertical features on a surface. A sample was dragged across a cantilever tip which
was mounted on a flexible joint. Vertical features in the surface would cause the cantilever to move up
and down. The movement of the cantilever could be measured using reflected light. The downside to

this method was the potential damage to both the tip and the sample caused by contact.

1.2.2  'The Topografiner

In 1972 Young, Ward and Scire [3] described the first non-contact scanner, which they called a
topografiner. 'They accomplished this using field emission. Field emission is the extraction of
electrons from a material through application of an electric field, as shown in Figure 1. This field
effectively decreases the barrier for tunneling of these electrons from the surface. Young ez al
mounted a tungsten emitter on piezo ceramics. The potential on these ceramics was controlled by the
field emission current; thus a constant distance could be maintained between the tip and sample.
Vibrations limited how close the sample could be to the tip, limiting the resolution to 30A vertically

and 200A horizontally.
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(a) (b)

Figure 1. Field emission allows electrons to tunnel out of a material by application of an
electric field. (a) With no electric field, electrons at the Fermi energy must overcome the
work function W in order to leave the material. (b) A field E changes the shape of the

potential well, allowing electrons to tunnel through the barrier. Image from [4].

1.28  The STM

The scanning tunneling microscope (STM) increased the resolution of the topografiner by orders of
magnitude and was crucial to the development of the AFM. The development of the STM in 1982 [5]
allowed the mapping of individual atoms on a conductive surfaces. Binnig and Roher [5] were able to
decrease the noise so that, in their STM, the distance between the tip and sample could be 104,
enabling them to and use the quantum mechanically predicted effect called tunneling. A conductive
tip with a radius of curvature on the order of 10A was brought within 10A of a conductive sample in a
vacuum. The vacuum between the tip and the sample served as the barrier to tunneling. The

tunneling current J; between two electrodes with an applied voltage 177 and average work function ¢ is

proportional to the distance s between the electrodes by the relationship [5]

J; o \%e*’*ﬁs (1)

where Ax1.025 (eV)"/* A", Thus we can see that, for work functions of only a few eV, the current
changes by an order of magnitude for only an angstrom change in the distance between the electrodes
[5]. This allows high resolution vertical imaging of the sample. The sharpness of the tip enables high
resolution on the lateral scale. Using this method, Binnig and Rohrer [5] were able to see the

rhombohedral unit cells on a piece of silicon and resolve atoms on the surface.



1.3  The First AFM

Since the operation of the STM depends on the motion of electrons in the surface of the sample,
further developments would be required for the imaging of insulators on this scale to be made
possible. In 1985, an STM was modified by Binnig, Quate and Gerber [1] to measure the oscillations
of a cantilever with a tip on it, as shown in Figure 2. As the tip was brought close to the sample, inter-
atomic forces affected the phase and amplitude of the oscillations. The STM tip was used to measure
these oscillations. They experimented with different modes of operation, and found that it worked
best if the tunneling current between the STM and the cantilever was kept constant, with one feedback
loop maintaining a constant distance between the tip and the sample. They also found that imaging of
the sample was optimized when the tip and the sample were oscillated, in opposite directions. Shortly

after its invention, the AFM was used to “show atomic corrugations with a lateral resolution better

than 3 A [6].

Sample mount

Cantilever with tip — .‘

— Feedback loop
ST™M

Figure 2. Schematic diagram of the first AFM, a modified STM. The STM is used to
monitor the oscillations of the cantilever tip. The phase and amplitude of the cantilever
change as the tip comes close to the sample. A feedback loop moves the STM and
cantilever up and down so that the tip is kept at a constant distance from the sample as it

scans.



1.4 Taking the AFM a step further

Since AFMs are so useful, they have been developed to the point that they are now commercially
available. However, these available AFMs have limitations. This project aims to overcome one of
these limitations by building a variable temperature AFM, which would allow surfaces to be studied at

different temperatures and even during temperature change.

Much can be learned about a material by watching its behavior as it undergoes temperature changes.
For example, during temperature change, different grains may form, with the preference for grains of
certain orientations dependent on temperature. Since the AFM is able to provide detailed information
about a surface, it would be very useful if surfaces could be observed during temperature change. It is

for this reason that we have chosen to build a variable temperature AFM.
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Chapter 2
THEORY

2.1 Introduction

There are many different areas of knowledge that make the building of an AFM possible. Cantilevers
and the forces acting on them must be well understood. The measuring process, including the modes
of operation, tip shape effects, and measurement technique, should also be considered. Sources of
noise must also be examined, especially with regard to thermal effects and the use of piezo electric
crystals. This chapter will explore the theory behind each of these areas in order to provide the

necessary background for the specific details of this project.

2.2  Cantilevers

Arguably the most important part of the AFM, the cantilever must be well understood. Recently, a
comprehensive study [7] has been done which models the cantilever by including four major factors:
rotary inertia of the beam, sheer deformation of the beam, mass of the tip, and rotary inertia of the tip.
The results of this study, while useful as a point of reference and helpful to engineers of these tips,
need only be considered in the case where the mass ratio of the tip to the cantilever is high. For the
purposes of this paper, the cantilever will be modeled as a simple harmonic oscillator. The cantilever

is made of flexible material so that a force applied to one end causes it to bend, as shown in Figure 3.

Xf\\ Fixed end

Figure 3. A cantilever with a tip at one end and fixed at the other end. The displacement x

of the end of the lever is directly proportional to the force on the tip.

The displacement x is proportional to the magnitude of the force acting on the cantilever by a

proportionality constant K, so that
11
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Using Newton’s second law, Z F=ma=m F , we have

d?x
mW:—KX.
Let
\/?
@, =.|—
m
so that
d2X 2
W:CUO X.

This is a differential equation that will have a solution of the form

Xx=Asin ot +Bcosapt,

where A and B are constants.

From this we can see that the cantilever will oscillate with angular resonate frequency w,, which,
according to Equation 4, is directly proportional to the spring constant of the material and inversely
proportional to the mass. Thus a stiff (high £) and light (low ) cantilever would have a high resonant
frequency, while a more flexible and heavier cantilever would have a much lower resonant frequency.
In an AFM, where the cantilever is driven at its resonance frequency, a higher resonant frequency is

desired. The higher frequency decreases vibrational noise (which tends to be lower in frequency) and

allows for more time efficient imaging.

2.3 Forces
231 Van Der Waals Forces

The forces between the tip and the sample in an AFM are primarily in the realm of the Van der Waals

force (or the London dispersion force), making a discussion of this force useful.

12
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2.38.1.1 The Force between Two Particles
The derivation of this force begins with the analysis of the force between two particles. Beiser [8]

explains how this attractive force depends on the dipole moment of particles.

Polar molecules are attracted to each other because of their magnetic moments. Polar molecules can

also induce an electric field in other non-polar molecules. The electric field of a dipole is given by

E, = L {3_3(p-r)r} ™

e, | 1 r°
The electric dipole moment induced in a non-polar molecule would be proportional to Ea by

proportionality constant, so that p'= aEd , where o is a the polarizability of the material.

The induced field has potential energy

U=-p'E,
U=-aE,-E ®
= d"Ea
which, in terms of the distance r, becomes
I - TOuN 2
u= :::4HE5}:[~TE) |1+ 3cos Ej )
where 0 is the angle between p and r. The force due to this field would thus be
du o p 2
F=——"—"=-6-—"_| ™ 1+3cos*@ 10
T v el o

From this two things can be noted. First, since the force is negative, it is attractive. Secondly, the
force is inversely proportional to ', making it negligible on large distance scales, but important in the

range of the AFM.

Van der Waals forces also act between non-polar molecules. In these molecules, the charge is, on
average, distributed evenly. However, at any given point in time, this charge distribution fluctuates,

creating a temporary dipole moment. This fluctuation induces similar changes in nearby molecules,

13



creating electric fields. Thus while the average dipole moment {p} is equal to zero, the average of the
square of the moment, {p~} is not. This gives rise to Van der Waals interactions between non-polar

molecules.

2.3.1.2 The Force between the Tip and the Sample

The Van der Waals force between the tip and the sample is caused by the interactions between a
collection of molecules in the tip and a collection of molecules in the sample. These molecules are
arranged in a specific geometry, which must be considered in order to calculate the force between tip

and sample.

The geometry of the sample and the tip can be modeled as an infinite plane (the sample) and a sphere.
Hamaker [9] calculated the Van der Waals force between two macroscopic spherical bodies of uniform
density. If we let one of the particles have infinite radius, this is the same as the force between a
sphere and an infinite plane. Hamaker began by considering that the energy of interaction between

two spheres of density g atoms per cm?® and with volume elements v and v» is given by

= —J r'.'f’.‘.':-lJ r'."lr'l;": 3 (11)
vy V2

Where A is called the Van der Waals constant, simplifying Equation (9). Hamaker then proceeded to
integrate to find the energy of interaction between two spherical masses of radius R; and R, and

separated by a distance 4 as shown in Figure 4.

After some calculus and algebra, he arrived at the result

2 aq1(  zE1E; 2R1A? Ci—(R1+R
T4 Co—(Ri+R2*:  C°—(R1—Rz2)* ¢ —(R1—-R2)) (12)

which can be simplified by substituting in C=R; + R + d and by defining

14



x:

d _ Rz
2R and v = Ry (13)

Figure 4. Two spherical particles of radii Ry and Ry are separated by a center-to-center

distance C and nearest distance d.

Thus

_ A a |j' 4 L XTHxyt+x
o= —mTgTATT T .—Efﬂf}. (14)
In the case where the radius of the second sphere is infinite (v = ) we have
U;.-;z _J'T'C]f'd__‘—___zgﬂ-&;-], (15)

If the sphere is very close to the surface (d is small compared to Ry, so x<< 1),

- aom 1
U = TratAL (16)

The force between these particles can be found by taking the derivative, as done in Equation (10).
This yields

15
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For the case of x<< 1,
_ rr::;x:f'.l _ .'.':-.;x:/'.“ B
Foo = 248y %2 ( 2 :I E? : (18)

Argento and French [10] argue that these simple geometries are inadequate, and have developed a
method of integration for more complex and realistic geometries. They modeled the tip as a
combination of cylinder, conic section, and spherical cap, as shown in Figure 5. The resulting force, as
a function of the distance 4 between the tip and the sample is given by:

_ 4 .'i:':‘l— sinyl( Reiny—dsiny —R—d)  Atany[dsiny+Rsinmy+Reos(2y)]

F.(d) = - - (19)

6d (R+d— Rzimy)d Ecosy (d+R—Rsimy)?

where R is the radius of the spherical cap, y is the angle of the cone, and 4 is a parameter that defines
the conic section and cap. This predicts the z-component of the force, since it is this component that

will cause the cantilever to bend.

This result can be compared to Equation (18) by considering the limit where y approaches zero (no

. . . =1 .
conic section) and the tip is close to the sample, so that z also approaches zero. In this case,

w - 6d” 20)

mtg A

This is the same as in Equation (18), with =

-
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While the sphere-plane model can be used for initial calculations, this more complex model will be

useful for determining the distance between the tip and the sample.

Sample

Figure 5. Geometric model of the tip and sample. The sample is modeled as a infinite
plane. The tip is modeled as a combination of cylinder, conic section, and spherical cap.

This model provides a more accurate basis for calculating the tip-sample forces.

2.8.2  Lateral Forces

The cantilever can be modeled as a lever of length L, width w and height h, as shown in Figure 6. The
lateral force on the cantilever with tip length 7 and shear modulus G is proportional to the lateral
displacement in the y direction, Ay, by a proportionality constant called the lateral restoring constant

(with units of N m™) [11]
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This gives the relationship:

Froe = kopoely = 22 Ay, (22)

3Lt

The angle 6 by which the tip is rotated about the x axis is given by

sing & 8 = Ay (23)
t

as can be seen in Figure 7. The small angle approximation has been used, since the tip height t is

much greater than the deflection Ay.

Al 5

< L

Figure 6. The cantilever is modeled as a rod of length L, height h and width w. The end is

free to move up and down (in the z-direction) or laterally (in the y-direction)

Thus the lateral force on the tip, in terms of the angle of deflection is

oo =258 e0

It is important to note that this lateral force is most significant when the AFM is operating in a mode
where the tip is in neatly constant contact with the surface. If the tip and sample are oscillating with

respect to one another, this lateral force is released each time the tip and sample are separated [12].
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Figure 7. Lateral forces on the tip cause the tip to rotate by some angle 0, which can be
measured using a laser deflection system. This allows the lateral force on the tip to be

measured.

2.3.83  Capillary Forces

Whenever an AFM is operated in ambient air, a contamination layer must be considered. This layer is
typically between 1 and 50 nm [13]. Depending on the mode of operation, it is really the
contamination layer that is being imaged. Although this layer may coat the sample fairly consistently,
thus giving a reasonable image of the surface underneath, it will still serve to make the image ‘blurry’.

While different imaging modes lessen this problem, another alternative is to operate the AFM in UHV.

It is also important to note that, for modes which operate inside the contamination layer, the Van der
Waals force may in fact be repulsive, rather than attractive, depending on the materials of the tip and

sample [9].

2.4 Modes of Operation
There are two main modes of operation for the typical atomic force microscope: Contact Mode and

Vibrating Mode. Each mode can be used to investigate specific properties of the sample.

2.4.1 Contact Mode
In this mode, the tip is dragged across the sample. The force on the cantilever tip is kept constant
through means of a feedback loop, as shown in Figure 8. This feedback loop is used to record the

topography of the sample.
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24.2 Vibrating Mode

In this mode, the cantilever tip (and/or the sample) is set oscillating at its resonant frequency. As the
sample is brought close to the tip, forces between the sample and the tip cause the frequency of the
oscillations to change. The sample is then moved using the feedback loop, as shown in Figure 8, so
that the frequency of the oscillations remains constant. The movement of the sample corresponds to

the topography of the sample.

Depending on the frequency and amplitude of oscillations, the vibrating mode can be further
subdivided into three more modes, each of which provides different information about the sample.
The modes can be classified by their penetration into the contamination layer on the surface of the
sample. The first of these modes operates in the region above the contamination layer. Even when

high vibration frequency and a stiff tip are used, the image will be obscured slightly by the

Feedback Loop

—> Computer

Tip

Optical Force

Detector Image

Figure 8. Schematic of an AFM. The tip interacts with the sample in either of the two
modes. The force sensor measures the force on the cantilever by measuring a change in the
bend of the cantilever or a change in the oscillations. The feedback loop moves the sample
so that this force is constant. The computer uses the output of the feedback loop to create

the image.

contamination layer. The second mode, called the “tapping” mode, operates in and out of the
contamination layer. The fine tuning to do this is less than for the other modes, but there is more
potential to damage the tip or the sample since the tip has relatively high energy as it interacts with the
sample. The third is called the “near contact” mode, and operates inside the contamination layer. A

small amplitude of oscillation must be used for this mode in order to keep the tip inside the layer.
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2.5 Tip Geometry Effects

The accuracy of images obtained using the AFM depends directly on the geometry of the tip that
probes the surface. Consider the two tip shapes shown in Figure 9 and the resulting scans. It is clear
that the narrower tip does a better job of imaging the narrow grooves in the surface of the sample. It
can also be seen that neither of the tips accurately represents the surface of the sample. The main
difference between (a) and (b) is the width of the tip. For any tip that comes to a point, the image of

the sample will be affected by angle which defines the cone-shaped point, as seen Figure 10.

Figure 11 compares tips of entirely different shape. Both tips are able to image the height and depth
of the surface features. Tip (b) however, has a beveled edge that allows further detail to be recorded.
The first scan (a), extrapolated into a scan across the entire surface of the sample, would result in an

image that is sometimes called 2.5-dimensional [14]. Scan (b) would create a 3-dimensional image of

(@)

Figure 9. Two different tip shapes create different images of a grooved sample. (a) The
large rounded tip does not measure the depth of the grooves and almost entirely misses
some features. (b) The narrower tip does a better job of imaging, though some detail is still

lost.
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Figure 10. The image of the surface is directly related to the angle which defines the pointed

tip.

the sample. Scan (b) would also require more a complex scanning mechanism, including sensing of
forces in all different directions (not just up and down) and motion that repeats scanning the same
location. For most purposes, the first image would be sufficient, but it is important to understand the
inherent image distortions due to tip shape and to consider possible ways of avoiding them. In this

case, the problems inherent to the solution seem worse than the original distortions.

(@)

(b)

Figure 11. Further changes in tip geometry affect the image. (a) A narrow triangular shaped

tip accurately represents the height and depth of surface features, but misses undercut

22



features. (b) A tip with a beveled end allows for a more 3-D imaging of the sample to take

place, but requires significant modifications to the AFM design.

2.6 Tip Characterization

Since tip geometry has such a marked effect on the accuracy of the image, ways have been developed
to image the geometry of AFM tips. These include imaging through use of another type of
microscopy, such as transmission electron microscopy (TEM) or scanning electron microscopy (SEM).

These methods provide two-dimensional images of the tip.

The tip can also be characterized by using the image it produces when imaging a surface with known
features, as described by Villarrubia [15]. Sharp features on the surface create an inverted image of the
tip. The precision of this method is limited by the sharpness of the features on the surface. It should
also be noted that this method creates a 3-D image of the tip only where the tip has touched the
characterization surface. Thus undercut features on the tip will not be accounted for. For careful

work, this characterization is done both before and after imaging,.

Villarrubia [15] also discusses the method of blind tip characterization. This method makes use of
sharp features on an unknown sample to image the tip. An iterative technique is used to determine the
shape of the tip which works with the scanned imaged. The results of this blind characterization
method were compared with SEM profile images of the same tips, with remarkably close
correspondence. This self-consistent method is useful since it is performed in situ and has a reduced
risk of damage to the tip. One major limitation is that the resolution of the image obtained after
correction by tip shape is limited by the sharpest features on the surface. Thus resolution of these
sharp features will lie within the error of the obtained image. This technique is more useful when

resolution in the mid range, between the sharpest features and the flattest parts, is desired.

Theoretical methods are also being developed for blind estimation of tips which have an undercut
shape [14], as shown in Figure 11. This method utilizes a form of mathematical modeling called dexel

representation. It remains to be seen if the methods are as feasible and effective as they claim to be.
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For the current stage of this project, it will be clear from images of samples with known topography
whether or not the tip has a sharp point. More detailed studies in the future will likely provide

incentive to use more complex methods of tip characterization.

2.7 Measurement of the Oscillations of the Cantilever

The first AFM used a STM tip to measure the oscillations of the cantilever tip and to drive the
teedback loop, as described in above. The STM tip, however, exerted a force on the cantilever on the
otder of 107N [16]. Since then, an optical method that exetts almost no force on the cantilever has
been used. Another advantage to the optical approach is that it can more easily detect larger amplitude

changes than the STM tip scheme [17].

The standard optical method is to determine the oscillations of the cantilever through use of a laser
and a quadrant detector. The back of the cantilever tip is often coated with aluminum to make it
reflective [18]. A laser is then shone on the tip and reflected into the detector, as shown in Figure 12.
As the cantilever oscillates, the laser is reflected into different parts of the detector. This is the method

that is used in the AFM for this paper.
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Cantilever tip

Quadrant detector

Laser

Figure 12. Diagram showing how the laser is reflected off the cantilever tip and into the

quadrant detector. In the instance shown, movement into cell 2 would show a change in
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topography and movement into cell 4 would show that the tip is experiencing torsion due to

frictional forces.

Cantilever tip

Fiber optic cable

Collimated laser

Figure 13. Measurement of the oscillations of the cantilever tip through interferometric
methods. The light is reflected off the tip back into the fiber optic, and the light interferes
destructively or constructively depending on the width of the gap between the tip and the

cable.

Another type of optical method is through use of an interferometric detection system, as outlined by
Stark ez. al. [19]. Rather than measuring the change in angle of the cantilever, this method measures a
displacement of the tip by a certain distance. A fiber optic cable is used to focus the laser light on the
cantilever, perpendicular to the lever, as shown in Figure 13. This light reflects back into the cable,
interfering constructively or deconstructively depending on the distance between the detector and the
cantilever tip. A photodiode is used to detect the interference signal. This method has been used for
imaging low temperatures (mK range) since very little power is delivered to the tip [20], and for
magnetic force microscopy [21], with the hopes that it will have less thermal drift than other optical
detection methods. It also features the advantage of being compact. Since the laser system has not yet
been fully implemented in the construction of this AFM, it is useful to consider the advantages of this

optical measurement system.
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2.8 Sources of Noise

Since it was the ability to minimize sources of noise which led to the development of the STM and
subsequently the AFM, it is important to consider possible sources of noise. The primary source of
noise which must be avoided is external vibrational noise. These vibrations, coming from the heating
system in the building or a nearby road or any other similar and uncontrollable source, can make
imaging impossible. For this reason, the isolation system is an important component to the

microscope.

There are also sources of noise from the system itself. Sarid [22] identifies three primary components
to the AFM system which contribute to noise: the cantilever, the laser deflection detection system,
and the piezos which drive the oscillations. Since the laser system is not yet in place, analysis of this
noise will be considered in a later study. Cantilever noise and piezo error are discussed in the

following sections.

2.9 Thermal Effects

2.9.1 Thermal Noise of the Cantilever

Thermal effects give rise to one of the primary sources of noise in the AFM, especially on the
cantilever. Butt and Jaschke have calculated the thermal noise for the cantilever of the AFM [23]. The
cantilever can be modeled as a rectangular prism of length L, width w and height h, as shown in Figure

6. The spring constant K is given by

K = Ewh? 25)
43

where E is the modulus of elasticity. According to the equipartition theorem, the mean energy of the

cantilever must be given by £7, with £ being Boltzmann’s constant. Thus

KT = K(z*) (26)

So that

J2? = k% @
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and (z°)is the mean square deflection due to thermal noise. For measurement using optical
deflection rather than an interferometer, as discussed on above, the calculation of thermal noise is
rather complex. The optical deflection system, as discussed, measures the change in angle of the
cantilever, and not simply the displacement along one axis. With this consideration in mind, the

thermal noise for a cantilever tip fixed only at one end was found to be [23]

4T @
3K

The asterisk indicates that the virtual height z*, as measured using the optical lever method, is being

(2%) =

considered.

If the cantilever is fixed at both end, for example when it is in contact with a hard sample, this noise is

found to be [23]

*2\ _ k_T
V(z >—\/;. (29)

During measurements with an AFM, the situation will likely be somewhere between these two,

depending on the mode of operation and on the hardness or softness of the sample compared to the

tip.

2.9.2 Thermal Expansion of different materials

Different solid materials have different thermal expansion coefficients. As these materials cool down
or heat up, this can lead to additional shifts in the measurements. Dai ¢z @/ have reported change in
the alignment of the laser, reporting that this is most likely due to the differing coefficient of expansion
of the reflective gold plating on the cantilever from the expansion of the cantilever itself [24]. This

must be taken into account when analyzing the images taken with the AFM.

Since the aim of this project is to build a variable temperature AFM, effects due to differing
coefficients of expansion have been carefully considered in the design of the microscope, as will be

discussed in section 3.2
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2.9.8  Thermal Lffects on the Cantilever Due to the Laser

Another possible source error in measurements taken using the cantilever and laser setup is due to the
effects of the laser on the cantilever. A study by Allegrini ez al [25] was conducted in which the
thermal effects as well as the radiation pressure of the laser light were studied for different cantilever
constructions. It was found that, while there were indeed some radiation pressure effects, they were
minimal. More importantly, the thermal effects were found produce a significant amount of error.
The worst cantilever design was found to be the design in which the back of the cantilever had a
reflective gold coating on it. These gold-coated cantilevers were found to be deflected more than
1 um by laser heating. This is a significant amount, and must be considered when choosing the tip

design to be used.

2.10 Piezoelectric crystals

2.10.1 The Piezoelectric Effect

The piezoelectric effect is a property exhibited by certain crystalline materials in which they produce
charge when compressed. In 1881 G. Lippman [26] proposed the converse: if a potential difference is
applied to these materials, they will change shape. This ability to convert electric potential into kinetic

energy is critical to the operation of the AFM.

Consider the cylinder shown in Figure 14 made of a piezoelectric material. There are 5 electrodes on
the cylinder, as denoted by the numbers. Let electrode 1 be at ground. If the potential of electrodes 2-
5 is increased, the piezo ceramic between the plates will be compressed horizontally, causing the
ceramic to expand in the direction perpendicular to the field. This will cause the cylinder will increase
in height. If the potential of electrode 2 is increased while the potential of electrode 4 is decreased, the
far side of the cylinder will be compressed to become thinner and thus taller, while the front will
become thicker and shorter, causing the cylinder to bend forward. Combinations of these two types
of motion allow a full range of motion in any direction, allowing complete control of sample or tip

through electric signals.
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Figure 14. Diagram of a cylindrical piezoelectric ceramic. The numbers denote five
electrodes which have been attached to the ceramic, with electrode 1 on the inside and
clectrodes 2-5 on the outside. If a voltage is applied to these electrodes, the cylinder will
change shape. If the potential is increased between two electrodes, the ceramic will

compress in that direction and expand in the direction where there are no electrodes.

2.10.2 Sources of Lrror
While the piezoelectric ceramics provide a means of positioning the sample and tip with incredible
precision, there are still errors inherent in their usage. Two of the primary sources of error arise from

the effects of hysteresis and creep.

Hysteresis arises from the nonlinearity of the ceramics. The amount by which the dimensions of the
material change is not directly proportional to the voltage applied. The ceramic tends to maintain its
original shape so that the dimensional change is initially slower than the ramp speed [27]. This effect

must be corrected for when using piezoelectric ceramics for positioning,.

Creep arises when, after a sudden voltage change to a piezoelectric material, the dimensions of the

material slowly continue to change, even while the voltage remains constant.

Many methods have been employed to correct for these sources of error. Most of them include a

separate detector which monitors the piezo. These techniques include feedback based, feedforward
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control, or a combination of both [28]. Although not a part of the current design, such a monitor

would be a useful tool for eliminating a large source of noise.

2.10.8 “Stick-Slip” Theory of Approach

One useful application of piezos is in a method of positioning using a “stick-slip” process. For this
method, a piezo tube like the one shown in Figure 14 supports an object on top and has a sapphire
ball attached to the other end. It rests on a smooth surface. The piezo tube begins in the upright
position, as shown in Figure 15 (a). A voltage is then applied to the piezo so that it bends to the shape
shown in Figure 15 (b). This could be achieved, for example, by gradually applying a large positive
voltage to electrode 3 in Figure 14 and a large negative voltage to electrode 5. The force of static
friction between the sapphire ball and the surface keeps the end from moving. The voltage is then
suddenly reversed so that the piezo returns to its original shape, as shown in Figure 15 (c). This
happens so quickly that the force of friction is overcome and the sapphire ball moves along the
surface. This can be repeated as often as desired, moving the whole device to the right. The voltage
pattern for one electrode required to achieve this resembles a saw-tooth pattern on a voltage verses
time plot, as shown in Figure 15 (d). The voltage on the other electrode is the opposite. Depending

on the voltages applied, the device can be moved in any direction in the horizontal plane.
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Figure 15. The three steps of stick-slip motion are shown. A piezo tube supports an object
at one end and has a sapphire ball attached to the other end, which rests on a smooth
surface. (a) The piezo tube is upright. (b) Voltages are applied to bend the tube. Friction
holds the end against the surface. (c) The voltages are suddenly reversed, causing the tube to
snap back into shape, exerting a force greater than the force of the static friction between the

sapphire ball and the surface. The whole apparatus has now moved to the right.
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Chapter 3

A VARIABLE TEMPERATURE AFM

3.1 Model

Dai ez. al. [24] reported construction of a variable temperature ultra high vacuum (UHV) AFM in 1995.
Their microscope made use of a liquid nitrogen-cooled reservoir for cooling the sample and various
methods for heating the sample. While images were taken at different temperatures, it seems that
some trouble was experienced with thermal drift and that only very slow temperature change provided
the stability necessary to make good AFM images. We have used their design as a starting place and
made significant modifications which we hope will enable imaging during more rapid temperature

changes.

3.2 Overall Design

The overall design of the variable temperature AFM is shown in Figure 16. The design uses some of
the elements of the AFM built by Dai ez al [24], including a “Johnny walker” for movement and a
laser system for detection of the sample. In this design, however, the sample and cantilever are
inverted so that the sample faces downward onto the tip. This change was made so as to more easily
separate the scanning apparatus, which needs to have a high resonant frequency and should be isolated
from the system, from the detection apparatus. Care has been taken to ensure that the materials used
in construction are grouped in symmetric layers so that thermal expansion and contraction will not

seriously misalign the microscope.

3.3 Damping System

The damping system consists of two main parts which work together to damp oscillations. First of all,
the microscope is mounted onto a heavy base that hangs from four springs, as shown in Figure 17.
The springs are securely attached to a support, which is attached to an optical table. The base has a

mass of 2.2 kg so that the spring system has a low resonant frequency of about 0.9Hz.
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To keep the whole system from oscillating, four grade N42 neodymium magnets with a surface field of

3250 Gauss (0.325 T) are placed in slots in the metal base. If the base moves up and down, it moves

through differing regions of the non-homogeneous magnetic field produced by the magnets.

®

Solid frame

g
(AN

Aluminum

e

%

¢ Spring vibration isolation system >

To computer

R T I

NEEITNS

LERTRIR]

5

£ Piezo leg
: —

Q0RO Ty

Sapphire
ball \ Sampld

FIRIITY,

A1

Y
LY

%
\

- Piezo
Ceramics

i

000 S00000001

+ Sapphire

Cantilever tip ==

‘ $‘O\

T LR

XEXTA,
NEETATR TR

T R S T R R R R R A AR s

a8 A4S AN, 0,0
—
{
FRARAAEES 41/

l To electronics for laser
and sensor including
feedback loop

magnetic bars
used for eddy
current damping

Figure 16. Schematic diagram of the AFM (not to scale). The “Johnny Walker” sample
mount can be seen, with the corresponding ramp. The isolation system consists of two

parts: the system is hung from springs and slots in the base hold magnets which provide
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eddy current damping. The materials used are carefully divided into sections so that heating

and cooling will cause everything to expand and contract together.
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Figure 17. A diagram of the damping system is shown. The base for the microscope hangs
from a support structure by four springs. Four magnets are held in place by clamps (clamps
not shown) The magnets induce eddy currents in the metal base which create magnetic fields

which oppose up and down motion, thus damping oscillations of the springs.

According to Lenz’s law, this will induce currents in the metal in the direction that will create a
magnetic field which opposes the change in the magnetic flux. This results in a force opposing the

motion; thus the oscillations are damped.

3.4 Movement of the Sample
3.4.1  Posttioning of the Sample
As shown in Figure 16, the sample is mounted on a tripod formed by three piezo tubes. This setup,

called a “Johnny Walker”, is what allows the sample to be moved up an down. Using the stick-slip
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method of approach described in Section 2.10.3, the piezo tubes act as legs which walk up or down the
ramp. This ramp is divided into three portions, each of which has a 10° slope both tangent to and
perpendicular to the curve. A piezo leg sits on each portion of the ramp. The saw-tooth voltage
pattern that drives the three “legs” is timed so that all three tubes move at once. This will be described

in greater detail in Section 3.8.2.2.

In order to ensure that the sample and tip are not damaged by having them come in contact, the laser
and sensor system is utilized. Before each “step”, the computer checks to see if the sensor reads of
change. This is done by changing the potential of the inner electrode so as to gradually move the
sample down and back up. In order to move the sample up, a negative voltage is applied to the inner
electrodes on each of the piezo tubes, causing them to lengthen. A positive voltage will shorten the
tubes and move the sample down. If the laser system detects that the tip has come close to the sample

during one of these cycles, the slip and stick motion will not proceed any further.

Further fine-tuning of the position can be done by applying potential which bends the piezos in
specific directions, without actually moving the ends of them through means of slip and stick motion.
This is accomplished by applying a potential which bends the piezos and exerts a force which is lower
than the force of static friction. This allows the exact location of the scan on the surface of the sample
to be selected. The applied voltage for this motion is the same as for the scanning of the sample,

described below.

3.4.2  Scanning of the Sample

Once the sample is positioned so that the area to be scanned is close to the tip, a new mechanism must
be used to scan the sample. There are three components to making a three-dimensional scan:
scanning up and down, rastering in the x (or y) direction, and slowly scanning along the y (or x)
direction. The up and down motion is controlled by the feedback loop driven by the sensor, as
described in Section 2.4. The motion up or down is achieved by applying lower or higher potentials,

respectively, to the inner electrodes on each piezo.

The rastering is achieved by driving the legs with a triangle voltage, as shown in Figure 18. As an

increasing voltage is applied to one of the electrodes on the piezo (the first part of the triangle
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function), it begins to bend to the left. As this voltage is decreased, it bends back and then begins to
bend to the right as the applied voltage becomes negative (with respect to the center, a floating
ground). The opposite function is applied to the electrode on the other side of the tube. This
function is repeated, causing the sample holder to scan back and forth. Another triangle function with
a lower frequency is applied to the electrodes which face perpendicular, causing the scan to move

slowly across the sample.

As the piezo tube bends back and forth, the sample mount height will change slightly. However, since
the radius of curvature of the piezos is so large compared to the size of the scan, this effect will only
cause minor distortions that can be taken into account when calibrating and analyzing the scans but

need not be accounted for in the physical design.
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Figure 18. (a)-(c): Voltages applied to the piezo tubes in a saw-tooth pattern cause the
sample to scan back and forth. (d): The saw-tooth shown would be applied to one electrode.
The negative of this pattern would simultaneously be applied to the electrode on the

opposite side of the cylinder.

3.5 Oscillations of the Cantilever
The oscillations of the cantilever are driven by a small piece of piezo ceramic on which the cantilever
rests, as seen in Figure 19. One side of this ceramic is tied to ground and an oscillating potential is

applied to the other side.
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Figure 19. Design of the cantilever driver. (a) Front view, as seen from the center of the
ramp. (b) Side cut-away view. The light gray portions are aluminum and the white portions
are ceramic. The cantilever holder is dark gray. The piezo sits below the holder, as shown.
A curved piece of aluminum keeps the holder in place and connects the top of it to the rest

of the ramp, which is tied to ground.

3.6 Heating and Cooling

As discussed eatlier, one of the goals of this project is to enable imaging of samples as they undergo
temperature change. Included in the design of this microscope is a means of heating and cooling the
sample. Dai ez al. [24] use a cold finger which uses liquid nitrogen to cool their sample to below 90K
and resistive heating to heat up their sample. This method will also be adopted for this project,
although placement of the heating and cooling elements will differ. As can be seen in Figure 16, the
sample holder and ramp on which the tip is mounted are isolated from the base by ceramic plates.
This isolation will be useful for fine-tuning the rate of temperature change of the sample.  Further

work is yet to be done on optimizing the design for the heating and cooling system.

3.7 LabVIEW Program

LabVIEW 8.2 (student edition) was used to create the program that runs the microscope. This
program drives the piezos, reads the input from the laser detector, and stores the scan to create maps
of the surface. While there is one overall program which provides a convenient user interface, the
program as a whole is divided down in to smaller sub-programs which perform specific tasks. These

sub programs include a program for “walking” the sample mount up and down the ramp (the
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approach program), a program for manually moving around on the sample surface to choose the

scanning area, a program for scanning, and a program for making the maps.

3.7.1  The Approach Sub-Program

The approach sub-program shown in Figure 20. Steps which are circled indicate direct input by the

user.

Frequency,
amplitude,

Sample
distance

Center
Voltage

e —

split _E
signal

calibration
Generate Close to Scan
" | Sawtooth | Sample? Light on
‘y ‘A A
Auto? @
‘7 ‘A

Button Oon?

down? y ‘

E ‘

Continue
Continue
|

Cycle
output
(Subvi)

!

convert
signal

Stop
program?

[

Program
stops

Counter _|_>

1-5

cy

output

v

timer

v

Offset
signal

v

A

Counter
+1

Figure 20. Logic diagram for the “approach” sub-program. Circled items indicate direct

user input. A saw-tooth wave function is generated, based on user inputs. The program

then executes a series of checks to determine if it a voltage should be output or not. These

checks depend largely on the user inputs, but also on the input from the laser, which

indicates the tip-sample distance. Once everything is ready for the movement to proceed, a

light turns on in the interface, indicating that the sample mount is in motion. The signal is

then split and input into a Subvi which cycles through the signals.

Then the signal is

converted and output to the conversion circuit. The loop continues until the user stops it,

cach time counting up one and offsetting the signal by a given amount in order to move to

the next point on the function. Note that the timing of the loop can be controlled.
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First, a saw-tooth function is generated for the slip-stick motion, as described in Section 2.10.3 and in
Figure 15. A preview of the shape of this saw-tooth is output to the user and then a check is made to
see if the signal should continue to be sent. If not, a voltage of zero is output until the user directs that
the scan is ready AND the laser input indicates that the sample is not already at the correct distance
from the tip. This signal is then divided into five different signals (four saw-tooth functions and one
center “ground” voltage), as discussed in Section 3.8.2.2. However, since only one signal can be
output at a time, these signals are put into a subVI (sub- virtual instrument) which cycles through all
five signals, outputting the next one each time the loop repeats. Next, the signal is converted into a
12-bit binary array, as appropriate for the electronic circuit, for output to the Signal Conversion
Circuit. This effectively takes the first value of the signal array. Thus, when the loop is repeated, the
signal is offset by a specified value, effectively taking the next point on that function. This also allows
the user to control the step size. All these steps are repeated until the user stops the program. The
speed at which this loop executes can be controlled directly, though is most conveniently controlled
through the desired frequency input by the user. Three bits are also added which count from 1-5. As
the five different functions cycle through the output, these three bits are used by the conversion circuit
to specify the electrode to which the signal should be sent. More complete documentation of this

program can be found in the Appendix.

3.7.2  The Positioning Sub-Program

Once the sample is close to the tip, it is desirable that the program allow the user to move manually
across the surface to select the region to be scanned. This program allows the user to choose the
desired step size and then, using either the mouse or the keyboard, to move step by step in any

direction.

To enable this kind of control, event structures were utilized. There are multiple “event cases” in any
given event structure, each one of which has a trigger and an action, as shown in Figure 21. This type
of structure waits to execute until one of the triggers has been set off, and then executes the
appropriate action for that case. Only one event case can be executed at a time.  This structure is
then put inside a while loop, causing the event structure to wait again until the next trigger, and so on,

until the stop button is pressed. Keyboard shortcuts have been implemented, so that the microscope
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can be driven easily from the keyboard. More detailed information on each of the event cases can be

found in Appendix.
Trigger Corresponding Action

[ “left” button Saw-tooth is output which moves sample in
pressed down [ the negative x direction
“right” button Saw-tooth is output which moves sample in
pressed down [ the positive x direction

User inputs “up” button Saw-tooth is output which moves sample in

pressed down [ the positive y direction
“down” button Saw-tooth is output which moves sample in
pressed down [ the negative y direction.
“stop” button The while loop is stopped, ending his

\ | pressed down [ moving session.

Figure 21. Logic diagram for the main event cases in the Positioning program. Each time
one of the triggers is executed by the user though the user interface, the event structure

handles the event by executing the cortesponding action.

3.7.8  Scanming Sub-Program

The scanning sub-program is one of the most crucial components of the AFM, allowing the surface of
the sample to be imaged. As discussed in Section 3.4.2, a triangle wave function, when applied to the
electrodes on the sample holder, will cause the holder to move back and forth. This program
generates four related triangle waves which enable scanning in both x and y. The functions are
coupled so that the second is the inverse of the first and the fourth is the inverse of the third. The

related functions are applied to facing electrodes, causing the piezo tubes to bend.

The potential of the electrode in the center of each of the piezos changes according to the input from
the laser. This keeps the force on the cantilever at its initially set value. Once the laser system is in
place and calibrated, this portion of the program can be fine-tuned so that the user can numerically set

the desired tip-sample distance, or tip oscillation amplitude (depending on the mode of operation),
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before a scan. The feedback loop will then keep it at that distance. The potential that is output to the

center electrodes will also be stored in the memory for use in the mapping program.

The five output signals will then be sent to a cycling sub-program similar to the one in the approach

program. This can be easily added once the approach program has been tested.

Once everything has been calibrated, the user can easily set up a scan. The user inputs the dimensions
of the scan (in the x and y directions), the number of lines in the scan (resolution), and the desired time
of scan. The scan stops after the specified time has elapsed. During scanning, a light indicates that a

scan is in progress, and a clock indicates the time elapsed. For further details, see the Appendix.

3.7.4  Future Work on the LabVIEW Program

The program portion of this project is still in the early stages and must be further tested before more
extensive development takes place. Aside from the small things already noted, there are other parts of
the program that must be developed. The first is a mapping sub-program, which will store the
information from the scans and output this information in a useable form. This program should also
include corrections for hysteresis and any other distortions inherent in the scan. Another program
should also be created to oscillate the cantilever at its resonant frequency. In addition to this, the
overall program which both provides an easy user interface and allows for easy switching between
modes, must be more carefully developed. Ideally, this program will perform the tasks which are
common to all of the programs, such as cycling through the five signals or even receiving the user

inputs.

3.8 Electronics

A logic diagram for the overall plan of the electronics is shown in Figure 22. The signals from the
computer are input into a circuit which has two primary functions: to convert the signal from digital to
analog, and to amplify the signal. The second amplification circuit also has two parts, which direct and
divide the amplified signal in different ways, depending on whether the AFM is in approach mode or
scanning mode. A switch will be used to change between the two different circuits. The switch will

need to have at least 45 pins, since each of the wires going to the electrodes on the three piezos will
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need to be re-directed. Another circuit reads the input from the laser detector and inputs it into the

computer program.

switch —
¢ Circuit A for

|
|
Scanning |——> Piezos
|
|
| :
|
|
|
|
|
|
T
|
|
|

Computer Program |:I> Digital-to-Analog
conversion circuit

Circuit B for
Approach

\4
Laser Detector

Laser Input

Electronics

Figure 22. Logic diagram of the function of the electronics in the AFM. The four primary
uses for the electronics are for DAC, amplification for both the approach and the scanning

modes, and reading of the laser detector input.

3.8.1  Signal Conversion Circuit

The digital output from the computer must first be translated into analog. This circuit is shown in
Figure 23. The 15 bit digital output from the computer goes through a NI 6221 (68-pin) board. This
signal is then input into two 12 bit DAC7624 digital-to-analog converter (DAC) chips. The signal
includes 12 bits which make up the output voltage and three bits which count from 1-5 repetitively, as
described on page 36. The 12 bits are used in the input of each chip. The last three bits serve as the
address for the output of the analog voltage, specifying which of the four outputs on each chip and

which chip is to be used. The outputs A through E are sent directly to the amplification circuits.
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Computer

——
output A
NI 6221
DACT624
12-bit funetion output [ outputB
output C
3-bit address output D
——
| outpuiE
DACT624
5V Powet Supply | power, reference high,
Ground, reference low.

Figure 23. Diagram of DAC circuit. 0-5V digital outputs from the computer program are

translated into analog signals by the DAC7624 chips. Reference voltages of 5V and 0V for

high and low, respectively, are used so that the outputs A-E range from 0 to 5V.

3.8.2  Amplification Circuits

3.8.2.1 Scanning

The signals from the DAC is amplified using EMCO C20 chips. Each amplifier uses the circuit

shown in Figure 24. A RSR HY3002-3 DC power supply set to within the range of 11.5-17 V powers

the chip, and the input from the DAC circuit ranges from 0-5 volts.

Power Supply

11.5-17V

Common
Ground

l\ HV out

Control input

0-5V

/‘ Case Ground

Figure 24. Circuit diagram for EMCO C20 High voltage supply. The power supply and

input control are tied to a floating ground with the chip.



Both input and power supply are wired to a common ground with the chip, while the case is tied to a

separate ground. This circuit is then repeated for each of the five power supplies, as shown in Figure

25.

Power Supply
11.5-17V

Common

j

Signal: ground

Signal: +x

Signal: -x

Signal: +y

Signal: -y

Figure 25. Circuit diagram for scanning. Each input is amplified and sent directly to the

corresponding electrode on each of the three piezos (see Figure 26).

{

]

;

%J

{

7J

;

j

{

A WNEFEO A WNEFO

A wWDNF O

Each power supply, as controlled by the computer, corresponds to ground or positive or negative x or

y. The amplified signal is wired to the corresponding electrodes on the piezo ceramics, as shown in

Figure 26. Electrodes 1, 2, 3, and 4 correspond to the positive x, negative x, positive y and negative y

directions, respectively.
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Figure 26. Overhead views of the sample mount, showing the three piezo tubes and their
numbered electrodes. The figure on the left shows the direction of motion for scanning,
while the figure on the right shows the direction for approaching. For scanning, the
electrodes correspond directly to the direction of motion: 1: positive x, 2: negative x, 3:

positive y, 4: negative y. For approaching, the voltages must be divided.

3.8.2.2 The Approach

For the approach, the sample mount must rotate in order to walk up or down the ramp. This means
that voltage dividers are required to redistribute the potential. Geometry can be used to determine
what these voltage divisions should be. An equilateral triangle inscribed in the circle containing the
peizos can be drawn, as shown in Figure 27. Motion is tangent to the circle, and can be divided into
horizontal and vertical components as shown. If a saw-tooth voltage Vs is applied to the right

EI'E:'E must be applied to the left and bottom

electrode on the top piezo, then voltages of % and

electrodes, respectively, of the piezo tube on the right. The other electrodes on that piezo will simply
be the negative of those potentials, with respect to the ground potential applied to the center of all

three piezos. The same reasoning can be used to find the required voltage division for the third piezo.
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Figure 27. Overhead view of the sample mount, showing the geometry used to calculate the
necessary voltage distribution on the horizontal and vertical electrodes of the piezo tubes

that are not parallel with the direction of motion.

Thus, if the center electrodes of the tubes are set to some common potential Va, the distribution of
voltage across the rest of the electrodes will be as shown in Figure 28. Most of this can be done in the
computer code, but since there are only five power supplies needed for the scanning circuit, it is
advantageous to limit the computer output to five different potentials for this circuit as well. The

outputs from the computer will be:

1: Va

22 VB

3V, - E
-
5: V,\ — VB
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The second output can then be split into three outputs using voltage dividers: Vi, —=, and ~—=. This

is shown in the Figure 29. The high voltage outputs are sent to the appropriate electrodes, as

described by Figure 28.

Figure 28. Overhead view of the sample mount, showing the distribution of potential across

the electrodes in order for the mount to move in the circular fashion shown.
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Power Supply

Common | [1
L )

2: Vs E l/l/ i R2 A%Rl .‘.g',.fs/z

— : él“ \g..'
N Li-—|% | >
3: V.- V,/2 af To appropriate

_______ electrodes on

4:Va—+/3V; /2 i I/]/ i

the Piezo tubes

5:Va—Vs ™ i I/I/

Figure 29. Schematic of the approach circuit. The computer outputs signals which have

i‘

already been divided (compared to the signals for the scanning mode). However, in order to
have seven different potentials, resistors are used to divide the second voltage, as shown.
The seven resulting potentials are then attached to the appropriate electrodes on the piezos,

as shown in Figure 28.
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Chapter 4

CONCLUSION

4.1 Summary

The AFM, first invented in 1985, is a valuable tool for probing the nature of matter, especially for
examining the surfaces of insulators. A variable temperature AFM will provide even more information
about materials. The variable temperature AFM described in this thesis utilizes an inverted Johnny
Walker sample mount and a laser deflection detection system. Piezos are used both for movement o
the sample and for oscillations of the tip. All materials used in construction are carefully chosen and
placed so that measurements will be possible during heating and cooling. A LabVIEW program is

being developed to run the microscope and store the data.

4.2  Future Work

While much progress has been made on this project, there remains more to be done before imaging of
surfaces can take place. Future work will first require successful tests of the program and the
electronics for the approach mode must be completed. This mode is more easily testable than the
scanning and positioning modes since motion in this mode is on a slightly larger distance scale.
Successful completion of the testing of this portion of the project will direct the further development

of the rest of the program and electronics.

The laser system and the heating and cooling systems will then need to be built. Since the laser
generates thermal energy and is affected by the temperature of its environment, these two components

must be considered together.

Once all the features described in this paper are functioning, the AFM will be placed in a rough

vacuum system to increase the resolution of the images.
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Appendix

LABVIEW PROGRAM

4.3 Introduction
The appendix presents the labview code in its current state of development. The front panel and
block diagram of each section of the program are shown, with relevant notes. The block diagrams for

subVI’s are included where appropriate.

44 Menu.vi
This program provides a user interface for accessing all modes of operation. Event structure is

utilized. As discussed above, this portion of the program is still in an early stage.

F please stop ather program before running

TS [ T —

please stop ather program before running

Figure 30. Front panel for Menu.vi. The text changes whenever one of the programs is in
operation. The programs are not designed to run at the same time, since this is not
physically possible anyway. The goal of the Menu program is to provide an easy interface
from which the user can control all necessary aspects of the program and switch between the

modes of operation.
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[[2]"Move": Mouse Down

I Source

=

Etring 2|

Figure 31. Block diagram for Menu.vi. The pressing of each button corresponds to an
event case. Fach of the event cases opens the corresponding program in a new window.

The event cases are shown below.

= [[0] Timeout -

Tvpe
Time

L a— ]

Figure 32. Event case for the event structure shown in Figure 31. The timeout case is a

default part of the event structure.

50



= [[1]"Scanner": Mouse Down ]

Another Program is running. Please close before attempting to open this one.,

I Source |

Ecan

L S ]

Figure 33. Event case for the event structure shown in Figure 31. This case opens the

Scanner program.

= [[2] "Move": Mouse Down [ o

l Drirs

L — ]

Figure 34. Event case for the event structure shown in Figure 31. This case opens the Drive

program, for fine-tuning the position.

= [[5] "approach”; Keyv Down; "Approach”: Mouse Down *ef———

I 5ource | J,L

L S ]

Figure 35. Event case for the event structure shown in Figure 31. This case opens the

Approach program, for moving the sample mount up or down in slip-stick motion.
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[

= [[4] "approach”: Mouse Down? -
I source |
fpragram is running | I
Iplease stop other program ' |
Iplease chop other program before running |
Ll
E [[5] "Scanner"; Mouse Down? ] g
I [ Coords Horizontal [1
lbefore running |
F|
Iplease stop other program ' |
i i
Iprn:-gram is Funning.
=] [[5] "Mave": Mouse Down? el
Discard?
Tvpe
Tirne IP' : 0 |
ease stop other program [~
CtiRef | Coords, Horizontal [1
Coords prograrm
Buttan bR ;
Miods -
lease skop other program before runnin
PlatMods IP E Fred al

]

Figure 36. Event cases for the event structure shown in Figure 31. These event cases

control the strings which appear in the text boxes.
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= [[7]"stop": Walue Change -

Source
Tvpe
Time
CtIR.ef
Cldval
Flewwial

f — i

Figure 37. Event case for the event structure shown in Figure 31. This event case executes

when the stop button is pressed, enabling the program to end (otherwise it would wait until

some other event case had been executed).
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4.5 Approach.vi

Preview Sawkooth m

skop 1.5~

(st A -

% distance (mm)
InRange? enter a value below 2.5 Fraguency 0.5-

" Calibratin Constant  Center Volkage -

Armplitude

.1 -
Maode SL5o 1 1 | 1 1
Maral Maving Close ta Sample a 0.z 0.4 o 0.6 0.8 1
J o . sawtooth RN
AU TR |
Flot 2 ]
AUTO MODE | MANUAL MODE | e
Skart Approach m
i Manual waveForm Graph 2 Plat 4 =Y
Approach .
Stop Approach
Sek Stop Distance 4m
’_r) ]
4 3-
=
=
fFe-

Fandom number to simulate laser signal

=

error auk n-
1 I 1 I 1 I 1
skabus  code 0 0.5 1 1.5 2 2.5 3
ﬂ I 0 Time
sOuUrce

~ x =>40967 Delay Time (5}
g
step size (7]

 —

Figure 38. Front panel for the approach sub program, Approach.vi. The user inputs values
for the step size and frequency of step. The step size will be coerced to the maximum value
if the output voltage is not within the 1-5V range. The calibration constant will be useful for

tuning the microscope, so that the calibrated step size will correspond to a physical distance.
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% distance {rm)
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3 Sawkooth
i b Reset Signal
|
requEncy Sawtooth 2, -
error ook ¥
. ode
LB b Amplitude
DEL rerror in {no error)
b Frequency e ed09e7] @
» Qffset
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; . > 8
TF
100 4096
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= Signal & in o
Eet Sto 3 b SignalBin g
Signal Cin 2
: Signal D i o DAQ Assiskank
Iose ko Sampls ignal Din : &
signal out ¥ 8
w Signal E in o error out
u]
counter to 5 kask or._n
—CEL Boolean error in
Feandorm number to simulate laser signal] Bioolean 2
Bioolean 3

Start Auto Scan| [TORN OFF SCAN FIRST!

Biring]
=
A b

=

i3

jokay to stop|

Figure 39. Block diagram for Approach.vi. The logic is described in Section 3.5.1. A random number generator is

used to simulate the laser signal, until a signal can be obtained.



Lounker ko 5
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[]
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Figure 40. Cycle subvi. The larger program was simplified by creating a subvi which would
perform the cycling through action. Five signals are input into this program. These signals
are then output one and a time, in order, each time the program executes. This continues on
indefinitely until the structure in which it is placed is stopped. The Boolean outputs are used

as addresses, to separate the signals out again in the electronics.
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4.6

Positioning.vi

’

For loop (step size)

ot
: Freguency

 —

| down {neg vl

STOP |
Amplitude In Range? errar aut
If_)l— = Mation Controls ode
Calibration I—
Lock ko -200477
: Cconstant Code Yalue W

Dl Qe \rite
(Bnalog 10 DEL
MChan 15amp). i [~

left (neg x)

Amplitude

joint signal Far v direction 2
P

Amplitude
™ma
(4]
1

5 -
o Li)
= =]
2 2
= 257 =
E =
= T

D -

0.1
Tirne:
up {pos ) right {pos x)

g -

Armplitude
-2
(4]
|

0=

joint signal For x direction
—

Anplitude
™2
o
1

Figure 41. Front panel for Positioning.vi.

calibration

User specifies amplitude of motion. The

constant can be used in initial calibration, and then locked. The user also

specifies the number of steps for every time a motion control is pressed, and the frequency
of those steps. Keyboard shortcuts allow the user to operate the microscope from the
keyboard. However, care must be used with this method, since holding down a key in any
one direction may result in an overload or a lag, causing the signals to be sent after the user

had intended them to be.
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Constant

Lock to
KCode Yalue
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Time

CHRef

Oldval
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n Range?

0K
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e

T[[1]"stop": Yalue Change

~H]
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| STOF.

TF

joink signal For  direction

Figure 42. Block diagram for Positioning.vi. Event structure is utilized. A center voltage

output and cycling through capabilities will be added after these features have been tested.
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=} Ja[[0] Timeout b Lz |

|« [ - S

Figure 43. Event case for Positioning.vi. This is the default timeout case for the event

structure.

2] J[[4] Panel Close? ~ b

Source
Type
Time:
WIReF

| - N - S

Figure 44. Event case for Positioning.vi. This case causes the program to end normally

when the panel is closed by the user.
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T[] "Calibration = | o

| - N - S

Figure 45. Event case for Positioning.vi. This event case causes the structure to completely

execute when the calibration is adjusted.

T[] "Left": Mouse Down; “"Left": Key Down; "Left": Key Repeat B L]

Source
AN
I
¥
Simulate Signal?
r  Reset Signal j@
+ direction & &
errar out H
b Amplitude

Ferror in (o error)
r  Freguency

> Offset

s Phase

=

Simulate Signalg

2 x direction B »pgee==s
e errar out H
F Amplitude B

Verrar in (no error) |

Freguency
} Offset
i Phase
1
] 1] b Reset Signal

Figure 46. Event case for Positioning.vi. This is the event case for motion in the negative x

direction. Two functions are generated, one being the opposite of the other.
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Ja[[71"Right"; Key Down; "Right"; Mouse Down; "Right"™: Key Repeat =} ]

L

Source

Simulate Signal

3
Reset Signal E

 direction &
&rror ouk L4
.J r Amplitude
berrar in no errar)
Frequency

— Offset
» Phase

Simulate Signal2

L « direction B
g efrar aut
P Amplitude

verror in {no error)
Freguency

} Offset

d Phase
1
a P Reset signal
[i]

Figure 47. Event case for Positioning.vi, for motion in the positive x direction. Two
functions are generated, one being the opposite of the other. The only difference between
this case and the previous one is the true-false constant, which determines which function is

negative of the other. This causes the piezo tubes to bend the opposite direction.

J4[[51"Cown": Mouse Down; "Down': Key Down; "Down': Key Repeat_ =] ]

Source

Simulate Signal3

3
Reset Signal E

 direction &
&rror ouk L4
.J r Amplitude
berrar in no errar)
Frequency

— Offset
» Phase

Simulate Signal4

L « direction B ==
= error out i
P Amplitude R —

verror in {no error)
Freguency

} Offset

d Phase
1
a P Reset signal
[i]

| - N - S

Figure 48. Event case for Positioning.vi. This is the event case for motion in the negative y
direction, and is identical to the one shown in Figure 46; the difference in direction of

motion comes from wiring the output to a different electrode.
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Ja[[1"Up"™: Mouse Down; "Up"™: Key Down; "Up"; Key Repeat -] ]

Source

Simulate Signals

b Reset Signal
= direction A PE
error out ¥
.J b amplitude
Ferrorin {no error)
Frequency
— Offset
r Fhase
B

- 5

Simulate Signalé

xdirection B g
error out "R
r Amplitude i

verror in (no error) |

Frequency
b Offset
d Phase
1
0] a F  Reset Signal

Figure 49. Event case for Positioning.vi. This is the event case for motion in the positive y
direction, and is identical to the one shown in Figure 47; the difference in direction of

motion comes from wiring the output to a different electrode.
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Figure 50. Front panel for Scanning.vi. The user specifies the resolution of the scan by
indicating the number of lines (number of times back and forth) and the size of the region to
be scanned. The speed of the scanning is also specified. Once the scan has begun, a light

turns on and an indicator specifies the elapsed time.
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Figure 51. Block diagram for Scanning.vi. Four triangle waves are generated and out put to
a plot and to the cycle subvi. This subvi is the same as the one shown in Figure 40. The
same signal conversion technique as in Figure 39 (Approach) is used. The Elapsed Time
express vi counts off the time input into it and then sends a Boolean signal when the time
has elapsed. This Boolean value is then wired to the stop for the while loop structure. The
portion of the program at the very bottom of the loop is for testing purposes; the output
values are converted into points on an image, with each subsequent point being plotted

further to the right so that the output voltage can be mapped as a function of time.
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