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Abstract

The goal of this thesis is create a scanning probe microscopy (SPM) platform for

multifunctional probe-based applications, such as interrogation, manipulation, and

fabrication of objects and matter at the micro to nano-scale. The SPM platform

uses a newly designed and fabricated electro-thermo-mechanical (ETM) cantilever

with a microgripper at its distal end designed for automated pickup and release of

tool tips. This unique platform will help address the critical issues of throughput, re-

peatability, scalability, and limited functionality of probe-based applications including

multi-process nanofabrication. The design, fabrication, and characterization of the

custom-made atomic force microscopy (AFM) system, a type of SPM, and the ETM

microgripper for multifunctional probe-based applications are presented. The finite

element method is used to design the first two vibration modes of the ETM microgrip-

per to align with traditional AFM cantilevers. An electro-thermo-mechanical model

is used to predict the response of the ETM microgripper. The custom-made AFM

system and ETM microgripper are characterized, where experimental results demon-

strate the imaging capabilities of the AFM system and the microgripper’s ability for

controlled grasping of micro-sized objects. Specifically, the AFM system resonances

at 768 Hz, 535 Hz, and 35 kHz in the x, y, and z axis, respectively. The microgripper

can open 6.4 μm with 10 volts input, and the measured first mechanical resonance

is 36.8 kHz. Performance and design challenges are also discussed. The results and

outcomes of this thesis lay the foundation for future work in multifunctional probe-

based applications which include handheld replicators for nano rapid prototyping of

nanoelectronics and NEMS, printing and nanomachining of unique hybrid organic

and inorganic material, 3-D nanofabrication and assembly, and complete desktop

nanofactories.
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Chapter 1

Thesis Goal, Objectives, and
Contribution

The goal of this thesis is create a scanning probe microscopy platform for multi-

functional probe-based interrogation, manipulation, and fabrication of objects and

matter at the micro to nano-scale. A newly designed and fabricated electro-thermo-

mechanical (ETM) cantilever with a microgripper at its distal end is designed for

automated pickup and release of tool tips. This unique platform will help address

the critical issues of throughput, repeatability, scalability, and limited functionality

of probe-based applications including multi-process nanofabrication. It is pointed

out that in traditional atomic force microscopy (AFM), a type of scanning probe

microscopy (SPM), the probe tool is an integrated (monolithic) microcantilever with

a sharp tip at its distal end. In AFM, a stage is used to position a small SPM probe

relative to a specimen for nano-scale imaging, surface modification and interroga-

tion. Unlike a traditional optical microscope which uses light for imaging, in SPM

an image is formed by raster scanning a small (typically micron-size) probe over a

sample surface and then plotting the probe’s interaction as a function of its position.

For example, consider the basic scan-by-sample and scan-by-probe AFMs shown in

Fig. 1.1. When the probe tip is raster scanned over a sample’s surface, tip-to-sample

interaction causes the cantilever to deflect vertically with respect to the sample topog-

raphy. The deflection is then measured and used to construct an image of the sample
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Figure 1.1: An example SPM, the atomic force microscope: (a) scan-by-sample system
and (b) scan-by-probe system.

surface. In this case, the AFM essentially ‘feels’ the surface with a tiny, finger-like

cantilever. In a vacuum an AFM’s resolution is on the order of 0.01 nm. With such

high resolution, an AFM can generate topographical images of atoms, as well as to

control, manipulate, and alter the properties of matter at the nano-scale.

During routine operations when the tool tip is damaged or contaminated, re-

placement of the probe tool is needed which requires replacement, re-alignment, and

calibration of a new cantilever probe tool and opto-electronics. The process of replac-

ing the probe tool can be time consuming and is a limiting factor in high throughput

SPM applications. However, in order to enable practical SPM applications, it will

be critical to address the issues of throughput, tip wear effects, chemical cross con-

tamination, and scalability all of which act to decrease the quality, reliability, and

efficiency of probe-based fabrication. To address these critical issues, a multifunc-

tional AFM platform is created which consists of an active ETM cantilever with

an automated ability to interchange probe tips, for example, from sharp pyramidal

tips with various sizes and materials to chemically functionalized tips for biological

printing to nanowire tips for high resolution metrology to dynamic tips that can be

used for machining, nanomanipulation, or material modification; without the need for
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an operator to physically remove/replace the cantilever as in traditional SPM. This

novel design models macroscale computer numerical control (CNC) manufacturing

in which CNC machines are fully automated allowing for rapid tool changes without

operator interruption. A concept illustration is presented in Fig. 1.2, which shows the

envisioned fabrication work space and the ETM active microcantilever (gripper) and

modular tool tips. Located at the distal end of the active cantilever is an electrically

activated MEMS-based microgripper, which is designed to automatically load/unload

tips from an array of modular probe tips (tools). The proposed technology is scalable:

arrays of these active cantilevers and modular tips could be used and interchanged

for nano-scale rapid prototyping or nanofabrication. The proposed ETM cantilever

is specifically designed for AFM applications and the objectives to achieve the goal

are to:

1. Design and fabricate an active electro-thermo-mechanical cantilever with the

ability for automated tool tip change;

2. Characterize the performance of the ETM cantilever; and

3. Create a versatile AFM platform to enable the capabilities of the ETM can-

tilever.

Figure 1.2: Multifunctional scanning probe-based automated platform concept.
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The results and outcomes of this thesis lay the foundation for future work in multi-

functional probe-based applications which include handheld replicators for nano rapid

prototyping of nanoelectronics and NEMS, printing and nanomachining of unique

hybrid organic and inorganic material, 3-D nanofabrication and assembly, and com-

plete desktop nanofactories. More specifically, the AFM platform with the active

ETM cantilever can be used for nanoparticle manipulation [7], surface modification

(scratching) [8,9], indentation [9], and nanomachining [10], as well as processes where

different tips are required to complete a process. The main contributions of this re-

search are the design, characterization, and demonstration of the capabilities of the

ETM cantilever for pick and place operations to facilitate a streamline tool tip change

procedure without the need for additional time consuming tasks.

1.1 Overview

AFM has seen significant advances in control [11–13], optics design [14–17], tip resolu-

tion [18, 19], and applications [20–24]. Despite these recent advances, the traditional

microcantilever with an integrated fixed tip at the distal end offers limited func-

tionality and when damaged or contaminated, is time consuming to replace. Most

commercially available AFM probes have only a single AFM tip mounted to a large

base platform (i.e., Budget Sensors’ AFM probe model ContAL-G). While some man-

ufacturers place multiple tips on a single AFM probe base, limitations still exist due

to the fixed structure of the tip.

Another issue with traditional AFM probes is the calibration requirement of each

individual AFM probe. Due to inherit fabrication variances in AFM probe fabrica-

tion, each individual AFM probe can have significant geometric variances that can

greatly impact its performance. For example, Budget Sensors’ ContAL-G AFM probe

is a typical AFM probe that has the following dimensions: 450 μm ± 10 μm for length,
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50 μm ± 5 μm for width, and 2 μm ± 1 μm for thickness. With such varying geome-

tries, individual cantilever calibration is a must for any force sensitive application.

This particular commercially available AFM probe has a specified force constant that

varies an order of magnitude (according to the manufacturer’s specifications). By

utilizing a single active microgripper with the ability for quick tool-tip changes, an

automated process can be implemented to enhance throughput and performance sim-

ilar to traditional macro-scale CNC machines. The proposed active SPM probe leads

to a more robust multifunctional system that can perform several separate proce-

dures with customized tips to increase current traditional AFM based imaging and

fabrication throughput.

1.2 Motivation and Contribution

The scanning probe microscope, in particular the AFM, is the workhorse of emerging

science and technology at the nano-scale. By maneuvering a cantilever tip rela-

tive to a sample, the AFM can be used to image [25], manipulate [26], and fabri-

cate [27] features down to the sub-nanometer level. The AFM can not only study

inorganic samples, but also investigate organic specimens, for example biological cells

and molecules [28] and DNA [29]. Likewise, the AFM has proven its usefulness in

many fields of science and technology, yet the system has several drawbacks which

hinders its use for practical nanofabrication applications.

One such limitation that has been pointed out is the inefficient retooling process,

where the tool tip is manually changed. The process for a trained individual can take

several minutes to complete. Furthermore, inconsistencies between cantilevers even

within the same production batch leads to required individual AFM probe calibrations

for performance critical applications (i.e., force sensitive, resonant dependant,...etc).

This is a cumbersome process when trying to implement a multi-step, multi-probe
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process. Existing AFM systems that use a single probe for one, maybe two and at

most three applications provide limited functionality. For example, contact mode

tips can be used for imaging, scratching, and/or indentation [30]. While a single tip

can be used for multiple applications, the optimal solution is to use a different tip

for a different process. Fabrication processes that require a large number of steps

may require a library of AFM probe tips/tools. By changing probe tips for different

operations, throughput of the fabrication process will be greatly reduced as well as

repeatability and quality of the fabricated structure. The process of manually chang-

ing probe tools is cumbersome, inefficient, and presents opportunities for damaging

the AFM probe.

As the interest in developing large arrays of nanostructures and nanodevices in-

crease, the need for multifunctional, highly repeatable probes will become more im-

portant. For example, these structures will need highly specialized probes to create,

measure, and investigate their properties. Several groups have already recognized

the need for highly functional probes. For example, Xi’s group created an active

AFM probe that changes its rigidity through different control strategies for imaging

and manipulation modes [31]. In addition, multiple AFM probes have been proposed

on a single chip in order to increase throughput as well as expand its functionality.

This concept was recently demonstrated by Liu’s group [32], as well as by others for

parallel AFM imaging [33, 34], dip-pen nanolithography [35], and high-density data

storage [36]. Although multiple probes (more than one on a single carrier substrate)

can broaden the application of AFM, other challenges still remain. For example, each

probe must be carefully calibrated to ensure optimal performance, which may involve

individually actuating a probe such that the appropriate tip-to-sample interaction is

achieved for proper operation. Also, chemically fouled, worn out, or damaged tips

will need to be replaced. This replacement is wasteful if only a single tip on an array
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needs to be replaced, but the whole array needs replacing due to the single carrier

substrate for all of the probes. The replacement process require an operator to man-

ually change and recalibrate the AFM probes, just like the replacement process for

single AFM probes. This changing/replacing/replenishing process can be time con-

suming and as the number of steps and processes increase to fabricate a feature, the

quality, reliability, and repeatability decrease dramatically due to repeated manual

swapping of probes.

The contribution of this work presents a significant benefit for AFM-based appli-

cations. This thesis demonstrates that a thermal microgripper can be used for object

manipulation, while still maintaining traditional AFM probe dynamics. Table 1.1

compares the benefits of the proposed active ETM microgripper SPM probe to con-

ventional probes. A custom-designed AFM platform is designed which uses the active

electro-thermal microcantilever for multifunctional applications.

Table 1.1: Comparison of probe-based technologies and proposed active cantilever.
Probe Technology Throughput Functionality Cost Scalability
Single probe [37–41] Low Low Low High

Multi probe [32,33,36, 42] Medium High Low High
Proposed ETM probe High High Low High

1.3 Methodology

1.3.1 Why Elecro-Thermal-Mechanical (ETM) Actuation?

ETM actuation is selected for its low power requirements, moderate actuation dis-

placement, and sensing capabilities. Other actuation methods are available for the

gripping mechanism of the multifunctional probe, yet specific drawbacks apprehend

their implementation. Gripper designs have been proposed in the past and in general

the following are the available motion mechanisms: (1) electrostatic actuation [43], (2)
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thermal actuation [44,45], (3) piezoelectric actuation, (4) magnetic actuation, and (5)

shape memory alloy actuation [46]. Piezoelectric actuators are rather limited for use

as microgrippers due to their low percent strain (approximately 0.1%). Shape mem-

ory alloy-based microactuators has been developed that produces over 5% strain [46].

However, shape memory alloy materials are difficult to fabricate into custom geome-

tries at the micron-scale because of their fabrication process that involves sputtering

and careful stoichiometry control. Micron-sized electrostatic actuators have been de-

veloped to manipulate objects, such as nanowire [47]. However, large electric fields

(as large as 100 V) are required for large motion and the large fields can induce un-

wanted electrostatic forces with nearby objects. One alternative to avoid this is to use

thermal-based actuators [48]. For example, a thermal actuator was developed that

requires 75 mW of power to expand by 35 μm [49]. Thermal actuators have many

advantages and is chosen as the motion mechanism for creating an active cantilever

for several reasons. First, they can provide a significant amount of force for gripping

and holding the tool tip. Second, the fabrication process to create a micron-size ther-

mal gripper is well established and straightforward [48]. Lastly, the thermal behavior

of the gripper can be exploited to create a sensor to detect the location of modular

tips for loading/unloading. Compared to the other gripping mechanisms presented in

this section, ETM actuation is chosen to be the best selection for the multifunctional

probe’s gripping mechanism in terms of power consumption and sensing capabilities.

1.3.2 ETM Multifunctional Probe Design

The ETM actuator is designed to align with traditional AFM cantilevers while pro-

viding a means for grasping modular AFM probe tips. In the design of the ETM

probe, the overall length dimension is to be restricted within standard AFM contact

mode probe lengths, which can be as long as 450 μm. After preliminary analysis, the
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small base cross-sectional area coupled with the larger cross-sectional area tip leads

to unfavorable dynamic response simulation results. To solve this issue, the probe’s

base cross-sectional area is increased and the tip cross-sectional area is decreased, but

this lead to a substantial decrease in actuation displacement. An iterative process

is employed to determine the trade-offs between cross-sectional area distribution and

actuation displacement. The final results is a unique tapered design with a large

base cross-sectional area that tapers to a smaller tip cross-sectional area. This design

provides over 3 μm of individual actuator displacement (measurements from dual

actuator testing resulting in 6.4 μm displacement), while maintaining a dynamic re-

sponse similar to a traditional AFM probe with a first modal frequency in the tens

of kHz.

1.3.3 Multifunctional Probe Characterization

The actuator characterization process includes the following measurements: optical

microscope steady state displacement measurements, time constant for steady state

actuation, actuation repeatability quantification, and dynamic response results. Dis-

placement, actuation time constant, and repeatability tests are all conducted using

custom circuitry to power the multifunctional probe, while monitoring the electrical

current flowing through the probe. Dynamic response plots are gathered by utilizing

the z-axis piezoelectric actuator of the custom designed AFM to provide an excitation

signal into the base of the multifunctional probe, while recording the photodetector

sensor output throughout a frequency range sweep (up to 100 kHz) using a Stanford

Research Dynamic Signal Analyzer and a high-bandwidth power amplifier centered,

which centers around a Power Amp Design PAD129 power op-amp [50]. Lastly, ob-

ject manipulation is demonstrated using the custom AFM, custom manual translation

object holder, and multifunctional probe.
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1.3.4 Custom AFM Design for Multifunctional Probe

A custom AFM is designed for testing and evaluating the multifunctional probe and

also provides a basis for future work. The custom designed AFM offers flexibility

compared to a commercial AFM system which cannot be easily adapted to work with

the newly designed multifunctional probe. Also, research grade AFM systems with

the required system flexibility typically costs on the order of $100,000 and greater. It

is pointed out that lower cost systems are available but have reduced performance and

system flexibility compared to their higher cost counterparts and are limited by their

scan range, scan speed, and overall system robustness. For example, the easyScan

AFM requires cantilevers with alignment groves due to its fixed optical system, so

custom applications are not feasible because system modification is required. For

these reasons, a custom AFM is required to provide the flexibility needed for initial

multifunctional probe characterization and testing. It will also be used as a prototype

for a future desktop nanofabrication system.

The mechanical design for the AFM incorporates a two axis nanopositioner [50]

with custom probe holder and actuator for precise x, y, and z control. The z-axis

probe holder is mounted onto the x, y translation stage for a three axis probe position-

ing system. The control system for the AFM incorporates an Atmel ATxmega128A1

microcontroller for z-axis control. Other custom system components include: pho-

todetector circuitry, three independent stepper motors for the AFM’s approach mech-

anism, LabVIEW software for AFM control and data acquisition, TREK piezoelectric

amplifiers (models: PZD700 and 603), custom interface circuitry between the AFM,

and microcontroller.
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1.3.5 AFM Platform Testing

The AFM platform is characterized to determine system performance capabilities and

system limitations. Validating the AFM is performed using a commercially available

calibration sample (Nanosurf No. BT01015 with 10 μm x, y periodicity and 98 nm

z depth) with commercial contact mode AFM probe (BudgetSensors’ ContAL-G).

A proportional-integral (PI) z-axis controller is implemented into the system using

a microcontroller (ATxmega128A1) for constant height and constant force operation

modes. Lastly, AFM imaging results are presented to verify proper system operation.

1.4 Summary of Completed Work

The expected outcome of this work is to have a completed custom-made AFM system

with an active microcantilever that has the ability to perform autonomous tip tool

changes. This section summaries the completed work presented in this thesis.

First, a versatile scan-by-probe AFM platform is designed. The scan by probe de-

sign is chosen since it imposes no limitations on sample size or mass. This design also

allows one to integrate a high-speed nanopositioner for high-bandwidth applications

such as video-rate AFM. The AFM utilizes an optical displacement measurement

system to measure the AFM probe’s displacement. Stepper motors provide the ap-

proach mechanism and a microcontroller allows for closed-loop control of the z-axis.

A custom LabVIEW program is created to control the AFM system. All sensors,

circuits, and physical parts are highly adjustable and can be modified or replaced if

needed. Experimental frequency response data and models for the x, y, and z axis

are presented for future work.

Second, the multifunctional ETM-based probe is designed such that each actuator

arm is within typical AFM probe dimensions. The dynamic response of the probe
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has the first two mode shapes of a traditional cantilever beam, with the first modal

frequency in the same range as an AFM probe (tens of kHz). The actuator utilizes

a resistive heating effect to provide 2 μm of displacement with 5 V DC input. A

frequency response is conducted to verify that design does have a traditional cantilever

beam first mode shape with a first modal frequency in the tens of kHz. Electrical

response plots are also obtained by actuating the probe under constant voltage and

recording the current flow through the probe.

Lastly, the AFM-based nanofabrication system is integrated with the multifunc-

tional ETM-probe to demonstrate the pick and place capability of the system. The

ETM-probe is used to grab and release a small-diameter wire to demonstrate the pick

and place capability.

Remaining tasks that need be completed for a fully autonomous multi-process

nanofabrication system include: modular tool tip design and fabrication, investigat-

ing thermal sensing capability of multifunctional probe, and modifying AFM software

for fabrication and autonomous operation. The modular tool tip design needs to in-

corporate different tool designs, so that multiple fabrication processes can be demon-

strated. A challenging aspect of the design and fabrication of the tool tips is that the

tips are most likely supported using tabs made out of silicon. The array of tips will

have to be strong enough to survive the fabrication process, yet weak enough to be

removed by the multifunctional probe (also made out of silicon) without damaging

the probe. The multifunctional probe also needs to be investigated for its thermal

sensing capability. Modifications to the design may be needed to incorporate an en-

hanced thermally sensitive area of the probe for thermal sensing. This may involve

fabricating a thermal sensing structure beside the probe or integrating the sensor area

into the probe and having separate driving and sensing current flow paths. Lastly,

when the above tasks are completed, the custom AFM program can be modified to
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implement the sensing and automatic tool changes into the current program’s code.

1.5 Organization

The remainder of this thesis is organized as follows. In Chapter 2, scanning probe

microscopy is introduced. AFM probes, piezoelectric actuators, and AFM imaging

modes are covered in this chapter. Chapter 3 provides the details of the custom-made

AFM system, including characterization and validation of system operation. Next in

Chapter 4, the multifunctional probe’s design and ETM model are presented. The

model estimates the deflection of the gripper for DC input voltages. Also included

in this chapter is the fabrication process, which is followed by the characterization

process and experimental results. A detailed discussion of the results is presented in

Chapter 6. Lastly, concluding remarks and future work are presented in Chapter 7.
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Chapter 2

Background

This chapter provides background information on scanning probe microscopy, partic-

ularly the AFM, and electro-thermo-mechanical (ETM) actuators with emphasis on

silicon-based actuators. The background section will serve as an introduction to those

unfamiliar with either of the topics presented and well as give insight into some of the

challenges that exist for the design and implementation of these devices. Lastly, a

summary of the most important points with their implications on the design of both

the custom AFM and ETM multifunctional probe is presented.

2.1 Scanning Probe Microscopy

Scanning probe microscopy can be described as a system that measures a surface’s

topology by using a sharp tip that is moved (scanned) relative to a sample’s surface.

The surface’s topological characteristics are measured by a sharp tip or probe either

by its physical or electrical interaction with the surface. The SPM is separated

into two distinct categories: scanning tunneling microscopy (STM) and atomic force

microscopy (AFM).
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2.1.1 Scanning Tunneling Microscopy

The STM is the first SPM instrument and was introduced by Binnig et. al. in

1982 [51]. The STM utilizes an electrical conducting probe tip that is scanned across

a conductive surface within close proximity (approximately 1 nm) using a constant tip-

to-sample tunneling current. The constant tunneling current is maintained by moving

the probe relative to the sample surface (scan by probe concept, see Fig. 2.4 for other

scan types) by changing the input voltage to the piezoelectric drive actuators. The

piezoelectric drive actuators move the tip in the vertical axis to maintain a constant

tip height above a sample. A depiction of the vertical axis movement during scanning

is shown in Fig. 2.1 where the z-direction is the vertical axis.

Figure 2.1 shows a conductive probe being scanned over the surface along the

solid black line trajectory. The probe tip voltage potential relative to the sample

surface is denoted by Vt. Typical tip operating voltages range from 10 mV to 1 V,

while tunneling current varies form 0.2 nA to 10 nA. The corresponding tip height,

A
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Figure 2.1: Scanning tunneling microscopy concept illustration.
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δ, is shown as a dashed line. The piezoactuator drive voltages are denoted by Px,

Py, and Pz for the x-axis, y-axis, and z-axis, respectively. While the tip is being

scanned over the surface, the vertical motion of the piezoactuator controlled by Pz is

modulated to adjust the height of the tip, so that constant tunneling current, it, is

maintained throughout the scan from left to right. This mode of scanning is called

constant-current mode. By monitoring the input voltages to the piezo-drive, surface

topology measurements can be obtained, which are used to produce a topographic

image of the sample’s surface. Typical tip height, δ, during scanning is approximately

1 nm, which results in vertical resolution of about 0.1 nm. High vertical resolution is

attributed to the tunneling current and how it varies exponentially as the tip height

is changed. Lateral resolution depends on tip’s curvature radius. Tips are typically

tungsten wire with a tip radius in the range of 0.1 nm to 10 μm. A drawback of

this imaging method is that STM imaging requires a conductive sample surface to

facilitate the current flow from the STM tip to the sample. Nonconductive surfaces

have to be coated with a thin layer of conductive material in order to be imaged. If the

sample is not conductive and coating the sample is not possible, STM is not a viable

option for imaging, so an alternative method is required (atomic force microscopy).

2.1.2 Atomic Force Microscopy

In 1986, Binnig et al. introduced atomic force microscopy, which allows imaging of

non-conducting samples [52]. A schematic of the initial concept is shown in Fig. 2.2,

which is utilizes an STM that measures a cantilever beam’s deflection as it is scanned

across a sample.
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Figure 2.2: Atomic force microscopy concept illustration.

The figure shows a cantilever beam (E) with a sharp tip (D) in contact with

an AFM sample (H). The cantilever beam is attached to a modulating piezoelectric

actuator (F) that drives the cantilever beam at its resonant frequency. The sample

is mounted to a three axis piezoelectric feedback scanner (G) that moves the sample

relative to the fixed probe. The backside of the cantilever beam is conductive and is

used as the sample surface for the STM tip (C). The STM tip also has its own z-axis

control system (B). Both the AFM and STM feedback system as well the cantilever

modulating piezo are all mounted to a single aluminum support structure (I). The

AFM and STM feedback systems have spacers (A) to dampen the high frequency

mechanical vibrations from outside the system (I) and within (B,F,G).

Other commonly used methods to measure the cantilever deflection are presented

in Fig. 2.3. The STM method is the same as the method used by Binnig et. al.

discussed above. The laser beam deflection method utilizes a laser beam reflected off

of a AFM probe and into a position sensitive detector, which measures the probe’s

displacement as it is scanned across a sample’s surface. The laser beam deflection

method is used in the custom AFM design and will be discussed in more detail later
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Figure 2.3: Commonly used AFM detection systems for cantilever deflection mea-
surements: (a) STM, (b) laser beam deflection, (c) optical interferometry, and (d)
capacitance.

in this section. Optical interferometry uses the a lens to focus the light source onto

the cantilever beam and the reflected light is then directed back into the optical fiber,

where light intensity and phase can be analyzed for displacement measurements.

The capacitance method measures the changes in capacitance between an electrode

above the AFM cantilever and the cantilever itself, so as the cantilever deflects its

capacitance will change with the change in displacement. Optical interferometry and

capacitance methods will not be discussed in detail for this document and are only

presented here for completeness.

Figure 2.4 presents the two general AFM scanner-sample configurations. The

first configuration is shown in Fig. 2.4(a), where the AFM probe is attached to a
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Figure 2.4: Two scanning methods: (a) scan by probe and (b) scan by sample.

translation stage (gray block) which is moved by the three piezoelectric actuators for

example (Px, Py, and Pz) while the sample remains stationary. This method is called

scan by probe because the probe is being scanned across a stationary sample surface.

In contrast, scan by sample is shown in Fig. 2.4(b), where the sample is translated

using the three piezoelectric elements (Px, Py, and Pz) while the AFM probe remains

stationary. The scan by probe method allows for a wider range of samples since the

only moving part is the probe, which allows the user to place the AFM onto almost

any surface. On the other hand because the probe is moving throughout the scan,

the AFM system is slightly more complicated since the displacement measurement

system should move with the probe to ensure proper measurements. For example

in the laser beam deflection method, the laser beam should stay on the same probe

location to ensure accurate deflection measurements and a moving probe relative to a

stationary beam will not result in such a scenario. Scan by sample allows for a simpler

design since all scanning motion is performed by the sample and this allows for a fixed

optical system and less moving parts; however, the sample’s size is restricted to the

provided sample tray. As well as sample size, sample mass is limited since increasing

the sample’s mass will affect the AFM scanner’s dynamic response. For the custom

AFM design, a scan by probe design is implement to accommodate a wide range of



20

samples. Using this approach, future applications could utilizes both a scan by probe

and a scan by sample mechanism.

In 1988, an optical sensing approach to detect probe deflection is first introduced

and became widely adopted in today’s commercial AFMs [53]. The Meyer and Amer

sensing approach utilizes a reflected laser beam that is reflected off of the backside of

an AFM probe and terminates at a position sensitive detector. The position sensitive

detector (PSD) measures the deflection of the probe’s cantilever beam by tracking

the displacement of a laser beam spot on the detector’s surface. This sensing concept

is shown in Fig. 2.5.

The figure shows a probe that resembles a cantilevered beam with a mirror-like

surface attached to its backside that reflects a laser beam. While the cantilever beam

is scanned across the sample surface, the cantilever deflects due to changes in sur-

face topography resulting in changes in the laser beam’s trajectory and leading to

displacement of the laser beam spot on the position sensitive detector. Nanosurf’s

easyScan AFM utilizes this same concept by using a fixed-mounted quadrant pho-

todetector as the position sensing detector, reflective coated cantilever probes, and

fixed laser. The quadrant photodetector provides more information than solely topo-
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Figure 2.5: Concept illustration of AFM optics.



21

logical (z-axis displacements). Frictional forces can be measured by recording y-axis

displacements, which are seen as cantilever tilting or twisting [54]. A quadrant pho-

todetector is integrated into our AFM system to provide future capabilities to our

system.

Using the laser deflection method, requires that the laser spot on the back of the

cantilever maintain a constant position on the cantilever. This can be accomplished by

using a focusing lens that moves with the cantilever, while the cantilever transverses

during scanning. Scan range is improved and beam trajectory shifting is decreased

by reducing non parallel incident rays to the focusing lens [17]. A typical scan by

probe AFM block diagram using this laser deflection method is shown in Fig. 2.6.

The AFM scanner provides the x, y, and z translation of the AFM cantilever and

tip. The cantilever’s response to the sample’s surface topography is recorded using an

optical deflection sensor (laser and photodetector). The deflection signal is relayed to

the z-axis feedback controller, which provides control of the AFM’s imaging mode by

AFM
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Figure 2.6: Block diagram of a scan by probe AFM system.
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adjusting the z input (uz) to the AFM scanner. For example, in constant force mode

the AFM scanner moves the cantilever to match the surface topography in order to

maintain a constant deflection signal. The x and y scanner control provides scanning

trajectory inputs (ux, uy) to the AFM scanner. Data from the x, y, and z axes are

complied together to create an AFM image.

Imaging Modes

AFM imaging can be divided in two broad categories of contact/noncontact mode

and dyanmic/tapping mode. Contact and noncontact mode involve scanning a static

cantilever over the surface to gather sample topographic information. In contact

mode, a constant sample to probe force is maintained throughout the imaging pro-

cess. This results in no cantilever displacement during the imaging process as shown

in Fig. 2.7(a). The actuators for the cantilever (scan by probe) or sample (scan by

sample) compensate for topographic changes in the sample’s surface by changing the

height of the cantilever or sample, respectively. The input signals to the actuators

provide the image data for the sample. On the other hand, noncontact mode does

not compensate for topographic changes in the samples surface and results in can-

tilever deflection changes as the sample is imaged. The changing deflection signal

provides imaging data for this method as shown in Fig. 2.7(b). Dynamic AFM imag-

ing involves exciting the imaging cantilever near its first resonant frequency, while

scanning it across a sample’s surface. Phase, amplitude, and frequency information

can be extracted from the data for imaging as shown in Fig. 2.7(c).
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Figure 2.7: Three common AFM imaging modes: (a) contact mode, (b) noncontact
mode, and (c) dynamic mode.

Piezoelectric Actuators

The AFM actuators used in the custom AFM utilize the piezoelectric effect for ac-

tuation. Piezoelectric actuators can also be physically strained or stress to generate

a voltage. Charles Augustine de Coulomb first observed this phenomenon, but did

not introduce the idea as piezoelectricity. Abbé Rene Just Haüy and Antoine Césear

Becquerel first attempted experimentation with this phenomenon, but it was unsuc-

cessful. Later Pierre and Jacques Curie proved that electricity can be produced by

applying pressure on inclined faced hemihedral crystals. The most common piezoelec-

tric material used in piezoactuators is lead zirconate-titanate (Pb[ZrO3,TiO3], PZT).

In its most basic form, a single block actuator contains a piezoceramic material be-

tween two electrodes. The greater the distance between the electrode, the higher the

actuator’s capacitance along with higher actuation power requirements. To solve this
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problem, plate-stacked actuators use several smaller block actuators that are stacked

on top of each other and wired in parallel; however increased manufacturing costs

and tensile load limitations are present. Other actuator options include ring-stack,

sectored tube, and bimorph piezoactuators. Piezoelectric tube scanners are a pop-

ular choice for x, y, and z scanner translations in AFMs. There following reasons

are advantages for using a tube scanner for AFM scanning: a single, multi-sectored,

piezoelectric tube provides x, y, and z translations, it greatly reduces system com-

plexity by reducing the need for additional translational mechanisms and supports,

helps reduce scanning head mass by reducing the number of parts attached to the

scanner, and allows for laser beam steering by mounting a focusing lens at the end

of the tube. Some downfalls of using a tube scanner includes: strong cross-coupling

effects since all three axes of the actuator are physically constrained together, tube

scanners are usually thin and very fragile, and the length of tube will be far greater

than a stack piezo actuator for similar displacement. This causes the scanner’s mov-

ing mass to be distributed further away from the constrained end resulting in a larger

moment at the probe end and introducing unwanted dynamics to the scanner.

The piezoelectric actuators utilized in the custom AFM design (nanopositioning

stage) are Noliac SCMAP07 stack piezoelectric actuators in 8 mm and 12 mm length

configurations. Further specifications are found in Table 2.1. Measured capacitance

values are 501 nF, 493 nF, and 302 nF for the x, y, and z capacitances, respectively.

Table 2.1: Specifications for Noliac SCMAP07 actuators used in the custom AFM
scanner.

Stage Width Thickness Length Actuation Capacitance
axis (mm) (mm) (mm) (μm) (nF)
x 5 5 12 14.7 480
y 5 5 12 14.7 480
z 5 5 8 14.7 280
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Commercial and Custom AFMs

This section provides information on custom and commercial AFMs to provide a quick

look at how the various components of an AFM have been modified for improved

operation. AFMs has been central to various research application areas as well as

education applications [55,56]. Custom built AFMs have been noted to utilize various

novel techniques and components, such as rapid prototyping the AFM housing [57],

using 12-electrode piezoelectric tube scanner [58], having a battery powered AFM [59],

and incorporating a self-aligning cantilever positioning system using a DVD pickup

head [60]. This demonstrates how the wide variety of researches have adapted AFMs

in various ways to meet their own specific needs.

An area of interest in the custom AFM’s design is how to adapt a traditional

AFM design to incorporate a two axis serial-kinematic nanopositioner [50] as the sole

actuation platform for AFM probe translation. The nanopositioner is chosen for its

low cross-coupling effects in open loop control and low frequency dynamics. One issue

that is addressed in the custom AFM is the optical system beam trajectory, which in

our case has significant geometric constraints. Several system optical system designs

have been used in the past, such as stationary optical systems, translating lenses

and mirrors, movable photodetectors, and some AFMs that move the entire optical

system while scanning. For example, a mirror [14] or lens [15, 16] has been used to

redirect the laser beam during scanning operation by attaching it to the scanning

mechanism, so that the beam spot maintains a fixed position on the cantilever. This

allows an increase in the scan range of the AFM, while reducing image artifact caused

by uneven laser deflection and light scattering. Our design implements a scanning

laser focusing lens to maintain a fixed laser point on the cantilever while scanning.

This method has been shown experimentally to increase the scanning range over a

fixed laser optical system [17]. A commercially available AFM is shown in Fig. 2.8.
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Figure 2.8: Nanosurf’s easyScan commercial AFM system [1]. The photo shown here
is borrowed from the citation.

The easyScan AFM package shown in Fig. 2.8 consists of a control box, scanning

head, and sample platform. In Fig. 2.8, the control box is the large rectangular

black box in the background. This control box contains the electronics and power for

the AFM’s sensors, digital video cameras, laser, scanner actuators, and camera LED

light. It also provides USB connection to the PC for control using Nanosurf’s AFM

software. In addition, the control box allows external control and various output

signal monitoring via a signal box. The scanning head is connected to the scanning

head using a cable that transmits power to the AFM scanner as well as data to the

control box. The scanning head rests on top of the sample platform. A silver disk

which sits on top of the sample platform and acts as the sample tray for the substrates

that are to be imaged.

AFM Probes

AFM probes are the only consumable of AFM imaging, yet have the greatest impact

on image quality. Since the first introduction of AFM probe, two geometric config-

urations have become prominent in AFM probe layout. The first configuration is a

triangular layout that is hollow in the middle resulting in two angle beams intersect-

ing at the distal end with a tip attached at the intersection as shown in Fig. 2.9(a)
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and 2.9(b). The triangular layout results in a stiffer AFM probe compared to the

cantilever beam due to the two separate beams that compound their individual stiff-

ness. However due to the angled beam’s geometry and increased cross-sectional area

interface between the probe and the base substrate, the lateral stiffness is greater

than the cantilever beam. A high lateral stiffness is desirable because out of plane

motion is not recorded in traditional contact mode AFM imaging. Triangular probe

dimensions usually vary between 115 μm and 193 μm for length, while thickness is

around 0.6 μm with a tip radius range from 20 nm to 50 nm. Triangular probes are

commonly composed of silicon nitride, which are less expensive than other materials,

but are very durable and well suited to many imaging environments [61]. On the

other hand, the stiffer triangular AFM probes are not well suited for low force appli-

cations, where a softer AFM probe is desired such as the cantilever beam probe (i.e.,

constant height contact mode imaging).

The cantilever beam probe is a probe that has a cantilever beam with a tip

attached on the distal end as seen in Fig. 2.9(c) and 2.9(d).
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Figure 2.9: Two most common AFM probe layout configurations: (a) bottom view
of triangular probe, (b) alternative view of triangular, (c) bottom view of cantilever
probe, and (d) alternative view of cantilever probe

Cantilever beam probe dimensions vary according to their application. A soft

contact mode probe is approximately 450 μm [length(l)] × 50 μm [width(w)] × 2 μm

[thickness(t)] and a stiff dynamic (tapping) mode probe is approximately 125 μm [l]

× 30 μm [w] × 4 μm [t]. In contrast to the triangular probes, the cantilever beam

probes are made from single crystal silicon, which results in sharper tips with a tip

radius under 10 nm [62]. This allows for imaging of smaller features since the tip

radius is the limiting factor in image resolution. The base substrate for these probes

are substantially larger than both the cantilever beam and tip (approximately 4 mm

[l] × 2 mm [w] × 0.3 mm [t]). The cantilever probes have a rectangular cross-sectional

area throughout, which allow for a traditional cantilever beam analysis. Furthermore,

the significantly large base substrate effectively fixes the base of the cantilever while

allowing the distal end with the tip be free. This justifies the clamped-free boundary

condition in the cantilever beam analysis, which will be used later in Section 4.2.
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Figure 2.10: Scanning electron microscopy image of a typical atomic force microscopy
probe with tip [2]. The photo shown here is borrowed from the citation.

A scanning electron microscope image of a typical AFM cantilever probe and tip is

shown in Fig. 2.10.

2.1.3 Nanofabrication

AFM-based nanofabrication techniques are used to manipulate nanoparticles, perform

direct mechanical surface modification, create lithography masks, chemically modify

the sample surface, and perform dip-pen nanolithography (DPN). The AFM tip is

used to manipulate nanoparticles by using two different methods. First by turning

off feedback control system for the AFM probe, the probe applies a high load onto

the nanoparticle residing on the surface of the sample, which results in displacing the

nanoparticle. An alternative to turning off the probe’s feedback controller is to adjust

the tip to sample force setpoint during the probe’s approach to the surface, such that

when the probe makes contact with the particle, the particle is displaced [63–68]. It

has also been noted that performing an AFM scan at a high setpoint can also displace

the nanoparticles [69–71].
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Direct surface modification or force lithography is accomplished using a stiff AFM

probe and applying a 1000 to 1500 nN load on a soft sample. It is shown that the AFM

probe creates surface wearing features on soft materials [72–77]. On hard surfaces,

patterns are fabricated on a sacrificial layer using the AFM probe and then selective

etching followed by removal of the sacrificial layer [78–85]. Applying force lithography

on self-assembled monolayers (SAMs) results in a technique called nanografting, where

molecules are coated in a solution [86]. Nanopen reader and writer operates on the

same principal as nanografting, but instead of operating in a solution, this method

can operate in air by coating the tip [87]. Nanografting and nanopen reader and

writer create nanostructures out of biomolecules [88–93].

Another application area is presented by Mirkin et al. [39], where the AFM probe

tip is coated with a thin film of a chemical. The coated AFM tip acts as a pen and the

chemical is deposited onto a surface. This method is called dip-pen nanolithography

(DPN) and can be combined with wet chemical etching to fabricate three-dimensional

multilayered nanostructures [94,95]. The above methods have also been implemented

into an automated system integration approach, namely computer-aided design.

Computer-aided design (CAD) is widely adopted throughout various disciplines

for its intuitive interface and powerful design capabilities. Fabrication models are

stored in a convenient file format that can be converted for various applications,

such as generating g-code for computer numeric control (CNC) processes. Recently,

design software and techniques have been moved from the macroscale to the nanoscale

resulting in several applications that range from assembly of nanostructures [96] to

formation of silicon oxide patterns for nanolithography [97]. CAD’s graphical user

interface appeals to many areas, in particular the nanolithography community, where

several applications to nanofabrication processes are found. Another powerful quality

of CAD is in the data output file itself. The output file can be readily converted to a
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script file and loaded onto a commercial AFM for patterning [98]. Furthermore, the

data has been shown to be advantageous as an interface language for an AFM, where

distance measurements are made using a priori knowledge [99]. Other work includes

creating a custom CAD interface to implement designed models onto a commercial

AFM; however, this approach utilizes expensive, proprietary hardware [100].

The above examples show how individual tips can be used for various applications,

but after one process is completed the current tip needs to be switched out for another.

This tip interchanging process can be time consuming for a multi-process fabrication

procedure and this issue of throughput is addressed in this work.

2.2 ETM Actuators

Thermal actuators allow for a relatively small actuator footprint (240 μm × 12 μm ×
2 μm) while still being able to achieve deflections around 50 μm using input voltages

close to integrated circuits [101]. This is a great benefit for applications where electri-

cally sensitive devices (i.e., AFMs) are utilized. The thermal actuator in its simplest

design is composed of a single homogenous material throughout that produces an

actuation deflection due to an varying thermal expansions within the actuator using

an electrical input. Current flows through the thermal actuator by following a path,

where the cross-sectional area changes throughout the arm as is shown in Fig. 2.11(b).

One section of the arm has a smaller cross-sectional area than the other arm. The

smaller cross-sectional arm is called the hot arm and the larger cross-sectional area

arm is called the cold arm. The hot arm heats up to a greater degree than the cold

arm by the joule heating effect, which then leads to a greater thermal expansion in the

hot arm. The thermal expansion mismatch between the hot and cold arm provides an

actuation motion from the hot arm towards to cold arm as is depicted in Fig. 2.11(a)

and this deflection is notated as δ.
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The thermal actuator’s small size and single material composition make it attrac-

tive for micro assembly applications, such as in [102]. Narrow tips have been grown

on the actuator arm by focusing an electron beam at the end of the actuator [103]

to create a smaller gripper mechanism. Other variations on the single actuator arm

have been utilized in different actuator arrangements, such as connecting them se-

rially as in [104] utilizing various connection techniques and orientations. A simple

single serial connection between two actuators is shown in Fig. 2.11(c). Other groups

have these serially connected multiple actuator arms integrated into a single larger

actuator [3, 18, 105], so that the same force and displacement amplification can be

accomplished as with the serially connected actuators. In other cases, all of the

thermal arms are not actuated, but used rather as a resistive feedback sensor by uti-

lizing a wheatstone bridge [106]. Furthermore, some groups have utilized topology

(a) (b)
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δ

Hot
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AFM tip
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Figure 2.11: ETM actuation and displacement concept with applications: (a) actua-
tion displacement, (b) resistive heating concept, (c) force multiplication application,
and (d) AFM multifunctional probe application.
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optimization program to create optimized structures for their homogenous thermal

actuators [4, 107].

So far only single, homogenous thermal actuators have been discussed, but other

groups have used multiple materials in their actuators. These actuators use two

or more different materials, where one arm has a much greater thermal expansion

coefficient than the others, thus resulting in a bending motion due to the mismatch

in thermal expansion [108, 109]. Yet another variation utilizes a heater layer that

provides the temperature rise for another material with a higher coefficient of thermal

expansion [110,111].

Other researchers have created ETM actuators for object pick and place with the

Figure 2.12: ETM actuators: (a) [3] and (b) [4] are composed only of silicon and uti-
lizes varying cross-sectional areas for actuation, while (c) [5] and (d) [6] are composed
of silicon and SU8 where the material property mismatch is exploited for actuation.
The photos shown here are borrowed from the citations.
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main distinction between them is their material composition. The first type only uses

silicon as the actuator composition and utilizes either several actuators (Fig. 2.12(a))

or varying cross-sectional area (Fig. 2.12(b)) for their thermal expansion mismatch

between the hot and cold arms for actuation displacement. Other researchers have

relied on using two separate materials for the thermal expansions mismatch. The

design presented in Fig. 2.12(c) has four separate actuators to control the opening

and closing of the actuator ends, while Fig. 2.12(d) presents a design that only uses

one actuator per actuator end.

The design presented here incorporates a compression-based gripper composed

only of silicon, where an electric current is applied to the microgripper to open the

gripper’s jaws. A tip is inserted into the open jaw and the electrical current is removed

to close the jaw onto the tip, which compresses and holds the tip. A depiction of this

actuation along with thermal actuator arrangement for gripping applications is shown

in Fig. 2.11(d). By using simple compression mechanics in our design, the tips can be

changed rapidly with little downtime, which results in greater throughput for various

applications. Our design will utilize the simplest ETM actuator layout, by fabricating

the actuator out of a single material (silicon) and only using the cross-sectional area

difference for the thermal expansion mismatch in the hot and cold arms, which results

in the actuator’s displacement.

2.3 Summary

This background section has provided an overview of the concept, previous work,

and shortcomings of AFM and likewise for ETM actuators. It is shown that while

the AFM is powerful tool for nano-scale applications, its future is greatly limited

by its throughput. To solve this problem, ETM actuators are posed as the mecha-

nism for AFM tip changes that will streamline the probe changing and calibration
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process. ETM actuators operate with low power input, which is desirable when op-

erating near sensitive AFM equipment. In contrast to previous work completed by

other researchers, the ETM multifunctional probe designed in this document will be

specifically tailored for an AFM probe application. This thesis will provide design,

fabrication, and characterization of a custom AFM as well as the design, model, anal-

ysis, and characterization of an ETM-based multifunctional probe. This thesis also

demonstrates the implementation of an ETM actuator within the custom AFM sys-

tem that is able to pick and place an object to facilitate an autonomous tip changing

AFM system.
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Chapter 3

AFM Design, Fabrication, and
Characterization

A custom AFM is designed and fabricated to provide both a characterization plat-

form as well as an implementation platform for the multifunctional probe. The need

for a custom AFM is facilitated from the lack of flexibility in current AFM systems

where many components are fixed and not able to be adjusted for this custom ap-

plication. The key idea behind the custom design is to keep components adjustable

within reason, while still keeping the design transparent enough for any future mod-

ifications. A key component to keep highly flexible is the displacement measurement

system, where different probe dimensions and reflective coatings can affect the sys-

tem’s performance. Special considerations are given to laser spot adjustments and

photodetector circuitry. A simplified block diagram of the custom AFM system is

presented in Fig. 3.1. The goal of this design is to have a platform that translates

a probe holder in three axes, while recording probe displacement via photodetector

sensor to both manipulate objects as well as image a sample’s surface.
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Figure 3.1: Block diagram of the custom AFM system’s major components: (a)
simplified functional block diagram and (b) complete AFM signal block diagram.
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Figure 3.1 separates the the design into five functional categories. The first cat-

egory is probe’s displacement measurement system, which include the displacement

measurement system and the photodetector circuitry. This category provides sample

height information using the AFM probe’s displacement change caused by tip-sample

interaction. The displacement measurement system generates a current (ip) based on

the probe’s displacement and sends it to the photodetector circuitry that converts

the current into a voltage signal (Vp).

The displacement information (Vp) is sent to the second category in the figure,

which contains the data acquisition system and the microcontroller. The data acqui-

sition card contains analog to digital converters, which converts the photodetector

circuitry’s signal (Vp) to a discrete digital signal (Vdac) for microcontroller tasks. The

data acquisition card is housed inside of a desktop computer, which contains software

to control the stepper motor controller (Vsm) and the x, y AFM scanning trajectory

(Vao). The desktop computer also loads settings into the microcontroller (Vmc), which

performs closed-loop control during AFM imaging. The stepper motor controller is

used as the AFM approach and withdraw mechanism for the AFM probe by sending

the proper input signals (Vsmc) to the stepper motors.

The third category provides the necessary interface to the AFM scanner and con-

tains the piezoelectric amplifiers and the stepper motors. The stepper motors lowers

and raises the entire AFM scanner platform for sample removal and sample tilt cor-

rection (δzc). The piezoelectric amplifiers provide the high voltage (Vx,y,z) required

to actuate the piezoelectric actuators within AFM scanner. The fourth category con-

tains the AFM scanner and probe holder, which are the only moving parts during

AFM operation. The AFM scanner provides the scanning trajectory via a two axis (x

and y) nanopositioner with a custom z-axis actuator (δx,y,z). The fifth and last cat-

egory are the supporting power and voltage references for the custom circuitry (V15,
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V5, and V3) and the microcontroller interfacing circuitry (Vz) to the piezoelectric am-

plifier (Vzg). This concludes the general description of the major AFM components

and the next section will discuss the design of a commercial AFM design to lay the

foundation for the custom AFM design.

3.1 Mechanical Design

To gain familiarity with commercial AFM design, reverse engineering is used on a

easyScan AFM is to gain insight into system configuration and fabrication practices.

After removing the front cover, the AFM can be immediately separated into two

Figure 3.2: Reverse engineering a commercial AFM system into its various compo-
nents: (a) video system, (b) AFM base, (c) scanning head, and (d) scanning head
cover.
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compartments (top and bottom). The top compartment houses the digital video

camera that provides live video of the AFM probe and is seen in Fig. 3.2(a). This helps

with the manual approach to the surface and also provides verification of successful

probe withdrawal before moving the sample. The cameras utilize reflective mirrors to

direct the camera’s aperture to the probe below. One camera provides an overhead

view of the probe, while the other camera has an isometric view of the AFM probe.

The bottom compartment (AFM base) contains the scanning head with all sup-

porting circuitry as well as the coarse approach. The bottom compartment is a single

metal house base that can be translated using three thumb screws attached to the

outside base and is shown in Fig. 3.2(b). Within the base, a dc motor is attached to

worm gear drive system, which translates the scanning head vertically during sample

approach. Figure 3.2(c) shows the laser, AFM probe holder, and displacement sensor

where they are all fixed together using a single backing plate.

The fixed optical systems demonstrates why special alignment marks on the AFM

probes are needed, since the fixed system does not allow a user to adjust the optical

displacement system components. The flexibility needed for custom AFM applica-

tions where various probe sizes needs an adjustable optical system is not available in

this AFM. The probe holder is simply a lever-spring apparatus that applies uniform

pressure over the AFM probe base. This also limits the probe’s application by re-

stricting electrical connections to the probe either at the distal end or through the

center of the probe. To install an AFM probe, the spring is compressed and the probe

is placed underneath a metal clip. After the probe is installed, the spring is released

and provides the clamping force to securely hold the AFM probe. In Fig. 3.2(d), the

scanning head cover provides three functions to the AFM system. The first function

is to provide protection of the delicate wires to the optical displacement system. The

second function is provide a mounting structure for mirrors and lenses for the video
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camera system. Lastly, the cover houses an LED light for illumination of the AFM

probe when the video camera system is in use. This disassembly process reaffirms the

block diagram created earlier and provides verification of the design approach utilized

in this section.

3.1.1 AFM Approach Mechanism

The easyScan AFM utilizes a DC motor connected to a worm gear system for its

coarse system approach; however with its coarse gearing and analog input driving

signal to the motor, repeatability and resolution suffers as a result. To increase the

precision of the custom AFM, a stepper motor is implemented into the design. Stepper

motors operate with a input pulse that moves the shaft a discrete amount per pulse.

This gives the motor excellent starting, stopping, and reversing response because the

motor has full torque at standstill. The speed of the motor is proportional to the

frequency of the input pulses and the motor has non-cumulative error from one step

to another.

In particular, a Thorlab model: DRV001 actuator provides translational move-

ment using a stepper motor and provides up to 8 mm of travel, while maintaining a

26 nm resolution and at least 8 μm repeatability. The stepper motor is connected

to a high precision screw inside the DRV001 motor housing that translates the ro-

tational movement of a stepper motor shaft into a translational one. This provides

the vertical travel used to lift and lower the AFM base platform. Each actuator can

support up to 48 lbs, so this is the only limiting factor in the AFM’s weight. The

motor orientation is shown in Fig. 3.3, where each motor is mounted vertically. The

approach mechanism incorporates three actuators arranged in a triangular pattern,

such that the AFM stage can be translated in all three axes. The AFM base layout

with stepper motor configurations and geometric measurements is located in Fig. 3.4.
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Figure 3.3: The (a) block diagram of stepper motor’s implementation and contribu-
tion to vertical displacement along with the arrangement of components attached to
top of AFM base platform: (b) stepper motor orientation and (c) laser trajectory.
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Figure 3.4: Top view of AFM base platform with stepper motor placement measure-
ments at the following locations: (a) motor 1, (b) motor 2, (c) motor 3, and (d)
center.

Knowing the distance between the stepper motors and the center of the AFM,

translation of any one motor by 1 μm in the z-axis in either direction will result in

a 0.33 μm translation at the center of the AFM in the same direction of actuation.

In addition to the vertical translation, the AFM center also displaces approximately

1.587 pm along the center line from motor center to the AFM center resulting in a

2.7×10−4 degree of inclination. This results in a 1.374 pm translation along the x-axis

and a 0.794 pm translation along the y-axis. The result is negligible for small actuation

change between the motors; however this effect is compounded as height variations

increase between motors and can become a source for error in x, y positioning. The

largest error is seen by actuating motor 1 to its full actuation state, while keeping

motors 2 and 3 at zero actuation (or any variation of this). This scenario results in a

2.18 degree of inclination of the AFM base platform as well as a 101.6 μm translation
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along the center line from the motor’s center to the AFM center. This leads to a

88.0 μm displacement in the x-axis and a 50.8 μm in the y-axis. Both of these values

are large enough to impact AFM scanning position if care is not taken to compensate

for this when actuating the motors. For example, when leveling out a sample surface

the motors are actuated and their displacements are varied to tilt the AFM scanner

into a plane parallel to the sample’s surface plane. While performing this operation,

the desired feature location can change due to the translation of the center point. The

location can vary more than the scanning range of the AFM scanner (approximately

40 μm for x and y).

The motors are interfaced with a National Instruments model: MID-7604 power

drive hardware. This hardware provides power to each motor and is interfaced with

LabVIEW software using a National Instruments model: PCI-7340 motion control

card.

3.1.2 AFM Scanner Mechanism

The AFM scanning head utilizes a two-axis serial-kinematic nanopositioner [50] with

a custom z-axis probe holder. The probe holder houses a 5 mm × 5 mm × 8 mm

piezoelectric stack actuator and provides over 7 μm of displacement for z-axis con-

trol. The nanopositioner utilizes two 5 mm × 5 mm × 12 mm piezoelectric stack

actuators with a displacement multiplying fulcrum design that achieves over 40 μm

of displacement for x-axis and y-axis translation. Figure 3.5 provides a depiction of

the nanopositioner with actuator orientation information.
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Figure 3.5: Coordinate system for nanopositioner with piezoactuator orientations.

The y-axis translates the inner platform that houses both the x-axis actuator as

well as the sample tray, while the x-axis actuator only translates the sample tray. It

can be noted that the y-axis actuator has a greater mass to move than the x-axis

actuator and will thusly have a lower resonant frequency. This is intentional in the

design of the nanopositioner, since a traditional AFM raster scan imaging trajectory

incorporates a slow (y-axis) and a fast (x-axis) scanning axis. The sample tray is the

platform that is translated both in the x-axis and y-axis by the actuators and serves

as the location where the custom z-axis probe holder is mounted.

3.1.3 AFM Probe Displacement Measurement System

The custom AFM design presented measures the deflection of a laser beam off the

cantilever’s tip using a photodetector. Due to geometric restraints, the deflected
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laser beam is redirected using a mirror before reaching the photodetector. The layout

of the nanopositioner poses challenges to utilizing laser beam deflection sensing for

cantilever displacement. First the laser had to be mounted at least 38 mm from

the cantilever’s surface due to the thickness of the nanopositioner and its mounting

hardware. Next, to reduce the moving mass on the nanopositioner’s traversing stage,

the laser was fixed to the AFM’s large stationary base plate. By fixing the laser’s

location, normally this would cause the laser beam to move off of the cantilever during

scanning resulting in a degradation of the signal to the photodetector. This issue is

solved by incorporating a movable focusing lens between the laser and the cantilever.

The lens is attached to the top of the nanopositioner by recessing the lens inside an

aluminum block that is mounted to the nanopositioner’s traversing stage. This lens

provides focusing and beam steering abilities to an otherwise dispersed and stationary

laser beam.

Another challenge to overcome is the routing of the reflected laser from the tip

of the cantilever to the photodiode sensor. Space requirements allowed only two

options. The first option was to drill a hole through the nanopositioner and AFM

base plate to allow for the reflected laser beam to be sensed by a photodiode that will

be mounted on the top of the AFM base plate. However, this would require disrupting

the dynamics of the nanopositioner by drilling and removing material from movable

stage and possibly the flexures. Also, the distance between the cantilever and suitable

mounting location on top of the AFM is so large that the deflected laser beam could

be so dispersed when it reaches the photodetector that cantilever deflection might not

be measurable. The second option is to mount a mirror to reflect the laser beam off to

the side of the nanopositioning stage, where a photodetector sensor can be mounted.

This is our most feasible alternative, but can potentially introduce undesirable noise

and errors into our cantilever displacement measurements from poor mirror selection
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or mounting.

The first issue to resolve was the mirror properties itself. Critical mirror specifi-

cations for our application include mirror thickness and surface accuracy. The mirror

thickness constrains the geometric layout of the mirror holder and a thinner mirror is

desired. The surface accuracy of a mirror is a measure of the flatness of the mirror’s

surface. Surface accuracy is expressed in terms of wavelength of the light per inch

and determines how much error is introduced into a reflected beam’s trajectory. For

our application, mirror thickness is limited to 2 mm and the best surface accuracy

was chosen from commercially available mirrors. The chosen mirror has a surface

accuracy of 1/10λ in−1, which results in a 14 nm maximum error across the 5-mm

diameter mirror and a maximum optical path error at the photodetector of 28 nm

for a red laser light. The second issue is how to mount the mirror underneath the

nanopositioner in such a way that would deflect the laser beam horizontally to the

photodetector. Due to geometric restraints, a mirror was placed on the end of a

cantilever beam style mount as seen in Fig. 3.6.
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Figure 3.6: The (a) laser’s trajectory and the (b) layout of mirror holder and AFM
optics.

In order to increase the frequency of the first mode for the mirror holder, the mount

is kept as short as possible while trying to reduce end mass. Existing mounting holes

are used to secure the mirror holder to the nanopositioner. Thickness of the mirror

holder mount is dictated by the distance from the AFM base plate to the cantilever
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Figure 3.7: Mirror holder FEA frequency response analysis depicting the first mode
shape at 19.2 kHz.

tip, such that the mirror holder will not protrude lower than the cantilever tip and

thusly not interfere with the sample. Figure 3.7 shows the first mode from a frequency

response analysis using SolidWorks FEA software.

The material specified in this analysis is 1018 steel with approximate overall di-

mensions of 94.0 mm [w] × 48.3 mm [l] × 12.7 mm [t]. Additional material prop-

erties include: elastic modulus of 200 GPa, Poisson’s ratio of 0.285, and density of

7865 kg/m3.

The AFM probe displacements are measured using a quadrant photodetector sen-

sor (Pacific Silicon Sensor model: QP5.8-6-TO5). This sensor is chosen for its small

active detector area, sealed TO package, and red laser light responsivity (0.4 A/W).

The small detector area helps reduce noise by limiting the amount of dark current

(0.4 nA) in the sensor because dark current is proportional to detector surface area.

Dark current is the amount of current that flows from the sensor when there is no

light on the sensor and is seen as a source of noise. The displacement sensor outputs

a current proportional to the amount of light it receives. A illustration of a quad-

rant photodetector is shown in Fig. 3.8 for sensor configuration and equivalent circuit

representation.

The active area in the chosen sensor is a 2.6-mm square with individual active ares
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Figure 3.8: Quadrant photodetector sensor illustration of: (a) sensor configuration,
(b) equivalent circuit representation, and (c) actual photodetector.

of 1.2 mm × 1.2 mm (A, B, C, and D areas). Each quadrant region can be represented

as a single light sensitive diode, where the amount of light exposure is proportional to

the amount of current generated from the sensor as shown in Fig. 3.8(b). However,

the peak current generated by the sensor is limited to 10 mA and in this application

will be significantly less due to the light intensity loss as the laser beam is redirected

off of the AFM probe as well as a mirror. For this reason, the photodetector circuitry

utilizes high impedance resistors to increase the voltage output signal. This will be

discussed in more detail in the following sections.

Table 3.1 presents more information on the AFM’s optical system components.
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Table 3.1: Summary of AFM optical system components.
Optical component Retailer Part No.

Scanner mirror Edmund Optics NT32-307
Mirror 2 (Fig. 3.6(a)) Edmund Optics NT64-007

Optics cage rods Thorlabs ER6
Quadrant photodetector Mouser Electronics 718-QP5.8-6-TO5

3.1.4 AFM Probe Holder

A custom AFM probe holder is needed for the design to provide a mounting plat-

form for the multifunctional probe as well provide z-axis actuation for control. The

fabricated AFM probe holder is shown in Fig. 3.9 for clarification on the design.

Underneath the cantilever holder is a 5 mm × 5 mm × 8 mm piezoelectric stack

actuator that provides z-axis translation of the AFM probe. The AFM probe holder

Probe holder

Laser

θ

Mirror

Figure 3.9: AFM probe holder with inclination angle identified (θ).
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is machined to a 15◦ angle of inclination (θ) to redirected the laser beam off of the

cantilever and into the AFM probe displacement sensor. AFMs typically use a 10◦

to 15◦ inclination angle for the cantilever chip and a 15◦ angle is chose to provide

enough clearance so the reflected laser beam can reach mirror.

3.2 Electrical Design

The goal for the AFM circuitry is to minimize noise from outside and within the cir-

cuit, while providing electrical signal interfacing between components of varying input

voltage ranges. The electrical design emphasizes on using low noise, high bandwidth

operational amplifiers along with surface mount components. The surface mount

components required custom printed circuit boards (PCBs) to be designed and fab-

ricated. By using custom circuit boards, large ground planes are utilized to reduce

noise and help eliminate grounding issues found in prototype circuits using bread-

boards. Custom PCBs are created using ExpressPCB software and printed circuit

board fabrication services. Also, important considerations are given to the operation

speed and associated delay with each circuit component.

3.2.1 Power Circuitry

All custom circuitry is powered by a International Power model IHCC15-3 power

supply, which is able to output ±15 VDC at 3 A. Figure 3.10 shows the power supply

with added voltage regulators and custom power terminals. This power supply allows

for an integrated, stand-alone AFM system.
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Figure 3.10: Power supply for AFM circuits and voltage references

The ±15 V terminals supply power to operational amplifiers in the photodetector

and gain circuitry. The +5 V terminal supplies power to the laser circuitry and uses

a LM7805 voltage regulator to step down the +15 V to a +5 V signal. The LM7805

and LM317 are chosen for their high output current of 1 A and 1.5 A, respectively

and their TO package, which makes prototyping off of the main power supply a less

formidable task. The LM7805 has several output voltages, but are limited to values

no less than 5 V, so an alternative voltage regulator is required for lower voltage. A

LM317 is an adjustable voltage regulator able to output a voltages down to 1.2 V and

is used for the +3 V reference for the microcontroller. The laser circuitry is powered

with a +5 V source from the LM7805. This self-contained unit is created to increase

system portability and create a stand-alone AFM system with dedicated equipment.
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3.2.2 Photodetector and Gain Circuitry

The quadrant photodetector and its interface with the system is the most critical

electrical circuit component of the system, since all surface measurements rely on it.

All components in this circuit are surface mount components, which help in reducing

circuit noise. The OPA4131UA operational amplifiers (op-amps) are selected for their

low noise, low offset voltage, wide bandwidth, and compact package size (plastic

small outline). The op-amps are used in the circuit design as buffers, adders, and

subtractors. Circuit noise is also reduced using 1000 μF electrolytic capacitors close

to the power source and 0.1 μF surface mount capacitors at each power trace to

the op-amps (±15 V). The capacitors help stabilize the supply voltages during large

loads.
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Figure 3.11: Circuit schematic of quadrant photodetector circuit where 1, 2, 3, and
4 represent the output from each quadrant of the photodetector.
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Figure 3.12: Quadrant photodetector sensor circuit that performs the following pro-
cedures: (a) converts current signal to voltage signal, (b) buffers the voltage signals,
and (c) adds and subtracts voltage signals for AFM probe displacement data.

The photodetector circuit is broken into the following three main functions: (a)

generate a voltage signal from the photodetector sensor, (b) buffer the signals, and

(c) perform addition and subtraction to the various voltage signals for x and y laser

spot locations. Section (a) of the circuit presented in Fig. 3.12 takes the current

signal leaving the quadrant photodetector sensor and passes it across a 36 MΩ re-

sistor to generate a voltage potential signal. A high resistance value is used here

because the twice reflected laser beam has low intensity by the time it reaches the

sensor. Next in section (b), the voltage potential signals are passed through buffers

to isolate the current sensitive section (b) from the rest of the circuit. After passing

through the buffers, the voltage signals enter section (c) where the signals are added
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and subtracted from one another to produce voltage signals with x-axis and y-axis

displacement information of the laser beam on the sensor. The following equations

are used to calculated the x and y displacements

x = (iA+iC)−(iB+iD)
iA+iB+iC+iD

y = (iA+iB)−(iC+iD)
iA+iB+iC+iD

(3.1)

where A, B, C, and D are the photodetector quadrants shown in Fig. 3.8 and i is the

current flow from the quadrant.

The circuit schematic for this board is provided in Fig. 3.11, where R1 is 36 MΩ,

R2 is 10 kΩ, C1 is optional (pF range) for circuit dynamic response compensation, and

C2 is 0.1 μF. While the photodetector circuit has gain circuitry build in (section A), it

does require bias circuitry to interface with our data acquisition system. Additional

external bias circuitry is utilized to help interface the signals with both the data

acquisition system and the microcontroller’s analog to digital converter as is shown

in Fig. 3.12 below the sensor circuit board. This board utilizes operational amplifiers

to add voltage signals from potentiometers to the input signal in order to bias the

output signals from the sensor circuit. The bias circuit board also contains gain

circuitry, which is not used in this application (set gain=1) because of the built in

gain circuitry in the photodetector circuit.

3.3 Control and Data Acquisition System

3.3.1 Controller Design and Implementation

Control of the z-axis is accomplished by using a ATxmega128A1 microcontroller. The

microcontroller is programmed using a proportional-integral (PI) control algorithm

to compensate for the error between the desired and actual photodetector signal.
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The proportional controller (P) compensates for the instantaneous error, while the

integral controller (I) addresses the cumulative error. In PI control the first step is

to calculate the error between the current sensor value and the desired value

ec = r − y (3.2)

where ec is the current error tabulated by subtracting the sensor measurement, y, from

the desired value, r. In proportional control, this current error is use to calculate an

input to the system that compensates based on a scale factor of the error. To calculate

the proportional contribution of the system input, up, a gain, Kp, is multiplied by the

present error, e.

up = Kp · e (3.3)

In integral control, the current error is added to the sum of all previous errors in

order to calculate a system input. This shows that integral control uses history, while

proportional control does not and this quality is used to compensate for the steady-

state error rather than instantaneous error. To calculate the integral contribution,

the present error must be added to the past history of errors

et = ec + ep (3.4)

where et is the total error, ec is the current error, and ep are the previous cumulative

errors. After the errors are summed together, the integral contribution to the system

input, ui, is

ui = Ki · et (3.5)

where Ki is the integral gain. After the two separate system input contributions are
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tabulated, up and ui, both are added together to determine the total system input

ut = up + ui (3.6)

where ut is the total system input. Lastly, the previous error is updated to the total

error and the process is repeated.

The microcontroller implemented in AFM z-axis control is the ATxmega128A1 mi-

crocontroller mounted onto a EVK XA1 development board as shown in Fig. 3.13(a).

The output from the microcontroller is limited to 2.8 V, while the maximum input

range for the piezo amplifiers is 0 to 10 V. A gain circuit is created to amplify the out-

put voltage from the microcontroller by four. This allows the total range of the piezo’s

displacement to be utilized for control. The microcontroller and pin assignments are

shown in Fig. 3.13.
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Figure 3.13: ATxmega128A1 microcontroller: (a) component labeling and (b) pin
assignments.

Figure 3.13(a) identifies the major components utilized on the EVK XA1 devel-

opment board. Figure 3.13(b) provides the pin assignments used in the programming

code as well as the electrical connections completed for AFM z-axis control.

3.3.2 Data Acquisition System

The data acquisition system for the AFM incorporates a National Instruments PCI-

6221 data acquisition card and LabVIEW software. The data acquisition card also

has two analog output channels operating at 833 kS/s with 16-bit resolution and a

±10 V output range, which provides control of the x-axis and y-axis for AFM control.
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The analog input operates at 250 kS/s with 16-bit resolution and ±10 V input range.

The sampling rates are sufficiently fast for our application, since the bottleneck in

our system is the desktop computer’s performance capability as seen during testing.

LabVIEW software provides a graphical user interface for the AFM imaging and

control software. A custom program is created that provides the necessary controls

needed for a complete AFM imaging system.

3.4 Fabricated Design

The fabricated AFM design incorporates components can be easily removed and re-

placed, so upgrades are possible for an future iterations. Key components include:

coarse approach mechanism, fine approach mechanism, cantilever displacement sen-

sor, cantilever probe holder, control system, data acquisition system, support cir-

cuitry, and user interface software. An overview of the entire fabricated and inter-

faced system is presented in Fig. 3.14. It provides an illustration of all the components

that makeup the complete custom AFM system and to show that the AFM scanning

platform needs additional off-the-shelf support equipment for a fully operational sys-

tem (vibration isolation table, piezoelectric amplifiers, microcontroller, stepper motor

control, and data acquisition system).
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Figure 3.14: Overview of completed custom AFM system.

The vibration isolation table provides suppression of external vibrations from the

surrounding environment, which helps reduce the noise of the system. Piezoelectric

amplifiers supply the high voltage required to fully actuate the piezoelectric actuators

(approximately 200 V). A microcontroller is used for close-loop control of the z-axis

actuator, while a stepper motor controller provides the input signals for the approach

mechanism on the AFM. The data acquisition system is a PCI card located inside the

desktop computer and is interfaced with LabVIEW for control and data collection.

All custom parts were designed and fabricated in-house. Custom parts include:

AFM base platform, adjustable base, laser holder, quadrant photodetector holder,

power connector bracket, stepper motor connector bracket, mirror holder, high voltage

connector bracket, microcontroller and data acquisition terminal brackets, and the

AFM probe holder. Figure 3.15, 3.16, and 3.17 show the custom created LabVIEW

program for AFM imaging and its operating procedure is shown in Fig. 3.18 and 3.19.
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Figure 3.15: LabVIEW AFM program: AFM imaging screen.
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Figure 3.16: LabVIEW AFM program: stepper motor control with (a) automatic
approach and withdraw, (b) manual movement, and (c) stepper motor settings.
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Figure 3.17: LabVIEW AFM program: (a) AFM imaging settings and (b) photode-
tector alignment screen.
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67

C

Verify

Output, input, and 

trigger settings

Select

DAQ configuration tab

Select

scan & collect data tab

PI control 

of z-axis?

Yes

No Move switch

to controller off position

Move switch

to controller on position

Click

set controller button

D

D

Click

load trajectories button

Select

Input file in popup window

Set

sampling rate

Click

collect button

to begin AFM imaging

Click

save data button

Save file

in popup menu

Move switch

to controller off position

Click

set controller button

Click

exit in menu bar

Figure 3.19: Flow chart for AFM program operation part 2 of 2.
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3.5 AFM Characterization

The AFM characterization process includes the following tasks:

1. Obtain experimental frequency response of nanopositioner

2. Formulate models for x and y axes of nanopositioner

3. Quantify cross-coupling effect of nanopositioner

4. Obtain experimental frequency response of AFM probe holder

5. Formulate model for AFM probe holder

The coordinate system for the AFM system is shown in Fig. 3.5. Modifications to

the long-range serial-kinematic nanopositioner are made to incorporate the necessary

AFM hardware. Changes in the scanning stage’s mass distribution from top to bot-

tom as well as side to side resulted in changing the dynamic characteristics of the

nanopositioner, thus an evaluation of the dynamic response is performed to investi-

gate the new nanopositioner’s dynamics. Results of the system’s new dynamics are

presented as frequency response plots shown in Fig. 3.20.
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Figure 3.20: Nanopositioner frequency responses for (a) x-axis (actuation) to x-axis
(sensing), (b) x-axis to y-axis, (c) y-axis to x-axis, and (d) y-axis to y-axis.

The results fit a second order system response for both the x-axis and y-axis

with first mode resonances at 768 Hz and 535 Hz, respectively. Additionally, cross

coupling measurements are made and presented in Fig. 3.20 as well. In the cross-

coupling frequency responses in Fig. 3.20(b), the x-axis is actuated while the y-axis’s

displacement is recorded and vice versa for Fig. 3.20(c). Cross-coupling time responses

are shown in Fig. 3.21. The time response plots reveal low cross coupling across full

actuation range of the scanner (40 μm). Approximate cross coupling displacements

of 0.42 μm and 0.34 μm are observed for the x-axis to y-axis and y-axis to x-axis,
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respectively. This amounts to over 45 times less out-of-axis actuation when compared

to in-axis actuation.
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Figure 3.21: Time response of cross coupling from (a) x-axis to y-axis and (b) y-axis
to x-axis
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Figure 3.22: Block diagram of the modeled system.

A ±5 V, 10-Hz sinusoidal reference input is applied to the system (±5 V for full

range) where the amplifier, K, gains the output by 20-times and the maximum output

from the amplifier is from 0-200 V. The amplifier output voltage is then sent to the

nanopositioner, NP, where the piezoelectric actuators are used to drive the AFM

scanner. The scanner displacement measurements are performed using ADE 5130

and ADE 4810S capacitive displacement sensor systems, DS, which output a voltage

that is proportional to the displacement of the nanopositioning stage. Frequency

responses from 10 Hz to 1 kHz are performed to create a model for the system, G(s).

A second order system fits well to the experimental data and Eqs. (3.7) and (3.8) are

used for the x-axis and y-axis, respectively.

Gx(s) =
1.78× 106

s2 + 236.6s + 2.331× 107
(3.7)

Gy(s) =
9.966× 105

s2 + 141.2s + 1.13× 107
(3.8)

The z-axis of the AFM stage is characterized as well using a laser vibrometer,

which measures velocity, so the recorded data is integrated for displacement data.

Figure 3.23 shows the raw data with a model for the system dynamics.
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Figure 3.23: The z-axis experimental frequency response compared with model.

The model presented here is a higher order model than the x and y-axis models.

The additional poles and zeros are needed to capture the first two peaks in the mag-

nitude plot along with the associated phase response. The model’s transfer function

is presented in Eq. (3.9) and captures the experimental results up to 50 kHz.

Gz(s) = s2+2.2×104s+5.34×1010

a(s+2.5×105)3(s2+1.75×104s+7.79×1010)

a = s2 + 1.01× 104s+ 4.647× 1010
(3.9)

3.5.1 AFM Operation Validation

In order to validate the AFM’s operations, the AFM is scanned over a calibration

sample (Nanosurf No. BT01015) with a 10 μm x, y periodicity and a 98 nm z depth

using a commercial AFM probe (BudgetSensors’ ContAL-G). The results from con-

troller implementation into the system is shown and the impact is compared to a

system without a controller. Figure 3.24 demonstrates a standard AFM deflection

image, which means that there is no voltage change in the piezo, while it is being

scanned across a sample. The PSD sensor gathers all the information about the
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sample’s surface features by recording position changes across the sensor due to can-

tilever deflection. The single line trace shows over a 0.5 V change in surface height

for the surface features, which are specified at 98 nm. The piezo amplifier plot has

no features and remains a constant voltage throughout the imaging process.

Figure 3.24: PSD sensor output and piezo input voltage for a 256 × 256 pixel image
at a 1-Hz line rate scan with no controller or z-axis input. Two-dimensional plots are
presented in (a), while a three dimensional PSD sensor plot is presented in (b, left)
and a rotated side view PSD sensor plot is presented in (b, right).
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Figure 3.25: PSD sensor output and piezo input voltage for a 256 × 256 pixel image
at a 1-Hz line rate scan with the following controller gains: Kp = 1 × 10−6 and
Ki = 1×10−11. Two-dimensional plots are presented in (a), while a three dimensional
piezo amplifier input voltage plot is presented in (b, left) and a rotated side view piezo
amplifier input voltage plot is presented in (b, right)
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Figure 3.26: PSD sensor output and piezo input voltage for a 256 × 256 pixel image
at a 1-Hz line rate scan with the following controller gains: Kp = 2 × 10−2 and
Ki = 1×10−5. Two-dimensional plots are presented in (a), while a three dimensional
PSD sensor and piezo amplifier input voltage plots are presented in (b, left) and (c,
left), respectively and PSD sensor and piezo amplifier input voltage plots are rotated
side views are presented in (b, right) and (c, right), respectively.
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Figure 3.25 shows a similar image to that in Fig. 3.24. The deflection signal is

over 0.5 V, which is the same as the system with no controller; however the piezo

amplifier input has very slight changes. These changes are observed in the line trace

to the right of the piezo amplifier input image plot and show that the overall trend

remains a constant value, which is similar to the no controller scenario.

Figure 3.26 is a sharp contrast to the previous two plots. The photodetector

(PSD) sensor image only shows outlines from the sample’s surface, while the piezo

amplifier input image looks similar to the PSD sensor image from the previous plots.

The outlines in the PSD sensor image plot is cause by the abrupt change in surface

height and the large error associated with the immediate error; however as the scan

progresses from left to right, the outline disappears as the controller is able to com-

pensate for the past error. This compensation shows up in the piezo amplifier input.

The rise of to the steady state value is not as fast as the PSD sensor output in the

previous plot, but a steady state value is observed in the plateau of the piezo amplifier

input line trace. The AFM is setup using the procedure found in Fig. 3.27. The piezo

amplifier input has a low range that can be increased by modifying the external gain

circuitry.
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Chapter 4

Multifunctional Probe Design,
Model, and Fabrication

This chapter presents design and fabrication results for the multifunctional probe,

which includes electro-thermo-mechanical and dynamic modeling along with finite

element analysis (FEA) simulation results. By analyzing the probe’s actuation and

dynamics, the probe’s design is verified and its multifunctional application is pre-

sented in Fig. 4.1 and 4.2.

Nanopositioner

Sample

L
aser

Position sensitive detector

Multifunctional

probe

y

z

x

Figure 4.1: Multifunctional probe implementation into atomic force microscopy sys-
tem with scanning application.
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Figure 4.2: Interchangeable tip concept of the multifunctional probe application for
the following tasks: (a) discarding worn or fouled tip, (b) grasping a new tip, and (c)
releasing tip from tip holder begin specialized tip operations.
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The basis for the probe’s design is to maintain traditional cantilever beam dynam-

ics, while still maintaining a minimum of 2 μm of lateral displacement per actuator.

The probe’s design utilizes two actuators with a passively gripping mechanism to per-

form pick and place of objects. After consultations with UFL’s MEMS fabrication,

feature line widths are limited to 10 μm with minimum device thickness of 5 μm

for prototyping. Overall physical dimensions for the probe are 400 μm length and

110 μm width. The designed multifunctional probe is analyzed as a cantilever beam

with fixed end (silicon chip anchor) and a free end (gripping jaw end). Lastly in this

chapter, a fabrication recipe is presented along with images of the fabricated probes.

4.1 Electro-Thermo-Mechanical Modeling

The objective of this section is to provide a model that takes current input and outputs

a steady state displacement value for a single electro-thermo-mechanical actuator.

This model incorporates the resistive heating effect of the silicon materials, while also

taking into account the convective heat transfer out of the material and into air.

Silicon microbeams are usually simplified in one dimension for electrothermal anal-

ysis because the length is significantly larger that the size of its cross-section [112,113].

Figure 4.3 is referenced throughout this section and provides (a) actuator dimensions,

(b) model simplification into three sections, (c) coordinate system for heat flow anal-

ysis, and (d) heat flow through a differential element of the actuator.
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Figure 4.3: Multifunctional probe modeling parameters: (a) multifunctional probe
dimensions, (b) model simplification, (c) model coordinate system, and (d) heat flow
within the probe.

The simplification is made because all sections have the same material composi-

tion and resistivity throughout. This allows for an averaged volume for the sections

while still maintaining the same averaged resistivity resulting in no change in thermal
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conduction through the actuator. The resistivity of silicon has a temperature range

where a linear approximation can be made and is shown in literature [114]. In this

model, the resistivity (ρ) is assumed to have a linear temperature coefficient (ξ)

ρ(T ) = ρ0[1 + ξ(T − T0)] (4.1)

where T is the temperature of the element at a particular point in time and ρ0 is

the resistivity at the starting temperature, T0. The substrate in this analysis is silicon

and the heat flow equation is derived from Fig. 4.3(d). The model uses the differential

element (Δx) of the simplified actuator (Fig 4.3(b)). The differential element has a

length of Δx, width of w, and thickness of t. Using a steady state analysis and having

the free heat convection out of the actuator equal to the resistance heating, results in

−kp w t [dT
dx
]x+Δx +Δx w (T − Ts) h = −kp w t [dT

dx
]x + J2 ρ w t Δx (4.2)

where J is the current density flowing through the element, kp is the thermal

conductivity of silicon, h is the convective heat transfer coefficient of air, Ts is the

probe’s base substrate temperature, and T is the element temperature. Now taking

the limit as Δx goes to zero in Eq. (4.2) yields

h
t
(T − T0) = kp [d

2T
dx2 ] + J2 ρ (4.3)

where the right side is the net rate of heat conduction within the element per

unit volume (first term) and the heat generation per unit volume within the element

(second term). The left side is rate of heat loss through convection per unit volume

of the element. Now rearranging terms and using Eq. (4.1), the following differential

equation is obtained.
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d2θ(x)
dx2 − a2 θ(x) = 0 (4.4)

θ(x) = T (x)− Tθ

Tθ = Ts +
J2 ρ0
kp a2

a2 = h−J2 ρ0 ξ t
kp t

(4.5)

Now solving Eq. (4.4) and applying it to the hot and cold arm, the following

temperature distribution is found

Th(x) = A eahx +B e−ahx + Ts +
J2 ρ0
kp a2

Tc(x) = C eacx +D e−acx + Ts +
J2 ρ0
kp a2

(4.6)

where Th(x) and Tc(x) are the temperature distributions along the hot and cold

arm length, respectively. The A, B, C, and D constants are found using boundary

conditions. The following boundary conditions are used to solve the two equations

above for the four unknown constants

1. At x = 0 μm, Th(0) = Ts = 27◦C

27◦C − TH = A+B

2. At x = 640 μm, Tc(0) = Ts = 27◦C

27◦C − TC = C eacx +D eacx

3. At x = 320 μm, Tc(320) = Th(320)

TH − TC = −A eahx − B e−ahx + C eacx +D e−acx

4. At x = 320 μm, T
′
c(320) = T

′
h(320)

A wh ah eahx − B wh mh e−ahx = C wc mc e
acx −D wc ac e

−acx
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where wc and wh are hot and cold arm widths, while ac and ah are found using

Eq. (4.5). Using the equations found above, the system of equations are written in

matrix form as the following

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1 1 0 0

0 0 emc(2L) emc(2L)

−emh(L) −e−mh(L) emc(L) e−mc(L)

emh(L) −e−mh(L) −λemc(L) λe−mc(L)

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

A

B

C

D

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

Ts − TH

Ts − TC

TH − TC

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(4.7)

where λ = wcmc

whmh
. Once the constants are determined, they are inserted in Eq. (4.6)

and Th(x) is determined. To simplify the model, the resistive heating of cold arm’s

is assumed to be zero due to its larger cross-sectional area (> 2× (cold arm width)).

This leaves conduction from the hot arm to the base and free convection to air as the

sources of heat transfer through the length of the cold arm. The heat transfer rate

(qx) through the arm is found as the following [115].

qx = (−kA+ 1
hA

)dT
dx

(4.8)

where k is the thermal conductivity of silicon, A is the cross-sectional area of the

cold arm, and h is the convection heat transfer coefficient. By separation of variables

and integrating both sides, the temperature distribution, T (x), is represented as

qx
∫ x

x1
dx = −khA2+1

hA

∫ T (x)

T1
dT

qx = −khA2+1
(x−x1)hA

(T (x)− T1)

T (x) = qx(x−x1)hA
−khA2+1

+ T1

(4.9)

The temperature distribution throughout the cold arm is found by solving for qx

at location x2 with associated temperature T2 and plugging this into the temperature
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distribution equation. Doing so results in the following equation

T (x) = (T2−T1)(x−x1)
x2−x1

+ T1 (4.10)

where T2 and T1 are the two known boundary temperatures (end temperature of

hot arm and substrate temperature, respectively. Now the temperature distributions

throughout the hot and cold arms can be written as the following piecewise function

that takes an input current and outputs a temperature distribution

T (x) =

⎧⎪⎪⎨
⎪⎪⎩
A eahx +B e−ahx + Ts +

J2 ρ0
kp a2

, 0 ≤ x ≤ 320 μm

(T2−T1)(x−x1)
x2−x1

+ T1, 320 μm < x ≤ 640 μm

(4.11)

where 0 ≤ x ≤ 320 μm domain represents the hot arm and 320 μm < x ≤ 640 μm

domain represents the cold arm. Figure 4.4 provides a plot of the temperature distri-

bution through the hot and cold arms using a 5.5-mA current input into the system.

A 5.5-mA current input is chosen because the temperature distribution of the hot

arm does not rise above 500◦C (approximately 800 K). The parameter values used in

this model are valid from 300 K to 800 K.

Now that the temperature distribution throughout the hot and cold arms have

been established, the deflection of each arm can be calculated by taking the average

temperature of each arm and applying it to silicon’s thermal expansion coefficient (α)

to yield

ΔLH = α
∫ L

0
(Th(x)− Ts)dx = αL(Tavg,H − Ts)

ΔLC = α
∫ 2L

L
(Tc(x)− Ts)dx = αL(Tavg,C − Ts)

(4.12)

where ΔLH and ΔLC are displacements of the hot and cold arm. Using geometric

relations of the probe’s approximation found in Fig. 4.3(b) with the results above, the
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Figure 4.4: Temperature distribution along the multifunctional probe.

difference in displacements generated by the thermal expansion mismatch results in a

0.82◦ angle of inclination from the cold arm displacement to the hot arm displacement.

The approximation uses a 80 μm end effector to amplify the displacement mismatch

of the cold and hot arms to result in a 1.14 μm lateral displacement for a single

actuator (2.28 μm total gripper displacement).

Now, the probe’s lateral displacement, x, throughout the length of the probe, y,

is investigated in Fig. 4.5.
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Figure 4.5: Multifunctional probe displacement along its length: (a) displacement
plots and (b) corresponding geometric layout of the plots.

The resulting displacement at the distal end of the probe (y = 400 μm) is 0.67 μm,

which is almost half the displacement of the averaged lateral displacement found using

an averaged temperature throughout each arm (1.14 μm). The large discrepancy is

due to the nonlinear temperature difference between the hot and cold arm, which is

observed in the probe’s lateral displacement from 0 to 320 μm. At the bottom and

top of the hot and cold arms, the temperatures are assumed to be the same in the

model, thus the differences in expansion coefficients will be minimal close to these
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boundaries and results in low lateral displacement. The linear lateral displacement

region from 320 μm to 400 μm is contributed to the assumption that no heating is

in this part of the probe and that all the displacement below the arm is amplified

by geometric relationships to the end of the probe. The results from this section is

presented in Table 4.1.

Table 4.1: Calculated lateral displacement at the distal end of multifunctional probe.
Calculation Single actuator disp. Probe total disp.
Method (μm) (μm)
Averaged 1.14 2.28

Non-averaged 0.67 1.34

4.2 Dynamic Modeling

This section provides a simplified cantilever beam model for the multifunctional probe

with estimated deflection. FEA simulation results on the actual probe dimensions is

conducted to determine physical constraints that need to be placed onto the multi-

functional probe’s design, such that typical AFM probe dynamics can be mimicked.

Using cantilever beam analysis, analytical predictions of the modal frequencies are

obtained. First, a geometric approach is used to obtain the deflection curve of a beam

differential equation [116, 117]. Figure 4.6 contains additional information to clarify

the following equations.

The arc length can be expressed as,

ds = ρ dθ (4.13)

where ds is the arc length, R is the beam’s curvature radius, and dθ is the change in

curvature angle from the starting point to the ending point of the arc. Curvature of

the beam is expressed as the reciprocal of the beam’s curvature radius,
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Figure 4.6: Deflected cantilever with variable assignments for dynamic model.

κ = 1
ρ
= dθ

dx
(4.14)

where κ is the curvature. Further geometric relations result in the slope of the de-

flection curve given as,

dv
dx

= tan θ (4.15)

where θ is the curvature angle and v is the deflection of the beam. Using small angle

approximation,
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ds ≈ dx

κ = 1
ρ
= dθ

dx

θ ≈ tan θ = d2v
dx2

dθ
dx

= d2v
dx2

κ = d2v
dx2

(4.16)

simplifications can now be used to utilize Hooke’s law for linearly elastic materials.

By combining geometric relations, small angle approximation, and Hooke’s law, the

differential equation for a the deflection curve of a beam is presented,

κ = 1
ρ
= M

EI

d2v
dx2 = M

EI

(4.17)

where M is the bending moment, E is the modulus of elasticity, and I is the moment

of inertia. Taking the derivatives with respect to x, results in relations for both shear

force and load,

EI d3v
dx3 = V

EI d4v
dx4 = −q

(4.18)

where V is the shear force and q is load. Using the load equation with the transverse

force (q) equal to mass time acceleration yields

EI
ρA

∂4v
∂x4 = −∂2v

∂t2
(4.19)

where no lengths are associated with the equation due to the infinitesimally small

length scales. Next, the displacement (v) of the beam is expressed as the following

v(x, t) = p(t)r(x) (4.20)
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since displacement of the beam varies with time (p(t)) as well as position along the

beam (r(x)). Substituting 4.20 into 4.19 and separating into functions of time and x

yields,

− 1
p(t)

d2p(t)
dt2

= EI
ρA

1
r(x)

d4r(x)
dx4

(4.21)

where the functions of time are on the left and functions of x are on the right. For

both sides to equal one another, both sides must be equal to a constant and yields

the following equations

d4r(x)
dx4 − ρAω2

EI
r(x) = 0 (4.22)

d2p(t)
dt2

+ ω2p(t) = 0 (4.23)

where a solution exists for a positive constant (ω2) and results in the two ordinary ho-

mogeneous differential equations above. Next, the displacement variables are nondi-

mensionalized using the following variable,

ξ = x/L (4.24)

and plugging this nondimensionalized variable into 4.23 yields:

d4r(x/L)
L3d(x/L)4

− ρAω2L4

EI
Lr(x/L)

d4r(ξ)
dξ4

− ρAω2L4

EI
r(ξ)

β4 = ρAω2L4

EI
.

(4.25)

With the equation above and the following,

f = ω
2π

= β2

2πL2

√
EI
ρA

(4.26)
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the modal frequency (f) is calculated using the eigenvalues for a beam with a clamped

- free boundary condition.

Table 4.2: Eigenvalues for a clamped - free cantilever beam.
Mode Eigenvalue (β)
1 1.875
2 4.694
3 7.855
4 10.996
5 14.137

Table 4.3: Calculated modal frequencies for an equivalent beam model of the multi-
functional probe with a constant cross-sectional area throughout.

Mode Frequency (kHz)
1 41.8
2 262.1
3 734.1
4 1438.6
5 2377.8

Table 4.2 presents the eigenvalues to use with 4.26 for modal frequency calcula-

tion. Using a SolidWorks solid model of the multifunctional probe, the volume of

the multifunctional probe arm is calculated as 65134 μm3. Since the thickness and

length of the probe is known, these values are used as the given constraints of a sim-

plified cantilever beam model of the probe. This results in a constant 32.57 μm width

throughout the length of the beam. The constant width beam simplification allows

the use of Eq. (4.26) and the results are presented in Table 4.3. Dynamic modeling

is conducted using SolidWorks’ linear dynamic FEA study and the results are shown

in Fig. 4.7.
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Figure 4.7: Mode shapes and modal frequencies from FEA for non-simplified multi-
functional probe.

4.3 Design Tradeoffs

The largest multifunctional probe design hurdle to overcome is to produce a large

enough actuation displacement to grasp an AFM modular tip, while stiffening the

gripper in the lateral direction to obtain the first two modal shapes of a traditional

cantilever beam within the multifunctional probe’s design. By increasing the first

modal frequency, the probe can be scanned faster across the surface without exciting

higher vibrational modes. The multifunctional probe thickness is greater than that

of a traditional AFM probe due to fabrication constraints. The main challenge was

to reinforce the base of the probe to allow for a traditional cantilever beam first

and second modal shapes. Without a wider base, the multifunctional probe has a

horizontal side-to-side motion rather than a solely vertical up-down motion as with

a traditional cantilever beam. The tapered head design allowed for a lower effective

mass for the probe, which pushes the first modal resonance higher. The undesired

horizontal side-to-side motion is designed to occur as the third modal shape, where

as the second modal shape being the same as a traditional cantilever beam’s second

modal shape. The frequency is significantly higher for the second and third mode
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when compared to the first mode. This was designed so that it would be less likely to

excite other modes when nearing the first resonant frequency. However by widening

the base of the probe and increasing the side-to-side stiffness, actuation displacement

is decreased due to the increased force needed for a given actuation displacement.

4.4 Fabrication

All fabrication was performed at the Nanoscale Research Facility (NRF) at the Uni-

versity of Florida (UFL), which is a class 100-1000 clean room facility. Personal

protection clothing is required by the facility and is shown in Fig. 4.8.

Figure 4.8: Personal protection for University of Florida clean room facility: (a)
general protective clothing and (b) wet chemical (acid) protection clothing.

The multifunctional probes are fabricated with conventional surface and bulk

micromachining methods using a p-type (boron doped) silicon-on-insulator (pSOI)

wafer [118]. Fabrication started with 4 in. SOI wafers (Ultrasil Corporation) with

a 5 μm silicon (100) device layer, a 1 μm buried oxide (SiO2) layer, and a 500 μm
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silicon handling layer. A high device layer doping concentration (> 1018/cm3 resulting

in 0.002 to 0.005 Ω-cm resistivity) is chosen for its low resistance interface for the

electrical contact pads. The photolithography process utilizes three chromium masks

(Photo Sciences, California) for patterning the electrical contact pads, device layer,

and handling layer. The major fabrication steps are presented in Fig. 4.9 and are

categorized into three stages (Stage 1-3). Stage 1 represents processes needed to

deposit and etch the aluminum layer, while stage 2 represents the device level etching

to machine the multifunctional probe. The last stage (stage 3) represents the processes

needed to remove the probe from the supporting wafer.

The fabrication process first starts with a standard RCA cleaning procedure to

remove organic and metallic contaminants along with the native oxide layer on the

SOI wafer (Fig. 4.9(a)). Next, a 1 μm thick layer of aluminum (Al) is sputtered onto

the device layer using a KJL CMS-18 multi-source sputtering system (Fig. 4.9(b)).

Material deposition is characterized using a Dektak 150 profilometer. Photolithogra-

phy is now used to pattern positive photoresist (Shipley 1813) to define the aluminum

contact pads. The process starts with spinning a 1.86 μm thick photoresist layer us-

ing a Sus Delta 80 spin coater followed by a 2 min soft bake at 110◦C to stiffen up

the layer before patterning (Fig. 4.9(c)). Next, the photoresist is exposed in a Karl

Suss MA6 mask aligner at an intensity of 150 mJ/cm2 followed by 90 s in AZ 300

MIF developer (Fig. 4.9(d)). The patterned photoresist is now baked in an oven at

105◦C for 20 min. After baking, the aluminum is etched using aluminum etchant

80-15-3-2 until the device layer is exposed (Fig. 4.9(e)). The mask is then removed by

cleaning in acetone, followed by methanol and de-ionized (DI) water. This concludes

the processes for stage 1 and process photos are presented in Fig. 4.10.

Figure 4.10(a) shows the entire sputter coating machine. The silicon wafer is

loaded from the side chamber that is shown in more detail in Fig. 4.10(b). After load



96

Stage 1

(a)

SOI wafer

(b)

Al sputtering

(c)

Spin coat photoresist

(d)

Expose and develop mask
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Etch handle layer and 

clean mask
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SOI handle layer

Photoresist
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Figure 4.9: Fabrication process for multifunctional probe.

the wafer, it is transferred to the vacuum chamber located in the center of the machine

where the sputter process occurs. Figure 4.10(c) presents the spin coating area where

the photoresist liquid is coated onto the wafer. A more detailed photo is presented in

Fig. 4.10(d) where the photoresist (red liquid) is placed on the wafer, which is held
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Figure 4.10: Fabrication photos for photolithography process (mask): (a) and (b) Al
sputter coating, (c) and (d) Photoresist spin coating, and (e) and (f) mask transfer.

down using a vacuum platform, and rotated to evenly distribute the liquid over the

wafer. Rotation speed, photoresist liquid selection, and rotation duration all play

factors into the thickness of the photoresist layer. Lastly in Fig. 4.10(e) and 4.10(f),

the mask is transferred to the photoresist layer using the mask aligner pictured. The

mask is placed onto a transparent vacuum table as shown in Fig. 4.10(e). The vacuum

table is then placed onto the mask aligner, where the wafer with a photoresist layer is

slid in underneath the mask. The mask is then expose to light and the mask transfers
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the image onto the photoresist layer, where areas are either harden or soften under

exposure to the light.

Figure 4.11: Fabrication photos for photolithography process (etching): (a) and (b)
photoresist layer is developed and (c) and (d) aluminum layer is etched.

Figure 4.11(a) shows the progression of the mask development from left to right.

The developer (AZ 300 MIF) removes the photoresist that was uncovered by the mask

leaving behind the covered areas where aluminum is not to be removed. Figure 4.11(b)

shows the aluminum etching progression from left to right as the wafer with the

developed mask (Fig. 4.11(a)) is placed into the aluminum etching solution (aluminum

etchant 80-15-3-2). After the process is completed, the silver-metallic areas are the

aluminum contact pads, while the dark areas are the exposed silicon wafer (device

layer).

The same photolithography steps are repeated to define the multifunctional probe

and probe support patterns on the device layer (Fig. 4.9(f)-(g)). The device layer

is etched by deep reactive ion etching (DRIE) using a STS DRIE system until the

buried oxide layer is exposed (Fig. 4.9(h)). The photoresist is removed using the
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same procedure as previously discussed. Then, the wafer is cleaned in oxygen plasma

(O2 gas flow = 300 sccm at 600 W) in a Anatech Barrel SCE600 asher for 15 min.

This concludes the processes for stage 2, but before proceeding to the handle layer

processing the device-side is protected with a 1.86 μm thick S1813 positive photoresist

layer that is soft baked at 110◦C for 2 min followed by a flood exposure in Karl Suss

MA6 mask aligner for 4 min.

For stage 3 processes, the wafer is rotated, such that the back-side is now upward.

A 12 μm thick positive photoresist AZ 9260 is spun on the back-side and then soft

baked at 110◦C for 3 min. An EVG model 620 aligner is used to align the top-side

features to the back-side features and exposure is carried out at 1850 mJ/cm2. The

photoresist is then placed in AZ 300 MIF developer for 400 s followed by a post bake

at 105◦C for 30 min. During this processes, the top-side protective photoresist layer

is removed. Next, the SOI wafer is bonded to a 500 μm thick support wafer using a

Nitto Denko Revalpha heat release tape with the heat-sensitive side of the tap bonded

to the device layer of the SOI wafer. Then, the handle layer is etched in the STS

DRIE system until the buried oxide layer is exposed.

Now, the SOI wafer along with the support wafer is diced in an Advanced Dicing

Technologies (ADT) dicer for separating the individual devices.

Figure 4.12 provides photos for the DRIE and dicing fabrication processes com-

pleted at UFL. Figure 4.12(a) shows the carrier structure that transports the wafer

into the DRIE chamber, while Fig. 4.12(b) is a partial photo of the DRIE machine

because the remainder of the machine is enclosed behind the wall in the back. Fig-

ure 4.12(c) shows the etching completed by the DRIE machine, where the green color

is the oxide layer of the SOI wafer. Figure 4.12(d) shows the wafer mounted onto a

larger support for the dicing machine (Fig. 4.12(e)). The dicing machine creates cut-

ting trajectories from user provided coordinates to cut the wafer into smaller pieces
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Figure 4.12: Fabrication photos for: (a)-(c) deep reactive ion etching and (d)-(f)
dicing

that have only a single multifunctional probe. An example of a cut wafer is shown in

Fig. 4.12(f), where a single probe is removed from the wafer. The individual devices

are heated on a hot plate at 170◦C in order to release the SOI wafer from the support

wafer that was bonded with the heat release tape. The photoresist on the handle

layer is removed in PG remover (Micro Chem) followed by iso-propanol and DI wa-

ter. Next, the individual probe chips are released by etching the buried oxide layer in

777 Etch (Fujifilm) for 40-60 min. The 777 Etch is chosen to reduce the etching effect

on the aluminum contact pads as well as reduce the contamination and staining on

the probes. Scanning electron microscopy (SEM) images of the fabricated probes is

presented in Fig. 4.13.
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Figure 4.13: Scanning electron microscopy images of fabricated multifunctional
probes with the following views: (a) overview of released probe with support struc-
ture, (b) zoomed in on probe gripper end, (c) angled view 1, and (d) angled view
2.

4.4.1 Fabrication Challenges

Fabricating the multifunctional probes is a time consuming and learning experience.

All fabrication processes required characterizing each piece of equipment to ensure

proper feature tolerances. General process recipes were provided by the engineers

at the nanofabrication facility; however, many adjustments had to be made to the

final process recipes. The first few iterations of the fabrication plan only produced

inoperable probes and the processes needed more refinement. After several months

and numerous trials, the fabrication processes were dialed in and produced functional

probes. The final fabrication process was presented above and is the result of a

lengthy characterization process, experienced staff knowledge of the nanofabrication

system, and the fabrication efforts of Bijoyraj Sahu at UFL.



102

Chapter 5

ETM Actuator Characterization

This section will present experimental results that characterize the ETM actuator’s

dynamic response as well as its electrical response. The dynamic response results

will provide information on the probe’s modal frequencies. The electrical response

results provide the operating range that should be used for consistent results. The

electrical response also suggest how fast the probe can actuate given its input. Lastly,

displacement measurements are provided to characterize the deflection of the actuator

under various inputs.

5.1 Dynamic Response

The dynamic response is performed on the custom AFM platform that was developed

earlier. The probe is fixed to the cantilever mount on the AFM and actuated using

the piezoelectric actuator on the vertical axis (z-axis). The change in tip displacement

is monitored using the AFM’s photodetector. A Stanford Research Systems SR785

dynamic signal analyzer (DSA) performs a swept sine analysis of the cantilever from

1 kHz to 100 kHz using a 5-mV amplitude input signal to the piezoelectric amplifier

Results from the analysis is presented in Fig. 5.1.

Frequency response data for the AFM stage (G1) and the multifunctional probe

(G3) are gathered; however the multifunctional probe response data has the AFM
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Figure 5.1: Dynamic response data for: (a) AFM stage using a laser vibrometer (G1)
and multifunctional probe using the AFM’s photodetector (G3) and (b) the calculated
multifunctional probe response.

stage’s dynamics coupled inside of the signal because the probe is mounted on top

of the AFM stage, which means that the stage dynamics have a direct impact on

the probe’s dynamics. To decouple the two systems, the AFM stage dynamics is

subtracted from the probe’s dynamics. This is accomplished by using the frequency

response data, which contains both magnitude and phase information by utilizing

complex numbers. The data is recorded in the following format
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a1 + b1i

a2 + b2i

a3 + b3i

(5.1)

where a’s and b’s subscripts correspond to the data shown in Fig. 5.1. The G2

frequency response is calculated by the following

a2 =
b3−a1b2

b1

b2 =
a1b3−a3b1

b21+a21

(5.2)

where a2 and b2 are calculated for Fig. 5.1(b). The figure shows a resonant peak at

36.8 kHz, which is 5 kHz below the simplified model’s results and 10 kHz below the

FEA predicted value of 47.0 kHz. It is also noted that before the resonant peak, a

smaller peak is evident around 27 kHz, which is also seen in the frequency response

of the stage. An explanation for this peak to occur even when removing the stage

dynamics from the probe’s dynamics is that because the multifunctional probe is

a cantilevered beam, the displacement amplitude of the base is amplified down the

length of the beam. This leads to a greater displacement at the distal end of the

probe compared to the base of the probe. The difference between predicted and

experimental resonant peak value is addressed in Chapter 6.
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5.2 Electrical Characterization

The electrical characterization process includes the following tasks:

1. Provide mean and standard deviation of peak current consumption

2. Investigate time response trends of current consumption for actuation

3. Determine current response repeatability over 10 actuations

4. Determine steady state actuation displacements and provide a linear operating

range

5. Demonstrate pick and place capability of the multifunctional probe

Electrical characterization is carried out using custom circuitry along with a Lab-

VIEW data acquisition program coupled with a National Instruments PCI-6221 data

acquisition board and custom multifunctional probe power circuitry. The custom

circuitry utilizes OPA211 operational amplifiers that are selected for their low noise,

wide bandwidth, low offset voltage, and small package size. The operational ampli-

fiers are used as buffers to take the output from the data acquisition card and power

the multifunctional probe as well as transmit current flow information. The custom

circuitry is used for the input to the probe in order to ensure that only a limited

amount of current will flow to the probe thus eliminating possible stray currents from

the data acquisition system. To measure the current flow through the probe a resis-

tor is connected to the end of the probe circuit as well as to ground. This provides

a voltage drop across a known resistance, where current calculations can be made

(voltage divider circuit). Similar noise reducing techniques as in the photodetector

(PSD) circuit are used here along with additional capacitors and large circuit traces.

The probe powering and current measuring circuitry is shown in Fig. 5.2.
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Figure 5.2: Multifunctional probe power and current measuring circuit.

Experiments are conducted with a 10 kHz sampling rate, which is greater than

10 times faster than the 5% settling time of the multifunctional probe’s electrical

response for a 10 V input. The fast sampling time is chosen to capture the fast current

rise during the start of the test when the probe has the lowest resistance (no thermal

resistance changes). Faster sampling times are not consistent using the capabilities

of the current desktop computer. The results shown in this section will include

time response data for current consumption and maximum operational frequency

calculation using settling time measurements. For electrical connections to the probe,

gold wire bonds connected to the probe’s aluminum pads using silver die attach epoxy

as shown in Fig. 5.3. To cure the epoxy, the probe with bonded wires is placed in

an oven at 320◦F for 2 hours. The gold wire (0.002-in. diameter) provides a low

resistance, high flexible interface to the circuit, where vibrations can be mitigated.

The gold wire is then soldered to solid-core hookup wire before being connected to

the custom powering circuitry.
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Figure 5.3: Gold wire bonds from multifunctional probe chip out to circuit.

Figure 5.4 provides an overview to the probe’s operational characteristics. Actua-

tor 1 has a measured resistance of 840 Ω, while actuator 2 has a measured resistance

of 780 Ω. Resistance measurements are taken with a Hewlett Packard 34401A multi-

meter at room temperature. It is shown that for low inputs (< 5 V) the two gripper

arms operate very closely to one another; however, above 5 V the time responses

start to vary. Above 10 V input, consistency between actuation runs vary widely as

seen by the increase in standard deviation. The plots suggest that if the two gripping

arms have similar resistance (within 10%) the current time response will be similar,

but operating above a 5 V input will result in inconstancy between the two actuators.

Furthermore if the grippers are driven above 10 V, the actuators’ electrical response

will vary greatly.
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Figure 5.4: Multifunctional probe mean current flow throughout and standard devi-
ation from 1 to 13 V input voltages during: (a) and (b) 1st actuation, (c) and (d) 5th

actuation, and (e) and (f) 10th actuation. Tests are performed with a 1-Hz square
wave.
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Figure 5.5 provides current consumption information with respect to time. The

plots show that with the exception of the Fig. 5.5(a) and 5.5(b), an initial spike in

current is observed, which quickly settles to a steady state value. In Fig. 5.5(a) and

5.5(b), the resolution of the data acquisition system prevent capturing the effect as

seen in Fig. 5.5(c)-(l). It is also observed that in Fig. 5.5(i)-(l) a sharp drop is seen

after the initial current spike and before reaching a steady state current value. The

sharp drop along with the initial current spike can be explained by the heating of

the multifunctional probe as current flows through it. Initially the probe is at room

temperature and current flows through at a high rate (the spike in current flow).

This high density flow rate through the hot arm causes it to heat up and thereby

increase its resistance, which results in a sharp decreasing current when the voltage

input is held constant (sharp decrease after the current spike). The current decrease

below steady state in Fig. 5.5(i)-(l) is due to the probe’s arm being heated above

the steady state temperature that causes a below steady state current value. As the

probe cools due to the decrease in resistance, the probe’s arm is able to slowly increase

current flow back up to a steady state value. The 5% settling time for 10 V input is

0.0034 s, which translates to a 294 Hz maximum operating frequency. On the other

hand, operating at a conservative 5 V results in a 0.0015 s 5% settling time (667 Hz

maximum operating frequency).

Next, the electrical current time response data across ten actuations is plotted to

show the variations in current with respect to time. Ten time locations are chosen

throughout the actuation duration, where the first actuation takes place when the

input signal is sent to the probe up to 0.45 s into the constant voltage input actuation.

The plots show that the data remains tightly distributed around the mean value

throughout the trials and the total variation remains under 1% of current mean value.
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Figure 5.5: Current time response data for the following input voltages: (a) and (b)
1 V, (c) and (d) 3 V, (e) and (f) 5 V, (g) and (h) 7 V, (i) and (j) 9 V, and (k) and
(l) 10 V. Tests are performed with a 1 Hz square wave.
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Figure 5.6: Time response current data with standard deviation bars plotted for the
following input voltages: (a) 1 V, (b) 3 V, (c) 5 V, (d) 7 V, (e) 9 V, and (f) 10 V.
Tests are performed with a 1-Hz square wave.
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Finally by using the time response data and known input values, probe resistance

changes throughout time are found as shown in Fig. 5.7.
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Figure 5.7: Time response resistance changes for the multifunctional probe for: (a)
1 V input, (b) 5 V input, and (c) 10 V input.
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5.3 Displacement Characterization

Displacement measurements are gathered from optical microscope images (Nikon Op-

tiphot). The images are taken with an Allied Technologies Guppy GF146C digital

video camera with a 1392 × 1040 pixel resolution. Using optical microscope cali-

bration grids, relative displacement measurements utilized by pixel counting and ap-

proximations to the total displacement of the multifunctional probe can be achieved.

Approximate pixel count for a 10 μm displacement under 20-times optical magnifica-

tion is 45 pixels. This is the basis for all of the displacement measurements. Figure 5.8

are frames taken from the digital video camera with the background removed and su-

perimposed onto one another. The displacement is calculated by using the same pixel

counting technique used for the calibration sample. In Fig. 5.8(a), the multifunctional

probe is driven with a 5 V input (approximately 5-mA steady state current), which

results in a 2.0 μm displacement.

Figure 5.8: Multifunctional probe actuation under various driving voltages: (a) 5 V,
(b) 10 V, and (c) 13 V.



114

This is close to the calculated 2.28μm displacement (5.5-mA input) calculated

using the ETM model in section 4.1. Increasing the voltage up to 10 V, the gripper

produces 6.4 μm of displacement and is shown in Fig. 5.8(b). The reported values are

steady state displacements due to the slow capture frame rate of the video recording

system (approximately 4 frames per second at highest resolution). Apply too much

voltage results in what is shown in Fig. 5.8(c). While the displacement remains

comparable to a 10V driving voltage, the hot arms of both actuators are seen glowing

red. Note that no color enhancements or photo post-processing is used on this figure.

Also note that the dark spots on the probe’s arms is debris from operating the probes

in a academic research lab (not a cleanroom).

Additional tests are conducted from 0.5 V input to 13 V inputs. From 0.5 V

to 2.0 V, the results are discarded due the optical resolution limit of an optical

microscope. In such cases, the measurement errors are greater than the perceived

displacements and are therefore unreliable. Data from these additional tests are

presented in Fig. 5.9(a).
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Figure 5.9: Plot of probe actuation displacements under various input voltages: (a)
measured data and (b) ’linear’ operating range with linear fit.
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Above 10 V input, the driving circuitry can not supply enough current (30 mA

max.) to actuated the multifunctional probe while maintaining a constant input

voltage resulting in decreasing input voltages with time. For the range from 2.5 V

to 10 V, the data shows a linearly increasing trend with increasing input voltages.

Figure 5.9(b) provides a linear fit line in red and shows that most of the data follows

the general increasing trend described by the equation below

y = 0.877x− 2.26 (5.3)

where x is the driving voltage and y is the gripper displacement in microns. By

driving the gripper under excessive currents/voltages (> 10 V), physical deformation

occurs and gripper discoloration becomes apparent. Over time, the excessive loads

lead to gripper actuation failure by creating an open circuit condition of the gripper

arm circuit due to separation of gripper hot arm.

5.4 Application

This section demonstrates the multifunctional probe’s ability to grasp an object

(wire), move it, and release it. The experimental setup for this section is shown

in Fig. 5.10.
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Figure 5.10: Experimental setup for demonstrating the multifunctional probe’s grip-
ping ability.

The setup utilizes the AFM platform’s nanopositioner for precise x, y, and z

translation, while coarse translation is accomplished using a coarse translational stage

that is shown mounted on top of the AFM’s nanopositioner. Translation on the

coarse stage is achieved using fine-pitch adjustment screws that provide 0.254 mm of

displacement per revolution. Using five adjustment screws, six degrees of freedom is

accomplished by placing three screws on the top for z-axis displacement along with

x and y-axis rotation. The two screws on the right side of the coarse translation

stage provide x and y displacement with z-axis rotation. The adjustment screws are

adjusted by hand and provides large, coarse movements to bring the object within

the multifunctional probe’s reach. Using the nanopositioning stage with LabVIEW

interface along with the coarse adjustment stage, an optical microscope, and custom

probe circuitry, Figure 5.11 demonstrates the probe’s ability to grasp a section of wire

at various angles.
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Figure 5.11: Demonstration of wire gripping ability at various angles: (a) back angled
side view, (b) side view, (c) front angled side view, and (d) zoomed in side view.

The wire in the figure is composed of two wires that are bonded together using

adhesive. The reason behind this is that the top wire is etched to a fine point and

the wire on the bottom is an non-modified 47 AWG enamel coated wire. The wire

is approximately 37 μm in diameter, which is larger than the non-actuated gripper

dimension yet small enough to fit in between the actuated gripper arms. Pick and

place results are shown in Fig. 5.12, where a wire is picked up, translated to a new

location, and released.

Figure 5.12(a) shows the probe being moved into place to grasp the wire with

time progressing from top to bottom. The first photo shows a zoomed out view that

shows the probe (left), wire (center), and wire base (right). The second photo down

shows a zoomed in view of the first photo. From the second to third photo, the wire is

moved using the coarse translation platform shown in Figure 5.10. From the third to
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last photo in Fig. 5.12(a), the probe is moved using the nanopositioning stage on the

AFM to precisely orient the gripper’s arms in order to grasp the wire. Figure 5.12(b)

shows the probe’s fully supporting the wire and releasing the wire. The first photo on

the top is a zoomed out photo showing the gripper fully supporting the wire with the

coarse translation platform fully retracted. The second photo is a zoomed in picture

showing the probe’s actuating arms grasping the wire and supporting the wire. In

the third photo down, the probe is actuated to release the wire along with moving the

nanopositioning stage quickly to facilitate the wire’s release. The last photo shows the

multifunctional probe after releasing the wire, where no physical damage is evident

through the above process. This verifies the system’s ability to grasp an object (wire),

translate it, and release it at a new location.
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Figure 5.12: Demonstration of probe’s pick and place capability with time progression
from top to bottom of: (a) probe’s grasping capability and (b) probe’s translation
and releasing capability.
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Chapter 6

Discussion

AFM is a powerful tool at the nanoscale; however, throughput greatly hinders the

effectiveness of its strengths. The AFM probe is the only consumable part of the sys-

tem, yet it has the greatest impact on image quality as well as fabrication capability.

The process of discarding a worn or fouled tip takes only seconds, but to replace the

probe with associated recalibration tasks result in several minutes of down time for

an experienced AFM operator. In a effort to streamline the process, the cantilevered

beam support structure of the AFM probe is reused and only the worn or fouled

tip is replaced. This drastically reduces the down time associated with replacing an

entire AFM probe (cantilever beam and tip) by eliminating the recalibration process.

A multifunctional probe is designed, fabricated, and characterized to facilitate the

implementation of it into a automated system that will greatly increase throughput

in both AFM-based imaging and nanofabrication. The designed probe exploits the

thermal expansion mismatch between two cantilevered beam joined at the distal end

for actuation displacement. Thermal expansion actuation is chosen for its low power

requirements, since the probe will be used in conjunction with electrically sensitive

equipment. The multifunctional probe utilizes a passive gripping mechanism to grasp

the interchangeable tip for imaging or fabrication. The probe will maintain a grip-

ping force on the tip to properly secure it when operating; however it will not need

to be powered during this process due to the passive gripping mechanism. Using



121

an active gripper mechanism would require continuously driving current through the

probe, which could create an electrical short circuit when the tip comes into contact

with a conductive sample, but the effectiveness of the probe (actuation displacement)

decreases with increasing actuation duration, which limits long duration activiation.

The probe is able to achieve up to 6.4 μm of total displacement (using both actuators),

which is more than sufficient for grasping objects as shown in Fig. 5.11 and 5.12.

Electrical characterization is conducted to investigate the consistency of the probe’s

electrical response under various inputs and explore actuation repeatability. A 5 V

maximum driving voltage is suggested to maintain actuator displacement consistency

among actuations as shown in Fig. 5.5. On the other hand if a single large actuation

displacement is desired, applying a 10 V driving voltage will result in the greatest dis-

placement and increasing the driving voltage beyond 10 V will only result in decrease

the probe’s actuation ability as shown in Fig. 5.9. An ETM actuation model is cre-

ated to estimate the anticipated probe displacement under 5.5 mA of current (reaches

maximum temperature at this current). Two models are created: one model with an

averaged temperature throughout and another model utilizing the estimated temper-

ature distribution. The averaged temperature model over predicted the displacement

of the probe by approximately 0.28 μm; however, the temperature distributed model

underestimated the probe deflection by 0.66 μm. The averaged temperature model

is less valid since it assumes an constant temperature throughout the hot arm and

another constant temperature throughout the cold arm which is not possible given

the boundary conditions. The temperature distributed model provides a more realis-

tic model even though the deflection is less accurate because it utilizes the boundary

conditions. The increase in deflection approximation error can be attributed to sev-

eral parameters that incorporated averaged values throughout the modeled 300 K to

800 K range.
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To ensure that the designed multifunctional probe will operate similarly to a tradi-

tional AFM probe, design and characterization also focused on its dynamic response.

The geometric layout of the designed probe incorporates a tapper beam design with

a larger cross-sectional area at the base that tappers to a smaller cross-sectional area

at the distal tip end. By widening the width of the base and still maintaining a nar-

row tip width, the lateral stiffness is increased resulting in traditional cantilever beam

mode shapes for the first two modal shapes. FEA predicted a first modal frequency of

47.0 kHz, which is 10.2 kHz higher than the measured 36.8 kHz first modal frequency.

A reasonable explanation for the error is that the frequency response tests have been

performed on a probe that has actuated many times at high driving voltages (> 10 V ).

The actuation of the probe reduces the stiffness (modulus of elasticity) of the silicon

by possibly fracturing the material decreases the resonant frequency of a beam as

shown in Eq. (4.26). Another reason for the lower measured frequency could be the

added layer of debris on the cantilever, which will add to the mass and ultimately

lower increase it’s effective mass. This added layer of debris is due to the non-clean

room environment it was operated in. However, the measured first modal frequency

is still higher than a typical contact mode AFM probe, so the imaging capability of

the probe is still promising.

The custom AFM platform utilizes a nanopositioner [50] that provides over 40 μm

of scan range in both the x and y-axis, while keeping cross-coupling effects below 2%

from x to y and y to x as shown in Fig. 3.21. A custom z-axis probe holder is

also fabricated to provide z-axis control with over 7 μm of actuation displacement

while imaging. The z-axis controller is a microcontroller that performs PI control

and allows the AFM to be operated in constant force and constant height contact

mode imaging. Fig. 3.24, 3.25, and 3.26 provide verification of imaging capabilities of

the system. Models of the x, y, and z axes (Eqs.( 3.7), (3.8), and (3.9)) are created
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and compared to measured frequency response data (Fig. 3.20 and 3.23) for future

reference. The custom AFM operation is validated and is ready to serve as a platform

for the future nanofabrication system.
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Chapter 7

Conclusions and Future Work

In conclusion, this thesis presented the design, model, analysis, and fabrication of an

active electro-thermal microcantilever along with the design, fabrication, character-

ization, and validation of a scanning probe microscopy platform. The custom AFM

provides a platform to facilitate cantilever characterization as well as a vehicle for

future system integration. By incorporating cantilever holder with z-axis control, the

platform can fully function as an AFM for imaging as well nanomachining processes.

The microcantilever test results presented in this document show that while large

displacements (6.4 μm at 10 V input) are desirable, the irreversible damage caused

by high current densities and inconsistencies between actuations leads to limiting

the operating voltages to maximum of 5 V, where 2 μm of actuation displacement is

achievable. Traditional cantilever beam dynamics are mimicked using a tapered-beam

design structure for the multifunctional probe and a dynamic response similar to a

traditional AFM probe is attained, which allows the designed probe to be utilized

in the same manner as a AFM probe (i.e., imaging, machining, etc...). Future work

includes design and fabrication of specialized tips for the designed multifunctional

probe. With custom tips, the probe will be able to more securely grasp and maintain

control of the tip throughout various tasks. Sensing will also need to be addressed for

the automated nanofabrication system along with custom programming modifications

for the AFM program. Additional work can also include incorporating control for the
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x and y axes to increase AFM’s throughput and precision by compensating for the

piezoelectric actuator nonlinearities.
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Appendix A

MATLAB ETM Model Code

2 fo 1

% Multifunctional Probe ETM Model

% Robert Riddle

%------------------------

close all

clear all

syms mh L mc lamda g Ts TH TC zero c1 c2 c3 c4

[c1,c2,c3,c4] = solve(c1+c2+TH-Ts,c3*exp(mc*(2*L))+c4*exp(mc*(2*L))+TC-Ts,-c1*exp(mh*L)-

c2*exp(-mh*L)+c3*exp(mc*L)+c4*exp(-mc*L)-TH+TC,c1*exp(mh*L)-c2*exp(-mh*L)-c3*lamda*exp

(mc*L)+c4*lamda*exp(-mc*L),c1,c2,c3,c4)

h=1101.7;

t=5e-6;

wc=23e-6;

wh=10e-6;

I=5.5e-3;

Jc=((I)/(wc*t));

Jh=((I)/(wh*t));

rho_0=3.2e-5;

xi=0.0019;

k_p=30;

Ts=27;

mc=sqrt((h-((Jc^2)*rho_0*xi*t))/(k_p*t))

mh=sqrt((h-((Jh^2)*rho_0*xi*t))/(k_p*t))

lamda=(wc*mc)/(wh*mh)

ah_2=((h-Jh^2*rho_0*xi*t)/(k_p*t))

ah_1=sqrt(ah_2)

ac_2=((h-Jc^2*rho_0*xi*t)/(k_p*t))

ac_1=sqrt(ac_2)

TH=Ts+((Jh^2*rho_0)/(k_p*ah_2))

TC=Ts+((Jc^2*rho_0)/(k_p*ac_2))

L=320e-6;

g=10e-6;

c1 = -(2*TC*lamda - 2*Ts*lamda - TC*lamda*exp(L*mc) - TC*lamda*exp(3*L*mc) + 

TH*lamda*exp(L*mc) + TH*lamda*exp(3*L*mc) + (TH*exp(L*mc))/exp(L*mh) - (TH*exp(3*L*mc))

/exp(L*mh) - (Ts*exp(L*mc))/exp(L*mh) + (Ts*exp(3*L*mc))/exp(L*mh) - (TH*lamda*exp

(L*mc))/exp(L*mh) - (TH*lamda*exp(3*L*mc))/exp(L*mh) + (Ts*lamda*exp(L*mc))/exp(L*mh) + 

(Ts*lamda*exp(3*L*mc))/exp(L*mh))/(exp(L*mc)*exp(L*mh) + exp(L*mc)/exp(L*mh) - exp

(3*L*mc)*exp(L*mh) - exp(3*L*mc)/exp(L*mh) + lamda*exp(L*mc)*exp(L*mh) - (lamda*exp

(L*mc))/exp(L*mh) + lamda*exp(3*L*mc)*exp(L*mh) - (lamda*exp(3*L*mc))/exp(L*mh))
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*exp(L*mh) - (lamda*exp(L*mc))/exp(L*mh) + lamda*exp(3*L*mc)*exp(L*mh) - (lamda*exp

(3*L*mc))/exp(L*mh))

c4 = -(2*TH*exp(2*L*mc) - 2*Ts*exp(2*L*mc) - TC*exp(L*mc)*exp(L*mh) - (TC*exp(L*mc))/exp

(L*mh) + TC*exp(2*L*mc)*exp(L*mh) + (TC*exp(2*L*mc))/exp(L*mh) - TH*exp(2*L*mc)*exp

(L*mh) - (TH*exp(2*L*mc))/exp(L*mh) + Ts*exp(L*mc)*exp(L*mh) + (Ts*exp(L*mc))/exp(L*mh) 

+ TC*lamda*exp(L*mc)*exp(L*mh) - (TC*lamda*exp(L*mc))/exp(L*mh) - Ts*lamda*exp(L*mc)*exp

(L*mh) + (Ts*lamda*exp(L*mc))/exp(L*mh))/(exp(L*mc)*exp(L*mh) + exp(L*mc)/exp(L*mh) - 

exp(3*L*mc)*exp(L*mh) - exp(3*L*mc)/exp(L*mh) + lamda*exp(L*mc)*exp(L*mh) - (lamda*exp

(L*mc))/exp(L*mh) + lamda*exp(3*L*mc)*exp(L*mh) - (lamda*exp(3*L*mc))/exp(L*mh))

xh=0:1e-6:320e-6;

xc=320e-6:1e-6:640e-6;

Th=TH+c1.*exp(mh.*xh)+c2.*exp(-mh.*xh);

Tc=TC+c3.*exp(mc.*xc)+c4.*exp(-mc.*xc);

figure(1);

plot(Th);

figure(2);

plot(Tc);

i=1;

T1=Th(321);

T2=Ts;

for x=320e-6:1e-6:640e-6

    T(i)=(((T2-T1)*(x-320e-6))/(640e-6-320e-6))+T1;

    i=i+1;

end

figure(3)

plot(T)

TempMG_x=0:1:640;

TempMG_y=[Th T(2:321)];

figure(4)

plot(TempMG_x,TempMG_y)

axis([-10 650 0 550])

xlabel('Location on probe (\mum)');

ylabel('Temperature (^o C)');

alpha=2.7e-6;

Th_mean=mean(Th)

T_mean=mean(T)

Th_disp=alpha*320e-6*(Th_mean-Ts)

T_disp=alpha*320e-6*(T_mean-Ts)

Delta_disp=Th_disp-T_disp

theta_disp=asind(Delta_disp/10e-6)

x_disp=80e-6*sind(theta_disp)

c2 =(2*TC*lamda - 2*Ts*lamda - TC*lamda*exp(L*mc) - TC*lamda*exp(3*L*mc) + TH*lamda*exp

(L*mc) + TH*lamda*exp(3*L*mc) - TH*exp(L*mc)*exp(L*mh) + TH*exp(3*L*mc)*exp(L*mh) + 

Ts*exp(L*mc)*exp(L*mh) - Ts*exp(3*L*mc)*exp(L*mh) - TH*lamda*exp(L*mc)*exp(L*mh) - 

TH*lamda*exp(3*L*mc)*exp(L*mh) + Ts*lamda*exp(L*mc)*exp(L*mh) + Ts*lamda*exp(3*L*mc)*exp

(L*mh))/(exp(L*mc)*exp(L*mh) + exp(L*mc)/exp(L*mh) - exp(3*L*mc)*exp(L*mh) - exp(3*L*mc)

/exp(L*mh) + lamda*exp(L*mc)*exp(L*mh) - (lamda*exp(L*mc))/exp(L*mh) + lamda*exp(3*L*mc)

*exp(L*mh) - (lamda*exp(3*L*mc))/exp(L*mh))

c3 =(2*TH*exp(2*L*mc) - 2*Ts*exp(2*L*mc) - (TC*exp(L*mh))/exp(L*mc) - TC/(exp(L*mc)*exp

(L*mh)) + TC*exp(2*L*mc)*exp(L*mh) + (TC*exp(2*L*mc))/exp(L*mh) - TH*exp(2*L*mc)*exp

(L*mh) - (TH*exp(2*L*mc))/exp(L*mh) + (Ts*exp(L*mh))/exp(L*mc) + Ts/(exp(L*mc)*exp

(L*mh)) - (TC*lamda*exp(L*mh))/exp(L*mc) + (TC*lamda)/(exp(L*mc)*exp(L*mh)) + 

(Ts*lamda*exp(L*mh))/exp(L*mc) - (Ts*lamda)/(exp(L*mc)*exp(L*mh)))/(exp(L*mc)*exp(L*mh) 

+ exp(L*mc)/exp(L*mh) - exp(3*L*mc)*exp(L*mh) - exp(3*L*mc)/exp(L*mh) + lamda*exp(L*mc)

for i=1:321

    T_rev(i)=T(322-i);    

end

Disp_sum(1)=0;

for i=2:322

    Disp(i)=alpha*(i-1)*10^(-6)*(Th(i-1)-T_rev(i-1));

    Disp_sum(i)=Disp(i)+Disp_sum(i-1);

end

for i=1:321

    Disp_sum2(i)=Disp_sum(i+1)/320;

end

h=1e-6:1e-6:80e-6;

x=sind(0.42)*h;

X=x+Disp_sum2(321);

Disp_total=[Disp_sum2 X];

figure(5)

plot(Disp_sum)

figure(6)

plot(Disp_sum2./1e-6)

xlabel('Location along probe (um)');

ylabel('Lateral displacement (um)')

figure(7)

plot(Disp_total./1e-6)

xlabel('Location along probe (um)');

ylabel('Lateral displacement (um)')
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Appendix B

Microcontroller Code
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