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Abstract

This research delineates the design of a nanolithographic process for nanometer scale

surface patterning. The process involves the combination of serial atomic force mi-

croscope (AFM) based nanolithography with the parallel patterning capabilities of

soft lithography. The union of these two techniques provides for a unique approach to

nanoscale patterning that establishes a research knowledge base and tools for future

research and prototyping.

To successfully design this process a number of separate research investigations

were undertaken. A custom 3-axis AFM with feedback control on three position-

ing axes of nanometer precision was designed in order to execute nanolithographic

research. This AFM system integrates a computer aided design/computer aided

manufacturing (CAD/CAM) environment to allow for the direct synthesis of nanos-

tructures and patterns using a virtual design interface. This AFM instrument was

leveraged primarily to study anodization nanolithography (ANL), a nanoscale pat-

terning technique used to generate local surface oxide layers on metals and semicon-

ductors. Defining research focused on the automated generation of complex oxide

nanoscale patterns as directed by CAD/CAM design as well as the implementa-

tion of tip-sample current feedback control during ANL to increase oxide uniformity.

Concurrently, research was conducted concerning soft lithography, primarily in mi-

crocontact printing (µCP), and pertinent experimental and analytic techniques and

procedures were investigated.

Due to the masking abilities of the resulting oxide patterns from ANL, the results

of AFM based patterning experiments are coupled with micromachining techniques

to create higher aspect ratio structures at the nanoscale. These relief structures are

used as master pattern molds for polymeric stamp formation to reproduce the original
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in a parallel fashion using µCP stamp formation and patterning. This new method

of master fabrication provides for a useful alternative to conventional techniques for

soft lithographic stamp formation and patterning.
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Chapter 1

Introduction

Nanotechnological research investigation and progress is evolving at a rate that de-

mands both scientific and economic interest. Nanotechnology encompasses a myriad

of new technologies and is poised to enable a new age of engineering and scientific

progress. In the past decade a tremendous amount of funding and research interest

has focused on the creation of functional devices and systems at the nanoscale (<200

nm). Nanolithography is a subset of this research drive that concerns the creation

and manipulation of nanoscale surface features, patterns, and structures. Nanolitho-

graphic research is centered around the precise manipulation of organic and inorganic

materials at the nanoscale; powerful techniques, procedures, and instruments have

been created and refined as a result to aid in the patterning and characterization

of nanostructures. Instruments such as the scanning electron microscope (SEM),

the scanning tunneling microscope (STM), and the atomic force microscope (AFM)

are indispensable tools concerning the visualization, creation, and characterization of

structures at the nanoscale.

Key to the advancement of usable devices at the nanoscale is the ability to pat-

tern desired functional units both accurately and repeatedly. This requires a level of

positional control and fidelity that a select few instruments and processes are able

to meet. With potential applications in the industrial sector, further research must

be conducted concerning the integration and automation of current patterning tech-

niques. The aforementioned instruments can conduct nanolithography but a primary

limitation lies in the fact that they use either scanning probes or electron beams to

generate surface features in a serial manner, similar to an ink pen writing on paper.
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This relatively slow fabrication route is suitable for prototypical devices but hinders

the speed at which features covering larger areas can be repeatedly produced. Paral-

lel lithographic techniques, similar to an ink pad on paper, such as photolithography,

soft lithography, and AFM based lithography with cantilever arrays seek to remedy

this limitation. In this work, a nanolithographic process has been designed that cou-

ples the resolution of AFM based serial nanolithography with soft lithography, which

not only maintains the fidelity of serial nanolithography but incorporates parallel

patterning capability. The result is a novel technique for the generation of nanoscale

surface features that combines two popular and modern nanolithographic research

techniques.

1.1 Research Motivation

This research focuses on the development of a nanolithographic process that joins

two nanolithographic techniques - serial AFM based nanolithography and soft lithog-

raphy, a parallel technique - to combine their respective strengths of precision, ease

of use, cost effectiveness, and throughput. Much research has been conducted in the

area of serial AFM tip directed and parallel soft nanolithographic techniques [2–14];

however, parallel techniques are much more favorable as a means to increase pat-

terning throughput due to the amount of time for serial nanolithographic techniques

to cover large areas. The research outlined herein uses a uniquely designed AFM

that incorporates a graphical design interface specifically tailored for nanofabrication

to aid in the development of a nanolithographic process that combines AFM based

nanolithography with soft lithography.

Current research interest in the development smaller electrical systems as well

as mechanical and biological sensors and actuators has a large impact on the nan-

otechnological field. The AFM is considered one of the primary instruments for
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nanometer scale interaction and can be used to produce lines and patterns of vari-

ous chemical compositions and functionalities through methods such as diffusion and

self assembly, physical scratching, mask removal/creation with subsequent chemical

etching, and surface anodization. While serial nanolithographic techniques are ex-

tremely precise (<20 nm) , the inability to pattern large areas in a small amount of

time (100 years/cm2 [15]) render them inadequate from a manufacturing perspective

when compared with parallel techniques such as soft lithography and photolithog-

raphy. A process that combines the qualities of accuracy and precision with bulk

throughput and repeatability is ideal.

The controlled deposition of materials and the formation of complex structures

at the nanometer length scale shows the potential to propel many areas of science

and technology to new frontiers. Advancements in nanolithography will impact in-

dustry concerning integrated circuit manufacturing, biochip development, micro- and

nanoarray technologies, and the construction of miniature sensors and sensor arrays

for medical diagnostics and instrumentation. In the computing industry, the current

resolution of optical lithography techniques for manufacturing is 37 nm [16]. In order

to meet demands for faster microprocessors the critical dimensions of size and spacing

(pitch) for integrated circuits must be reduced. This resolution barrier will be broken

through advances in conventional and alternative lithographic processes. Directly re-

lated to microprocessor development is the improvement of data storage density on

surfaces. Conventional magnetic data storage techniques could reach their peak at

tens of Gbits/in2; however, scanning probe lithography has been used to create stor-

age densities of 1.6 Tbits/in2 on a titanium surface [17]. While currently isolated

to a very small area, advancements in parallel nanolithography would extend this

technology over larger areas to surpass storage densities possible using conventional

methods.
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Another research area under investigation concerns two and three dimensional

protein and Deoxyribonucleic acid (DNA) functional units and arrays. These efforts

aim to foster new ideas and advancements toward the creation of complex biochips

and biosensors. The major stumbling point in the development of this technology

continues to be the arrangement of individual units into a three dimensional structure

with a specific functional ability [18]. The creation and investigation of new processes

of nanolithography and surface patterning will aid in the development of specific

functional biochips. Nanoscale arrays of functional biological units have the potential

for many applications in the biological sciences, medicine, and defense for the ability

to detect the presence of specific molecules, ligand-receptor pairing, and antigen-

antibody binding events.

1.2 Relevance and Importance

The designed process, described extensively in Chapter 6, utilizes serial AFM based

nanolithography to create the master upon which the material used in soft lithog-

raphy is molded. Soft lithography in its most general definition is the casting of an

elastomeric mold against a hard master pattern and then used as a means to transfer

or pattern species onto a substrate in a parallel fashion through physical contact.

For the typical formation of the molds used for soft lithography, many conventional

micro- and nanofabrication methods such as photolithography and electron-beam

lithography (EBL) are utilized. These methods are the most widely used for the cre-

ation of masters upon which soft lithography molds are formed and tend to require

expensive equipment and strict operating conditions. The created process of using

AFM generated master patterns for soft lithographic stamp molding is an alternative

to conventional methods that remains relatively inexpensive. This enables a more

cost effective manner by which to prototype surface modifications in varying patterns
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using soft lithography at the nanometer length scale. From a practical standpoint,

current AFM based serial nanolithographic techniques are able to reach 20-50 nm

resolution and can be used as resist for etching schemes [19,20]. Current methods of

soft lithography are routinely able to reach the range of 50-100 nm [2, 16]; however,

the materials and process involved in the formation of the elastomeric molds crucial

to many forms of soft lithography are resolution limiting. Outlined in this research

effort is a low cost and simple alternative to the creation of master molds for soft

lithography that can be used to explore and push technological limitations.

This research advances the nanolithographic research knowledge base as well as

further investigates and develops AFM capabilities. In order to easily interact and

study at the nanoscale, the researcher must have full capability of operation of an

AFM instrument. Commercially available AFM’s often have graphical interfaces and

hardware systems that inhibit complete user control. AFM’s that incorporate I/O

hardware and software that enables the user complete control over system parame-

ters gives more flexibility and control, increasing ease of use and expanding research

effectiveness. An instrument that is user friendly will increase efficiency and directly

impact productivity. Creating an AFM platform that is completely customized en-

ables the integration of design software to automate command inputs to control posi-

tion, force, voltage, and velocity between probe and sample. Lithographic techniques

executed on commercial AFM’s can require repeated user defined and commanded

inputs with constant monitoring of the instrument. Results contained herein demon-

strate AFM based nanolithography as an automated process that requires little or

no user involvement. This type of research is necessary for the development and

application of automated nanolithography which directly impacts technological areas

that rely on nanoscale patterning.

The combination of AFM based nanolithography with soft lithography is a novel
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technique that expands the existing knowledge base concerning nanolithographic pat-

terning. The development of new methods of nanolithography can serve to provide a

different perspective to study resolution barriers in soft lithography, pushing the state-

of-the-art to new areas. Research concerning nanometer scale patterning through

AFM based lithography as well a soft lithography, two primary means for nanometer

scale patterning in the research environment, adds new insight and perspective into

the growing field of nanotechnology.

1.3 Goals and Objectives

The predominant goal that guided the successful completion of this research project

was to design a nanolithographic process that joins AFM based nanolithography

with soft lithography. In order for this goal to be realized, a number of distinct

objectives were established to be used as guidelines for logical research progress.

These objectives have been met and will be discussed extensively in the following

chapters of this document. They are outlined as follows:

• Design and develop a three-axis atomic force microscope for nanoman-

ufacturing. This initial objective guided the design of an AFM system that

enables the execution of nanolithography. Commercially purchased AFM sys-

tems are often expensive to purchase and are difficult if not impossible to be

altered or programmed. This hinders research efficiency and yields them dif-

ficult for prototyping new experimental techniques. These two disadvantages

warranted effort into the design of a system that can perform efficient nanoscale

patterning research at a superior level while remaining relatively inexpensive.

• Demonstrate serial and parallel nanolithographic capability Paramount

to the design of a process that joins two common research based nanolitho-
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graphic techniques is a firm understanding of the underlying principles involved

in the execution of each respective one. The completion of this objective pro-

vided for the knowledge and understanding of both AFM and soft lithographic

methods.

• Integrate methods and systems into a nanolithographic process The

culmination of the project took place in the third objective with the design

and development of a novel nanolithographic technique. This final objective

allowed for the study and identification of the key components crucial to the

design and definition of the process. Similar to the progression of steps in

a chemical synthesis, the final phase of the research produced a step by step

description for design and execution along with an investigation and discussion

into the capabilities, advantages, and limitations of the process.

1.4 Document Organization

The progression of the research conducted and the written report of work concluded

follows a systematic method. The outline of this document follows a parallel path

similar to the research objectives mentioned previously. In Chapter 2, the back-

ground and basic abilities of an AFM system are outlined. Focus then turns to

the design and construction of the custom AFM system including analysis on con-

troller design and performance metrics such as time response characteristics, closed

loop bandwidth, and stability margins. Chapter 3 focuses on the execution, study,

and analysis of serial based nanolithography, specifically ANL. The integration of

CAD/CAM based programming with the AFM system is introduced as a nanometer

scale feature generating tool. Contained in this chapter is an extensive study of oxide

layer formation on semiconducting material. Specific areas of research such as 3-D
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model replication based on parametric variation during feature generation as well as

concepts such as current feedback controlled lithography are presented. The next

part of the document, Chapter 4, focuses on the investigation of the background and

execution of soft lithography. Specifics include soft lithographic patterning of alka-

nethiol molecules via µCP and the relationship between master and molded stamp

characteristics. In Chapter 5, the combination of AFM-based nanolithography and

soft lithography is presented. An analysis and discussion of the steps included in the

process, the design directions taken, and complete results is presented. Concluding

remarks are contained in Chapter 6.

8



Chapter 2

The Design and Development of a

Custom Atomic Force Microscope

This chapter focuses on the design and development of a custom AFM system to

execute nanolithographic research. Within this chapter the complete design and

construction of the system is delineated. Specifics include closed loop servo control

design and implementation on piezoelectric flexure stages for positioning control at

the nanoscale. Performance characteristics concerning system operating procedures

and capabilities are also presented.

2.1 Atomic Force Microscopy Background

At the forefront of nanoscale instrumentation is the atomic force microscope (AFM).

The AFM enables the researcher to visualize and quantify forces and displacements

on the order of piconewtons and angstroms. The invention of the AFM by Binnig,

Quate, and Gerber originated from the idea of using scanning tunneling microscopy

(STM) theory to detect and regulate the displacement of a thin cantilevered beam

interacting with particles at the molecular level [21]. Typical cantilevers are fabri-

cated from silicon or silicon nitride using common microfabrication techniques such

as photolithography, lift-off processing, low-pressure chemical vapor deposition, and

bulk wet and dry chemical etching [22]. This processing results in a micron scale

cantilevered beam with an inverted pyramidal tip located at the end that interacts

with the substrate. A schematic of an optical detection type AFM system is shown

in Figure 2.1. Commercial tips typically have a radius of curvature Rc from 10 to
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30 nm and the cantilevers are usually from 50 to 300 µm in length, 10 to 15 µm in

width, and 1 to 7 µm thick. Commercial cantilevers are most commonly found in

two geometries: rectangular and triangular, the latter of which has two rectangu-

lar legs typically with ∼70◦ separation at the tip. When a cantilever tip interacts

with a surface, the force between the cantilever and the surface is proportional to

the vertical displacement, which is monitored by a quadrant photodetector. In some

AFM systems, the torsional displacement of the cantilever is also recorded to yield

frictional interaction information. Cantilever stiffness values are varied by altering

the physical dimensions of the lever and the material properties depending on the

desired application.

State-of-the-art AFM systems typically consist of a head (where the photodetec-

tor, laser source, and lever are mounted), piezoelectric stack positioning systems, a

graphical interface, and DAQ hardware. Advancements in piezoelectric flexure stage

positioning and sensing have taken nanopositioning to new levels with sensitivity

Substrate

Cantilever Tip

Cantilever

Laser Source
4 Quadrant Photodetector

∆z

∆V ∝ ∆z

xy

z

Piezoelectric Positioning Stages

Figure 2.1: The basic concept of a deflection type AFM system. Vertical and lateral
microlever displacements are monitored by a laser and quadrant photodetector.
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typically in the range of 0.1 to 1.0 nm. The positioning systems operate in three

dimensions and can move the sample with typical x-y-z travel dimensions of 100 by

100 by 25 µm. Structural resonant frequencies on the order of kilohertz allow for

movement to a specific position in milliseconds. This precise movement allows for

the nanomanipulation of organic and inorganic materials as well as the detection of

surface characteristics and displacements.

Topographical images of surfaces and biomaterials are routinely obtained with

nanometer precision using feedback control of the cantilever position to vary the

sample height. In contact mode imaging (CM-AFM), force feedback control in the

vertical direction is used to keep the AFM cantilever at a constant force while the tip

is raster scanned over the sample. Height information is then obtained from the po-

sition sensor on the vertical actuator. CM-AFM imaging is favorable when scanning

solid state surfaces and features as it results in the best vertical resolution of imaging

modes. During CM-AFM, the cantilever and tip can be scanned perpendicular to its

length and friction between the tip and sample can be detected through the torsional

bending of the cantilever. This is commonly called friction force, lateral force, or

chemical force mode AFM (LFM-AFM) and is useful for imaging molecules on sur-

faces that contain varying terminal chemical groups which are not easily detectable

with a height image. Different chemical functionalities cause varying frictional inter-

action with the AFM tip and varying degrees of torsional deflection of the cantilever.

In order to enhance contrast, tips can be chemically functionalized to provide ampli-

fied and predictable interaction between tip and sample [23,24].

Other imaging methods utilize a cantilever oscillating near its resonant frequency

to acquire height information. The amplitude of the oscillating tip is sensitive to

changes in the surface during interaction and can be maintained in a feedback control

loop that commands stage position. In non-contact mode AFM (NCM-AFM) the tip

11



is oscillated above the sample and in intermittent contact mode (ICM-AFM) the tip

makes contact with the sample each oscillation cycle. While these images typically

have less vertical resolution than contact mode, they have an advantage when imaging

biological specimens on a surface such as DNA and proteins due to the absence of

frictional interaction with the specimen that exists during CM-AFM. This helps to

preserve the structural integrity of soft and fragile biological specimens.

The size and shape of the tip relative to surface features dictates the image res-

olution. Oftentimes tips do not have large enough aspect ratios (small side angles)

to image surface features such as vertical trenches and sidewalls or Rc small enough

to resolve individual biological units. This has led to alterations of the tip geometry

such as electron beam deposition, ion beam milling, and the attachment of single-

and multi-walled carbon nanotubes (SWNT and MWNT) onto tips [25–28]. The

small diameter of such tips (1-3 nm in the case of SWNT tips) allow for the precise

imaging of biological molecules [29]. These sharpened tips also help eliminate tip

convolution, an imaging artifact arising from the pyramidal geometry of many tips

interacting with rigid surface features. The resulting image of a square-like feature

tends to be misrepresented as a rounded trapezoid; height information is preserved

but lateral representation becomes distorted due to the interaction of a straight edge

with a slanted tip sidewall. This leads to the recording of width information as the

full width at half maximum (FWHM), a width estimate based on the measured width

at half the feature height. As surface features tend toward the sub-20 nm range, ac-

curate imaging requires tips that are smaller in diameter and larger in aspect ratio

to overcome this effect. Measurements based on FWHM estimation method are only

valid if the tip radius is smaller than the width of the probed feature.
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2.2 Mechanical AFM System Design

The design of the custom 3-axis AFM system began with 3-D CAD of a suitable

form for the instrument to take. Two components are necessary for basic AFM

operation: (1) an AFM head and (2) positioning stages to allow for nanoscale motion

of the substrate with respect to the head and tip. A head was purchased (Veeco

Metrology Inc., Santa Barbara, CA) that contains a cantilever mounting device,

laser source, a 4-quadrant photodetector, laser optics, and adjustment screws for

laser alignment on the cantilever. Two different approaches were considered for the

basic design of the system. One design fixed the AFM head while the substrate

below it was moved in three dimensions. The other design mounted the AFM head

on an x-y positioning stage that moved in a horizontal 2-D plane while the substrate

was positioned vertically under the head with a positioning stage. The decision to

proceed with the latter design was based on a size and complexity argument. In order

to design an instrument with a fixed head, more complicated design and fabrication

would have been required and a larger instrument would have resulted.

The final design for the AFM system is depicted in Figure 2.2. Two piezoelectric

flexure stages were purchased for nanoscale motion (nPoint Inc., Madison, WI). The

first stage is a 2-D piezoelectric flexure stage with 100 µm of travel in two dimensions

and capacitive position sensors with noise floors of 0.5 nm operating in an open loop

configuration. A flexure stage is a device for motion that utilizes the deflection beams

with solid joints formed from one piece of material. The lack of moving parts virtually

eliminates hysteretic inaccuracies associated with small shifts in displacement usually

found when two bodies coupled via moveable joints provide motion. The second stage

is a linear piezoelectric motor with 12 µm of travel and a capacitive sensor with a

noise floor of 0.15 nm.
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Figure 2.2: 3-D CAD rendering of the final design of the custom AFM system.

Figure 2.3 is a wireframe view of Figure 2.2 showing the relative location of

the previously defined system components. The commercial head sits atop the x-

y piezoelectric flexure stage for lateral 2-D motion with respect to the sample. The

sample is moved vertically relative to the head with 128 threads/inch micropositioning

screws (Newport Corp., Irvine, CA) for coarse alignment on the order of microns. A

90◦ turn on the right hand screw (stand alone) corresponds to a 25 µm movement

between the tip and the sample. The z piezoelectric stack actuator is utilized for

nanoscale motion between the tip and sample. The piezoelectric stages are mounted

on 0.5 in. machined 6061 aluminum plates that are interfaced with one another using

the adjustment screws. Kinematic mounting using a sphere and vee configuration

allows vertical adjustment of each positioning screw for independent modulation of

planar angle between the two plates. The head is mounted to the x-y stage through

three 0.375 in. ceramic mounting spheres that couple with cone shaped receptacles
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Figure 2.3: 2-D wireframe rendering showing the relative locations of components
in the AFM system.

on the head and mounting plate and secured using elastomeric bands. The system is

housed in an acrylic environmental chamber (Nalge Nunc Inc., Rochester, NY). The

humidity inside the chamber can be regulated from 5 to 95 %RH using a humidity

control system (Omega Engineering, Stamford, CT). Once the humidity inside the

chamber is outside the prescribed setpoint (typically within ±2 %RH) as seen by the

probe, the appropriate electrically actuated valve (McMaster-Carr, Atlanta, GA) is

opened and either dry air or humidified air is flowed into the chamber. In order to

facilitate laser alignment on the cantilever as well as tip position with respect to a

desired area on the sample, a digital CCD camera (Micropix 1024, CCD Direct, Ann

Arbor, MI) with an affixed objective (Nikon, Japan) gives a total magnification on

screen of 50x. The entire setup rests on a vibration isolation table (Newport Corp.,

Irvine, CA) to prevent seismic vibration from disturbing the system.

15



2.3 Position Controller Design

Once the mechanical design aspect of the AFM system was completed, focus turned

to the design of the control systems that regulate the position of the piezoelectric ac-

tuated stages. In the following section, controller design will be highlighted, focusing

on aspects such as system model identification and loop shaping. After the design of

a suitable controller, analysis of the performance characteristics of the system such

as system response dynamics, bandwidth, force control, and imaging is covered.

2.3.1 Control System Description

To control tip motion accurately and repeatedly in 3-D space the AFM must have

closed loop positioning capabilities on three axes. Closed loop servo control, or feed-

back position control, can be defined as the compensation of position errors detected

sensor using specific control inputs to the system as prescribed by a control law.

Figure 2.4 shows the interaction between the physical system, the digital controllers,

and command interface within in the computer. Analog outputs from the AFM sys-

tem are signals related to horizontal and vertical deflection of the tip and capacitive

sensors outputs for current stage position. These are converted to digital signals

and processed within the computer, manipulated by compensators and programming

algorithms, and then transmitted back to the system as analog command signals.

Each independent axis of the positioning system follows the same principal layout

(Figure 2.5). A positional command to a specific location along a principal axis (x,

y, or z) is input to the system as a reference signal or setpoint. This signal is then

converted to the corresponding sensor output voltage and compared to the digitally

converted sensor voltage, which is directly proportional to position through sensor

calibration information. The difference between these two values, the error signal,
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Figure 2.4: Block diagram showing the overall input/output relationships of the
AFM system.
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Figure 2.5: Detailed block diagram depicting the signal flow from setpoint reference
to controlled position on a representative axis within the AFM system.

is then passed into a predesigned digital compensator which generates a command

signal that minimizes the error. The command signal is converted to an analog signal,

passed through a power amplifier, and sent to the piezoelectric actuators that dictate

the position of the stage.

2.3.2 System Model Identification

A precursor to the design of a compensator for control of a dynamic system is an

adequate understanding of the system itself. This involves the creation of a model

of the system in question that accurately captures the existing input/output rela-

tionships between actuators and sensors. A common tool typically employed for the

determination of a model for a dynamic system is system identification. Time domain

system identification of sampled systems is concerned with the determination of the
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system matrices A, B, C, and D that satisfy the discrete-time state-space system

x(k + 1) = Ax(k) + Bu(k)

y(k) = Cx(k) + Du(k)
(2.1)

subject to a known set of input and output response data. Although an infinite

set of matrices are able to satisfy the system, the one with the least number of

states is desirable. The system matrices are computed base on the singular value

decomposition of the Hankel matrix defined as:

H(k − 1) =


Yk Yk+1 . . . Yk+β−1

Yk+1 Yk+2 . . . Yk+β
...

...
...

...
Yk+α−1 Yk+α . . . Yk+α+β−2

 (2.2)

If the order of the modeled system is n, α nad β are chosen ≥ n. The Markov

parameters, Y, are defined as

Y0 = D,Y1 = CB,Yi = CAi−1B, i = 2, 3, ... (2.3)

The Markov parameters can be determined from given impulse response data con-

tained in the input and output data sets. This is accomplished by determining the

parameters for an auto-regressive with exogenous inputs (ARX) model determined

using the method of least squares estimation, which is concerned with minimizing

1

N

N∑
t=1

(y(t)− ŷ(t, θ))2 (2.4)

where ŷ(t, θ) is an estimation of y(t) based on coefficients of the linear difference

equation formed from the collected input/output data for the system. A rearranged
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form of the linear difference equation can be expressed as

y(t) = −a1y(t− 1)− . . .− any(t− n) + b1u(t− 1) + . . . + bmu(t−m). (2.5)

In order for simplicity, the following can be defined

θ = [a1 . . . an b1 . . . bm]T (2.6)

ϕ(t) = [y(t− 1)− . . .− y(t− n) u(t− 1) + . . . + u(t−m)]T (2.7)

then the estimation becomes

ŷ(t, θ) = ϕT θ. (2.8)

The task is to isolate the values of θ, the parameters of an ARX model, that min-

imize Equation 2.4. Once the parameters for the ARX model are determined they

are converted into Markov parameters and the Hankel matrix is constructed. The

singular value decomposition of the Hankel matrix

H(0) = UΣVT (2.9)

yields the parameters that define the minimal state space representation of the system

in question and A, B, C, and D are defined for a single input, single output (SISO)

system as:
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A = Σ−1/2UTH(1)Σ−1/2 (2.10)

B = Σ−1/2VT


1
0
...
0

 (2.11)

C =
[

1 0 . . . 0
]
UΣ−1/2 (2.12)

D = Y0 (2.13)

The process of identifying a model for a SISO system is straightforward. White

noise over a specified bandwidth and of acceptable amplitude is input to the system

and the output from the sensor is collected. The data is then input into a time-

domain system identification MATLAB algorithm that returns a discrete time state-

space system. For all three axes, the components that were included in the open loop

system identification, as shown in Figure 2.5, were the power amplifiers, piezoelectric

stages and sensor electronics, and the lowpass filters for anti-aliasing. The filters were

set at 5.0 kHz for z and at 1.5 for x and y and white noise with a bandwidth of 10.0

kHz was used as input in the case of the z axis and at 3 kHz for x and y.

The identified models were then compared to the frequency response function

generated from the data and if a suitable match was observed the model was saved.

The identified models for all three axes are displayed in Figures 2.6-2.8. For Figures

2.6-2.7, an interesting dynamic response is displayed. The two response peaks that

are shown, albeit small in magnitude (-0.5 and 3.5 dB for x and 1.0 and 7.2 dB for y),

demonstrate a coupled spring mass system. This is a result of the extra mass of the

AFM head being added along with an associated coupling stiffness due to the manner

of attachment. Due to this, there exists a dissimilar dynamic behavior between the

stand-alone piezoelectric actuator and the coupled actuator-head system. The stand
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Figure 2.6: Frequency response of the identified model for the x axis piezoelectric
actuator with coupled AFM head.

alone x-y stage has a mass of 59 g. based on geometric calculation. The head adds

substantial weight to the system with a mass of 410 g., which corresponds to mass

ratio of 7.9. The resonant frequencies of the fundamental modes for the stage itself

are 467.7 Hz for x and 463.4 Hz for y and were determined from an identified model

of the unloaded system over the same bandwidth (1.5 kHz). As the mass is added,

the fundamental mode is expected to shift due to the extra mass according to the

following

f1

f2

=

√
m2

m1

(2.14)

As a result, the fundamental modes due to the added mass should decrease by a

factor of 2.8, corresponding to fundamental frequency shifts down to 167.0 and 165.5

Hz for x and y, respectively. As can be seen from Figures 2.6-2.7, the first mode for
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Figure 2.7: Frequency response of the identified model for the y axis piezoelectric
actuator with coupled AFM head.
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Figure 2.8: Frequency response of the identified model for the z axis piezoelectric
actuator.
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x is 158.5 Hz and for y is 135.0 Hz, which is close to the expected values (5.1 % for

x and 18.2 % for y). The high value for error in the y direction is not of concern due

to the simplicity of the model used to account for the added mass. These extraneous

dynamic effects, however, are expected to have a slight impact on controller design

due to the small magnitudes involved.

As shown in Figure 2.8, it can be observed that the model for the z axis exhibits a

typical second order response with a resonant peak and 180 degrees of phase change.

For second order systems, the quality factor, Q, and the damping ratio, ζ, are related

by the following:

Q =
1

2ζ
√

1− ζ2
(2.15)

The quality factor is defined as the peak response amplitude of the frequency re-

sponse function (|G(jω)|). For cases of light damping, the equation is often simplified

to

Q ∼=
1

2ζ
(2.16)

The z axis represents the highest quality factor for the three axes of 13.0 with a

corresponding damping ratio of 0.04. This is not exceptionally high, but as will be

pointed out in a later section needs to be considered due to its potential to hinder

closed loop system performance.

2.3.3 Control System Loop Shaping

Once suitable models of the three piezoelectric positioners for the custom AFM were

identified, the dynamic system information contained therein enabled the design and
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Figure 2.9: Typical closed loop feedback control system.

analysis of servo controllers. Closed loop servo control allows for the precise and

repeatable positioning of the tip from one location to the next. If the AFM system is

operated open loop the positioning of the tip would be susceptible to drift. As long

as the position sensors remain true, closed loop control ensures positioning accuracy.

For a typical feedback system consisting of a plant, G, and a controller, C, as depicted

in the block diagram shown in Figure 2.9, the relationship between the sensor output,

y, and the reference input, r, is described by

y

r
=

GC

1 + GC
. (2.17)

Typically L is used to signify the loop gain of the closed loop system. In this case,

L = GC, but in a more general sense, the loop gain is the product of all transfer

functions contained in the feedback loop. Loop shaping is a process by which the

loop gain of the closed loop system is designed to ensure a certain type or level of

performance. In loop shaping, the characteristics of the closed loop transfer function

are altered by changing the parameters of controllers contained in the loop. This

is typically accomplished, in a simple sense, by adjusting the gain and phase of the

controller by adding multipliers, poles, zeros, and filters at predetermined locations

in the s plane to yield the desired closed loop response.

In the case of servo control, the desire is to have a closed loop response that has

zero steady state error, e. The difference between the reference input and the sensor
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output is called the error signal

e = y − r. (2.18)

Zero steady state error indicates that the system has tracked a specified input and

can indicate closed loop stability. In the case of the feedback loop of Figure 2.9, the

relationship between the error and the reference input is

e

r
=

1

1 + L
. (2.19)

To ensure that the error is zero it is desirable to shape L to be as large as possible

within the bandwidth of interest while maintaining a certain minimal level of robust-

ness. The robustness of the controllers designed in this section will be described later

in more detail (Section 2.4). Zero error over the bandwidth of the closed loop system

can be accomplished by forcing L →∞, which in turn will force e
r
→ 0. In order for

the closed loop system to have the desired dynamic response, the controller can be

adjusted through loop shaping. The result of a controller that contributes to satis-

factory loop gain dynamics will yield a system that will track an input disturbance

with zero error over the closed loop bandwidth.

A proportional plus integral (PI) control scheme was chosen for controller design.

A typical PI controller is described by

C(s) = Kp

(
s + Ki

s

)
(2.20)

and is a subset of proportional plus integral plus derivative (PID) control. A PID

controller has a very similar mathematical form as the PI controller, but contains an

additional zero (s). The derivative portion of the control law helps damp transient

oscillations of the closed loop system and maximum bandwidth is typically reduced as
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Table 2.1: Parameters for PI controllers, resulting margins, and expected perfor-
mance abiding to 3% settling time with minimal overshoot.

x y z
Kp 9.0× 10−3 6.0× 10−3 1.0× 10−3

Ti 2.0× 10−7 2.0× 10−7 1.0× 10−5

GM (dB) 11.1 10.2 18.8
PM (deg) 72.7 75.2 83.8

a result. Derivative control was eliminated from design consideration due to this fact;

for the custom AFM system a properly tuned controller that maximizes bandwidth

and response speed while minimizing transient error is desired. The process of picking

the parameters for Kp and Ki (or Ti = 1
Ki

) for each axis followed the same procedure.

A suitable nominal bandwidth for the system for the shaping process was chosen.

This determined the integrator reset rate, or Ki, which corresponds to the frequency

at which the integral action is ‘turned off’. Once this value is selected, the gain of

the controller, Kp is adjusted to dictate how aggressive the controller performs. A

higher gain for the integrator means less error and faster response, but too high and

the system becomes unstable. The final values for Kp and Ki were determined by

balancing performance and robustness as these parameters were adjusted. By obeying

phase and gain margins limits (10 dB and 30◦, respectively) while the PI control

parameters were adjusted enabled the minimization of the predicted 3% settling time

with minimal overshoot for a step response (1 µm step input). The phase and gain

margins chosen provide an adequate level of stability robustness to account for system

uncertainty. The phase and gain margins represent the limits that the closed loop

system phase lag and overall gain would have to reach in order to reach instability.

Table 2.1 shows the chosen values for the controller parameters for the PI controllers

applied on each control axis, and the expected gain and phase margins.

Using the values in Table 2.1 for the PI controller of Equation 2.20, the loop gain
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Figure 2.10: Predicted loop gain frequency response for the x axis.

of the system was determined. By analyzing the loop gain frequency responses of

Figures 2.10-2.12, the DC values for the loop gain are determined to be 48.5, 47.4,

and 65.1 dB, respectively. This level of gain can ensure rapid tracking. For type I

systems with unity feedback, as is the case here, the system has zero steady state

error to a step input. The system can track a ramp input with a positional error that

is related to the DC loop gain of the system

Kv = lim
s→0

sL(s) (2.21)

and results in steady state error of 1
Kv

. For example, the z axis DC loop gain of 65

dB corresponds to a factor of 1778 which results in a velocity error constant of 0.6

nm to a ramp input. When these controller parameters were used in the PI controller

of Equation 2.20 along with the model of the system in the feedback configuration of
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Figure 2.11: Predicted loop gain frequency response for the y axis.
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Figure 2.12: Predicted loop gain frequency response for the z axis.
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Figure 2.13: Predicted closed loop frequency response for the x axis.

Figure 2.9 the predicted closed loop frequency response was realized.

Figures 2.13-2.15 depict the predicted closed loop servo controlled frequency re-

sponses for all three axes. From these figures predictive behavior of the closed loop

system was ascertained; specifically, the closed loop bandwidth was estimated. The

bandwidth (BW) for the x, y, and z axes was predicted to be 38.3, 32.4, and 204.2 Hz

(crossover frequency at -3.0 dB). These control models were deemed suitable for im-

plementation and were incorporated into the actual system. This was accomplished

by transforming the continuous time controllers to discrete time controllers using a

zero order hold transformation. The controllers were then included into the digital

system (Figure 2.5) and the feedback loop was closed.
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Figure 2.14: Predicted closed loop frequency response for the y axis.
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Figure 2.15: Predicted closed loop frequency response for the z axis.
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Table 2.2: Simulated and actual transient response performance characteristics for
the x, y, and z axes of the AFM system.

X Y Z
Simulated Actual Simulated Actual Simulated Actual

td(ms) 4.97 4.40 5.46 6.94 0.68 1.35
tr(ms) 17.7 10.0 21.0 25.1 6.56 4.21
tp(ms) 24.7 15.6 29.0 33.3 6.56 6.33
Mp(%) 1.32 5.28 1.28 2.67 0 1.72
ts(ms) 16.2 23.9 19.5 24.1 6.56 4.21

2.4 Closed Loop Performance Characteristics

2.4.1 Step Response

System stability is the first thing to check when a controller is implemented for the

first time in a physical system. System instability is identified when the output

sporadically oscillates uncontrollably which either saturates the D/A converters or

maximizes the physical motion of the transducers. System stability was attained

when the controllers outlined in Section 2.3.3 were implemented in the physical sys-

tem. To measure the performance characteristics of each axis, experimental step

response data to a 1 µm step input was recorded. Figures 2.16-2.18 depict the sim-

ulated responses, the experimental responses, and the bounds for a 3% settling time

for each axis. In should be noted that the sensor outputs are unfiltered, so sensor

noise levels are apparent (x and y axes primarily). The filtering of the sensor outputs

by appropriate amounts to minimize this noise is outlined later in Section 2.4.2.

The details of the step response characteristics for each axis are outlined in Table

2.2. These values are outlined as follows: Delay time, td, is the time for the response

to reach 50% of the input level while rise time, tr, is the time for the response to

reach 100% of the input level. Peak time, tp, is the time for the response to reach

its maximum level. Percent overshoot, Mp, is the maximum amount the response
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Figure 2.16: Simulated and actual x axis step response of 1 µm.
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Figure 2.17: Simulated and actual y axis step response of 1 µm.
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Figure 2.18: Simulated and actual z axis step response of 1 µm.

exceeds the step level. Settling time, ts, is the time for the response to be contained

with a certain bound of the input level. In this case, the settling time is the 3%

settling time, and the bounds are shown in Figures 2.16-2.18 as horizontal dotted

lines at 1.03 µm and 0.97 µm. As can be seen from the tabulated results there exist

discrepancies in the performance characteristics between the simulated and actual

data ranging from the smallest amount of 4.0% in the z axis peak time up to a

maximum amount of 300% in the x axis percent overshoot. Certain parameters may

differ substantially from predicted behavior; this is not uncommon when controller

designs based on system models are integrated into the physical system. The system

identification process used yields a discrete state-space system. Controller design was

done in continuous time and then converted back to discrete time for implementation

in the system. It is possible that when this took place small discrepancies in the

33



DC gain of the model during transformation could account for these errors as they

would impact controller aggressiveness. Also, gain drifts in physical components of

the system such as amplifiers and filters could affect results as well. The differences

between expected and actual data were taken as indicators of model accuracy as

the main goal was met; a stable servo controller the exhibits acceptable response

characteristics was designed.

2.4.2 Tip Motion, Force Control, and Imaging

The next step in the design of the custom AFM system concerned the writing of

control algorithms that command the motion of the digital system (Figure 2.19).

Parameters within this digital system can be manipulated in order to execute a variety

of basic AFM functions. Paramount was the creation of programs that describe the

linear motion of the tip along the three principle axes. These motion commands

allowed for the execution of AFM functions necessary for basic performance. The

first of these functions is called force control (force feedback) where the tip is held in

contact with the substrate at a prescribed force level. The second of these functions

is imaging which is the basis of the microscopy aspect of an AFM instrument. Once

engaged in force control, the motion commands are then used to raster scan the tip

over the substrate in the x-y plane while it follows the contours of the sample. Since

the force level is constant the tip experiences little to no deflection and the profile

of the surface is recorded by the position sensors of the piezoelectric actuator. The

position data is then displayed as a three dimensional image of the surface.

Motion

Linear motion in the three axes is accomplished through programming algorithms (see

Appendix C) and digital signal manipulation using MATLAB. Each linear motion
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Figure 2.19: Simulink digital signal flow path for the custom AFM system

command has inputs of destination (µm) and velocity (µm/s).

Figure 2.20 depicts the means by which linear motion is executed. MATLAB

command line functions are executed that take destination and velocity as inputs.

The algorithms take that information and dictate properties contained in Figure

2.20. Specifically, motion is accomplished by the designation of minute steps in the

desired direction executed every digital sample. For example, say an x movement

of 5 µm at 500 nm/s is desired. At a sample rate of 3000 Hz this amounts to 10

s of movement and 30,000 setpoints over the 5 microns of movement. The result is

5000
30000

= 0.167 nm/sample of step responses that create the motion. This value along

with the desired destination and current position are input to Figure 2.20 as dx, x

des, and x delay IC (initial condition). Since the steps are so small in magnitude and

executed so frequently the motion follows a smooth line. As shown in later data the
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noise floor for the closed loop x axis sensor is around 1 nm, so a step response to an

input of 0.167 nm/sample is below the noise floor.

Force Control

Force control is the use of an additional feedback loop in the z direction that maintains

constant force between the tip and the sample. Force control utilizes the vertical

output of the quadrant photodetector and the servo controlled position of the z

piezoelectric actuator, along with a controller, to hold the cantilever at a constant

deflection. The tip can be commanded to move toward the substrate and the system

can be locked into force control mode once the appropriate force level is attained. The

design of the controller was conducted in the same manner as the three positioning

stages. In this case, the identified system is the input/output relationship between

the servo controlled z actuator and the photodetector output. It was determined

that another PI controller (Equation 2.20) would be appropriate for the application.

Once system identification was performed in the manner of Section 2.3.2 the same

tools as described in Section 2.3.3 were used to determine the controller parameters.

The result was a gain (Kp) of 0.3 and an integral reset rate (Ti) of 1.5 ∗ 10−3. These

parameters allowed for the successful servo controlling of a constant force between

the tip and the sample which can be engaged using command line inputs (Appendix

C).

Imaging

AFM imaging is a useful method to view surfaces and features at the nanoscale. As

discussed in Section 2.1 various modes for AFM imaging exist and most pertinent

to the work here is CM-AFM imaging. CM-AFM imaging is accomplished through

the raster scanning of the tip over a predetermined area of the surface while the tip
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Figure 2.21: Reference calibration grid depicting AFM imaging capabilities.

is in constant force with the substrate. As the tip encounters a surface feature of

either positive or negative height change the z piezoelectric actuator then adjusts

to maintain a constant force and an image of the surface is constructed from the

recorded position. Typical raster scan frequencies are in the range of 0.5-5 Hz. If

the periodicity of the scanned features is low enough, filtering of the sensor outputs

greatly improves image clarity and feature definition, specifically in the z-direction

which determines ultimate image resolution,. For imaging purposes digital lowpass

filters have been implemented in the real time model on the sensors outputs for the

x, y, and z stages with a cutoff frequency of 30 Hz. These filters reduce the noise

in the system and the resulting rms deviation in position sensor output for the x,

y, and z axes are 1.5, 2.2, and 0.1 nm, respectively. The data length for the rms

calculation was 60,000 points (20 s of data sampled at 3 kHz). For Si3N4 cantilever

with a force constant of 0.32 nN/nm, force control engaged at 5 nN results in an

38



26 27 28 29 30 31 32 33 34

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

x (µm)

z 
(µ

m
)

Figure 2.22: Scan profile of a representative pit on the calibration grid shown in
Figure 2.21.

rms position for the z sensor of 0.15 nm, which is a representation for the vertical

imaging resolution of a stationary cantilever in contact with a surface. To further

exemplify the imaging abilities of the system, a calibration grating has been scanned

that contains pits spaced every 10 microns with 200 nm depth (3-D Reference, Veeco

Metrology). A scanning algorithm has been written to perform raster scanning over

a variety of areas (Appendix C).

Figure 2.21 shows the image obtained after scanning the calibration grid and

was plotted using a graphing algorithm (Appendix B and C). This image is able to

give qualitative accuracy of the scanning system. To get a more quantitative idea,

an individual scanline obtained as the tip made a pass over one of the pits can be

analyzed (Figure 2.22). By analyzing these scanlines through averaging over a set of

ten, it is determined that the pits are 201.2 nm deep. These figures are within reason
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considering the manufactures specifications lack tolerances and state the depth of

the pits in the reference grid to be 200 nm. Figure 2.22 shows varying convolution

between tip and sample on either side of the surface feature. This is due to leveling

misalignment between the plane of the cantilever and the plane of the sample. When

these two do not coincide, certain scan directions enable the tip to profile the corners

of the pits on one side (right) as opposed to the other (left) based on the interaction

angles between the pyramidal tip and the vertical sidewalls of the pits. For lateral

quantification, the pitch of features in the scanned image are within 0.05 µm of the

actual pitch of the surface features (10 µm) which represents 0.5% lateral error. The

image in Figure 2.21 appears flat, but in actuality, this is due to flattening post-

processing algorithms applied to the image. The true sample is typically out of plane

with the scanning plane.

2.5 Chapter 2 Summary

In summary, Chapter 2 outlined in detail the design and construction of a custom

AFM system. Background information concerning AFM systems was introduced. Fo-

cus then turned to the description of the mechanical design of the AFM system and

CAD allowed for the realization of the finished instrument in a virtual environment.

Once the AFM system was assembled feedback control of the piezoelectric positioning

stages was implemented. Specifically, PI controller design via loop shaping of iden-

tified system models was used to maximize the performance characteristics resulting

in nanometer resolution (1.5 nm in x, 2.2 nm in y, and 0.1 nm in z, filtered) of the

closed loop three axis position system. The response speed of the three systems to a

1 µm is 16.2 ms for x (38.3 Hz BW), 19.5 ms for y (32.4 Hz BW), and 6.6 ms for z

(204.2 Hz BW). MATLAB programming algorithms were written to control various

aspects of the AFM system. Motion control for each axis was developed to provide
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for linear motion control at designated velocities. Force control can be engaged and

the tip can be raster scanned over an area for nanoscale surface profiling with 0.15

nm resolution. The measured data can be visualized as a 3-D surface plot and used

for quantitative analysis of surface feature dimensions.
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Chapter 3

Nanolithography Using an Atomic Force

Microscope

The primary focuses of Chapter 3 is AFM based serial nanolithography and is divided

into four sections. Section 3.1 covers general background information and research

concerning serial nanolithographic techniques with focus on AFM based methods. In

Section 3.2, a brief discussion is presented concerning the design selection of ANL

over Dip-Pen Nanolithography (DPN) as the AFM based patterning method used

in the execution of the overall process. Next, Section 3.3 outlines the integration

of macroscale milling machine design software and programming algorithms with

the custom AFM system for nanoscale fabrication. The final section (3.4) contains a

number of prototypical studies using the custom nanolithographic platform to further

research progress concerning anodization nanolithography and develop tools for use

in the overall process.

3.1 Prominent Serial Nanolithographic Techniques

Nanolithography involves the deposition, removal, and/or alteration of materials and

chemical species at the nanometer length scale. Most notable nanolithographic tech-

niques can be grouped into two main categories, serial and parallel. Serial nano-

lithography encompasses techniques such as EBL, Ion Beam Lithography (IBL), and

primary AFM based methods of DPN and ANL that are outlined in the following

subsections. A discussion of parallel nanolithographic techniques can be found in

Chapter 4.
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3.1.1 Particle Beam Based Methods

One of the most common serial nanolithographic techniques is the particle beam based

method of EBL. This technique is often used to create the mask patterns for other

lithographic applications and is commonly conducted using an SEM with lithographic

capabilities. In EBL an electron beam is used to expose a resist layer, typically

poly(methyl methacrylate) (PMMA) on substrate material, to create positive and

negative features at the nanoscale. Similarly, IBL is a particle beam based method

that uses a beam of ions to expose a resist material. The advantage of IBL over

EBL stems from its ability to both minimize scattering of developing particles in

the resist layer and have a higher resist sensitivity. As a result, IBL is a potential

candidate for the creation of next generation integrated circuits using ion projection

lithography [30].

3.1.2 Aperture Based Methods

Aperture based serial nanolithographic techniques utilize either an orifice to deliver

molecular species and etchants, as in the case of nanopipettes, or a fiber-optic cable

to focus light on the sample, as in Near-Field Scanning Optical Microscopy (NSOM).

Nanopipettes typically have an aperture on the order of 3-300 nm through which a

variety of chemical and molecular species can be delivered to a sample in a serial fash-

ion. In an early study, nanopipettes were used to locally etch a chrome layer using a

ferrocyanide etchant and have since been used to deliver numerous biomolecules to

surfaces. For example proteins and proteases for enzymatic activity were placed on

substrates as well as antibodies placed on an antigen coated surface [31–34]. Simi-

larly, by milling out the inverted pyramid of an AFM cantilever tip using IBL one

can deliver attoliter volumes of solution to a surface [35]. NSOM utilizes a fiber-

optic cable to deliver light to a sample in the near-field which aids in surpassing the
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diffraction limit for imaging [36]. NSOM setups have been used to serially modify

alkanethiol monolayers, photosensitive polymers, and photochromic sol-gel films in a

lithographic fashion at the nanoscale [37–39].

3.1.3 Scanning Probe Microscope Based Methods

Dip-Pen Nanolithography

Scanning Probe Microscope (SPM) techniques such as AFM and STM can also be

used to pattern materials and molecules at the nanoscale. In DPN, an AFM cantilever

tip is utilized as a transport mechanism for molecules when in contact with a substrate

under ambient conditions (Figure 3.1) [3, 11]. The first DPN experiments deposited

alkanethiol self-assembled monolayers (SAM) onto a gold surface with 30 nm line

width resolution and heights of 1.2 nm; a positively increasing dependance between

feature width and dwell time was exhibited. These initial proof-of-concept studies

claim that the transport of the thiol molecules from the cantilever tip to the surface

takes place immediately when the tip contacts the substrate via the formation of a

water meniscus; however, the necessity of the water meniscus during DPN is unclear

as other research demonstrates that transport takes place in the absence of water

[15, 40]. DPN is straightforward and simple to execute as nano-patterns and shapes

can be deposited onto substrates in a matter of minutes using an AFM setup. DPN

is not limited to organic molecules, metallic salts can also be deposited through

a modification of DPN called electrochemical DPN (E-DPN), forming solid state

features of metallic compositions onto silicon surfaces [12,41].

Larger molecules such as dendrimers, collagen, and deoxyribonucleic acid (DNA)

molecules can also be lithographically patterned on substrates using DPN methods

[42, 43]. The deposition of DNA in precise patterns and arrays onto surfaces has

important technological implications. Due to the ability to control the reactivity of
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Deposited SAM

Tip Inked 
with Solution

Translation Direction

Figure 3.1: Dip-pen nanolithography - Contact between AFM tip and sample trans-
fers molecules from the tip to the sample.

DNA through sequencing, these arrays could potentially impact biodiagnostic and

molecular recognition assay research efforts. Sequence specific DNA molecules are

made to self-assemble into nano-patterns and arrays using a combination of DPN and

wet chemical etching techniques, leaving behind DNA sequence specific functional

groups that can be used for further processing [19]. Due to the extent of research

concerning DPN a review article summarizes current work [13].

Anodization Nanolithography

Another serial nanolithographic technique that utilizes an AFM setup is ANL, com-

monly called local anodic oxidation (LAO) and the general process is depicted in

Figure 3.2. The first SPM based surface anodization of semiconductor surfaces used

the tip of an STM to create surface features on an H-passivated silicon substrate [44].
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Raised Oxide Features

Translation Direction

Figure 3.2: Anodization nanolithography - A bias voltage between the tip and
sample creates a local oxide layer.

This technique was utilized on AFM setup to create surface oxide features on silicon

that were transferred into the underlying silicon using hydrofluoric acid (HF) etch-

ing [6]. The principle behind local ANL is relatively straightforward. A metallized or

semiconducting AFM cantilever is used to create a localized electric field between the

tip and sample via an applied bias voltage (substrate at higher potential). When this

electric field interacts with a silicon or silicon oxide layer in the presence of adsorbed

water from the atmosphere, a localized silicon oxide layer is grown above and be-

low the surrounding surface [45, 46]. The electric field creates oxyanions (O−,OH−)

from the water and surrounding air and serves to drive these anions into electric

carrier holes in the silicon/silicon oxide matrix. The resulting feature linewidth and

height depends on experimental parameters such as tip scan speed, humidity, applied

voltage, and AFM operational mode (NC-AFM, ICM-AFM, and NCM-AFM). The
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resulting feature height is typically around 2-4 nm with a maximum value of around

10-20 nm and linewidths range from 10 nm to 200+ nm, depending on a multitude

of experimental parameters. These parameters include but are not limited to sub-

strate type (metal or semiconducting), substrate doping or chemical modification,

tip material composition and geometry, voltage application, tip dwell time, current

flow, relative humidity and ambient oxygen content or composition [20, 47–57]. A

review article has recently been published that highlights many of the key findings

pertaining to the development of ANL [14].

3.2 Serial Nanolithography Design Selection: An-

odization Nanolithography

A major component to the design of the nanolithographic process that joins AFM

based nanolithography with soft lithographic patterning techniques is the formation

of master patterns. Master patterns are typically rigid in nature and have a three

dimensional structure on the micro- and nanoscale that is either a positive or negative

representation of the desired resulting pattern. In mask terminology for photolithog-

raphy, a negative resist has taller features remaining after development that match

the areas exposed to light radiation while a positive resist operates inversely. In the

following sections, design arguments are presented that compare and contrast two

main AFM based nanolithographic techniques, DPN and ANL, to isolate the best

candidate for master pattern generation. Although both techniques can be used for

the formation of the master patterns, ANL has distinct advantages in 3-D structure

generation, controllability, and process simplicity.
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3.2.1 Resolution of 3-D Structure Generation and Mask Ef-

fectiveness

Both DPN and ANL can be used in combination with wet chemical etching to produce

3-D nanostructures. For ANL, the resulting oxide layer can be used as a negative

mask to protect against wet chemical etching schemes. In one study, features in the

10-30 nm range were created using this method [7]. Specifically, aqueous potassium

hydroxide (KOH) preferentially attacks silicon over silicon oxide which allows for the

creation of high aspect ratio structures. One study found that if ANL is combined

with selective anisotropic etching of silicon, high aspect ratio features (∼400 nm

height and ∼55 nm lateral dimension) can be formed [58]. ANL generated oxide

patterns can be used as mask layers and combined with wet chemical etching processes

to create taller features on silicon [7] or holes in silicon nitride [59]. The ultimate

resolution to date of a structure created with AFM based ANL combined with wet

etching was reported to be 8 nm using pattern generation and multiple chemical

etching steps to reduce size [60]. DPN has also been used to pattern resist layers in

the generation of 3-D nanostructures. For example, SAMs of alkanethiol molecules

on gold coated silicon generated with DPN can be used as a mask layer that is

resistant to a ferri/ferrocyanide etchant [61]. In this work, gold dots 25 ± 5 nm in

diameter and 10 nm in height and gold lines of 60 nm linewidth were made. These

gold patterns could potentially be used as etch resists to generate higher aspect ratio

structures. It has been mentioned that gold-ferri/ferrocyanide etching systems are

resolution limited by the gold grain size of the thin metal layer, which is on the order

of 15-30 nm [4]. Based on this information, ANL can potentially create high aspect

ratio nanostructures with a minimum lateral critical dimension that is smaller than

DPN.

48



3.2.2 Process Controllability

In order to make the most accurate master patterns for molding of the polymeric

materials used in soft lithography, it is essential to have control over the lateral

dimension of the created relief structures. ANL can be initiated and terminated

through a bias voltage which demonstrates the potential to be directly incorporated

into control schemes that modulate this variable during lithography. In DPN, tip

contact with the substrate initiates ink transfer and pattern generation. This can

be terminated by removing the tip from the substrate, so it too can potentially be

modulated through the use of computer control. Both techniques exhibit feature

dependance on experimental parameters. In ANL variables such as bias voltage,

dwell time, and humidity all affect the lateral dimension of the resulting features

and for DPN, humidity and dwell time affect lateral resolution. One consequence

of DPN is that there is a potential for excessive ink deposition which may spread

along the substrate surface after transfer. Since the spreading of excess ink cannot

be controlled, this can lead to uncertainty in the resulting pattern dimensions after

processing. A drawback of ANL is that the oxide formed extends below the surface of

the silicon [51]. Because this oxide formation cannot be measured with AFM, it could

affect the expected versus actual feature dimensions when chemical post processing

is used to increase aspect ratio.

3.2.3 Complexity and Repeatability

A primary difference between ANL and DPN is that in the case of DPN, the tip

must be loaded with the molecule of choice. As a result, potential problems such

as monolayer and solution inconsistencies can arise which may ultimately affect pat-

tern transfer. ANL can have potential problems with tip wear, especially in contact

mode; however, this effect is minimized using voltage biases <16 V. Likewise, similar
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problems can arise when patterning with DPN. Tip wear problems can be overcome

by patterning in ICM-AFM. When imaging a surface patterned via DPN, transport

from tip to surface can occur. This effect is typically not noticeable due to the rel-

atively high speeds used during image scanning, but repeated imaging can lead to

significant transfer which could hinder uniform etching.

Based on the above arguments, ANL was chosen as the candidate process for

integration into the design. This design decision is based on three key differences be-

tween the two processes. First, the ability to control pattern transfer based on voltage

application rather than tip contact is more easily integrated into control schemes, es-

pecially those with fast performance necessities. Second, the uncontrollable potential

spreading effects of alkanethiol molecules after transfer are unappealing when con-

sidering lateral control. Third, the inking necessity of DPN could lead to undesirable

reproduction variations in feature shape and composition.

3.3 G-Code and Computer Aided Design Integra-

tion

As stated is Section 2.1, the AFM is a powerful tool for research at the nanoscale

and can be used to perform a variety of imaging and lithographic functions. In the

previous section it was determined that ANL would be the most appropriate method

to integrate into the process. The detailed design of a custom built closed-loop 3-axis

AFM system designed to execute nanolithographic research is outlined in Chapter

2. This section will further delineate the expansion of this system through integra-

tion with a CAD/CAM environment. The CAD/CAM software utilizes a virtual

design environment to visualize in the desired nanoscale surface features. Using a

G-code interpreter and the motion control algorithms the design is then replicated

automatically using nanolithographic techniques. In this section the incorporation of
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hardware and software is outlined and performance capabilities are highlighted.

3.3.1 Background and Motivation

G-code is traditionally attributed to Computer Numeric Control (CNC) machine

tool platforms. When CNC milling machines were first invented, G-code was the

programming language used to command the motion. A user would manually write

code containing the appropriate G-code commands and the program would be loaded

into the machine. The code would then dictate tool bit motion to create lines, arcs,

and circles of varying depths in the material, control coolant addition, and regulate

the changing of machining bits. Even more recently CAD/CAM software has been

used to create pieces in a virtual environment. Before cutting begins, simulations

are run that follow the proposed tooling scheme and potential problems are antici-

pated, saving both time and money. These programs are capable of outputting the

appropriate G-code commands and can be directly incorporated with CNC milling

machine platforms to automatically create the desired piece. Although many of these

systems are fully automated, user input of commands within the process is often re-

quired to correct for mistakes during fabrication. Systems are continually improving

to minimize the need for user interaction and control in the CNC milling process.

For software design, a commercially available CAD package, SolidWorks, was cho-

sen as it is readily available within the research lab. By using G-code and command

algorithms the AFM tip can be commanded to move in a similar fashion at the

nanoscale. As will be highlighted in the following sections, the union of CAD with

AFM based nanolithography offers a unique manner by which to perform automated

nanoscale replication from a design plan.
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Figure 3.3: CAD environment displaying designed features to be automatically
deposited using ANL. The grid spacings are 1 µm. c©2006 IEEE. Reprinted, with
permission, from [1].

3.3.2 Computer Aided Design Interface

The advantage of a custom AFM system over a commercially available system lies in

the fact that our system can be tailored to meet design criterion for nanolithography

through specific programming algorithms. Instead of being a closed system as in the

case of typical commercial setups, this system is open to changes that can enhance

performance. The AFM system processes Drawing Exchange Format (DXF) output

files created using SolidWorks. A generic layout for 2-D replication contains a 70 µm

x 70 µm area that represents the space on which lithography can be executed based

on limitations of the piezoelectric stages. Once the desired pattern is created on

this layout, the DXF file is then converted to G-code using an open source converter

called ACE converter [62]. The system interprets the data contained in the G-code

file (source code in Appendix C) and along with the custom written MATLAB algo-

rithms designed to control the motion of the three piezoelectric stages (Section 2.4.2)

automatically directs the motion of the tip. The G-code interpreter automatically se-
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Figure 3.4: AFM contact mode image of the deposited D, U, K, and E features using
ANL. Shaded scale bar (lighter is taller) is 1 nm for height reference and the solid
scale bar is 4 µm for lateral reference. c©2006 IEEE. Reprinted, with permission,
from [1].

lects a logical tool path to complete the pattern and sometimes the tip is commanded

to leave the surface, move on to a new position, and then re-engage the surface. Tip

speeds are different when in contact (slower) than when moving to a new position

(faster) to decrease the overall time for the total process to complete.

3.3.3 Nanolithographic Example

To verify basic AFM system performance using CAD for lithography, DUKE was

spelled out in the CAD/CAM design environment (Figure 3.3) and automatically

replicated at the nanoscale [1]. As can be seen in Figure 3.4, the desired letters were

successfully transferred to the substrate. The solid scale bar is 4 µm for lateral refer-

ence and the shaded scale bar is 1 nm for height reference. Experimental details are

described in Appendix B. Total execution time to complete the lithography was ∼2

min and no noticeable drift is evident due to the closed loop nature of the positioning

system. A more complete quantification of system drift during lithography is saved

for Chapter 5. After ANL deposition, the samples were imaged on both the custom
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Figure 3.5: Enlarged CM-AFM images from the features in Figure 3.4 and repre-
sentative line profile obtained from the image. Shaded scale bar (lighter is taller) is
1 nm for height reference and the solid scale bar is 2 µm for lateral reference. c©2006
IEEE. Reprinted, with permission, from [1].

built AFM system as well as a commercial AFM system (Asylum MFP3D, Figure

3.4).

Enlarged CM-AFM images were used for feature dimension analysis as shown at

the top of Figure 3.5. Feature characteristics with an average height of 0.6 ± 0.1

nm and width of 106.1 ± 21.6 nm were calculated using an average of 20 line profile

samples taken from the resulting images at random locations. Also, a representative

profile used in the calculations is shown in the bottom of Figure 3.5. Height values

used were measured from top to bottom and the widths were taken as FWHM.
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Figure 3.6: CAD environment displaying a spiral pattern to demonstrate curve
generation capability. The grid spacings are 500 nm. c©2006 IEEE. Reprinted, with
permission, from [1].

In order to further verify the capabilities of the custom system, a series of con-

nected arcs and semicircles (Figure 3.6) was deposited using ANL and then imaged.

In the generation of the pattern, the tip used is identical to the experiment shown

in Figure 3.4, but the bias voltage was increased to 12.5 V in order to obtain taller

features. The substrate was then scanned over a 9 µm area at 1 Hz. As can be seen

from Figure 3.7, the custom system can generate and depict the deposited features

with qualitative accuracy. Extensive quantitative reproduction capabilities of the

nanolithographic system are presented in Chapter 5.

3.4 Anodization Nanolithography Experimental Stud-

ies

This section highlights specific experimental work conducted using the custom AFM

system. The work in this section focuses on the precise control of feature size using

AFM based ANL. In the first section, relationships between experimental parameters

such as voltage, tip speed, and relative humidity during ANL and resulting oxide fea-
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Figure 3.7: Resulting spiral design from Figure 3.6. Height colormap range is 5
nm, dark to light, and solid scale bar is 1 µm for lateral reference. c©2006 IEEE.
Reprinted, with permission, from [1].

tures and current flow through the AFM tip are established. Based on the preceding

results, an improvement on the capabilities of the AFM system is introduced as 3-D

drawings in the CAD environment are faithfully replicated at the nanoscale. Lastly,

results from the parametric studies are used to control current flow through the AFM

tip in order to improve local oxide formation during lithography.

3.4.1 Parametric Anodization Nanolithography

As stated in section 3.1, parameters such as tip-sample bias voltage, scan speed, and

relative humidity are the primary experimental factors that affect the resulting oxide

pattern profiles and much research has been documented in the literature based on

these relationships [20, 48–57]. Despite experimental differences such as substrate

thickness and preparation, cantilever tip material and geometry, and experimental

setups that lead to variations among studies, certain trends prevail. The first trend

is that with all else remaining constant, increasing bias voltage and increasing oxide

height are linearly (positive) related. The second trend is that the slope of the previ-

ous relationship is dependant on the tip scan speed, slower speeds correspond to larger
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positive slopes or larger ∆nm
∆V

. The third and final trend is that increasing relative

humidity leads to an increase in both oxide height and width, but this relationship

requires further investigation as only one work provides significant depth [63].

Early in the research it was decided that CM-AFM based ANL would be the

primary focus, a direct result of the decision to monitor current through the tip-

sample junction during lithography. It is hypothesized that the quality of resulting

oxide lines can be improved by controlling fluctuations in the current signal during

lithography using input parameters such as bias voltage and translational speed.

Only a few published works to that point in time focused on measuring current

during lithography and all were conducted in CM-AFM [50, 64, 65]. Recently more

work has focused on the identification of the current type involved during ANL which

has led to an even better understanding of the physics behind the entire anodization

process [45,46,66].

Before a controller can be designed that modulates current during lithography,

it is necessary to understand the system in question. Specifically, a model of the

current-voltage and current-velocity relationships that exist during lithography needs

to be realized. The first experiment conducted was aimed at determining how current

through the tip is affected by changes in translational velocity. The second experiment

conducted focused on determining how changes in bias voltage affect the resulting

current. Finally, the impact of humidity on oxide width and tip-sample current

was investigated. Experimental methods for all parametric studies are outlined in

Appendix B.

An experiment was conducted that involved the writing of a series of oxide lines

using CM-AFM based ANL at various speeds during which the current was recorded.

The relative humidity was held constant at 20% using a custom controlled environ-

mental enclosure, the bias was set at 9V, and the contact force was 5 nN. Figure 3.8
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Figure 3.8: Plot of current through the tip and resulting line height as a function
of velocity during oxide fabrication using CM-AFM based ANL.

depicts the result; the current plotted is an average over the entire length of the line

as recorded during fabrication with rms bounds shown above and below each data

point. As can be seen in the figure, there is a linear relationship between speed and

current through the tip sample junction. The equation that fits the current data, I

(pA), versus velocity, U (µm/s), is as follows:

I = 39.4U + 3.87. (3.1)

To exemplify how the velocity affects the resulting line profile, the average height

as measured along the length of each line is potted. As can be seen in Figure 3.8,

there is a slight decrease in line height as speed increases. This phenomenon has been

observed by other groups; longer dwell time during oxide formation results in taller

features [49–51]. The equation that fits the height data, H (nm), as a function of
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velocity, U (µm/s), is:

H = −0.22U + 6.14. (3.2)

The next experiment involved varying the bias voltage while keeping tip velocity,

force, and humidity constant (Figure 3.9, a and b). The humidity was 20%, the

tip scan speed was 0.5 µm/s, and the contact force was 5 nN. The layout of the

figure with respect to data points and rms bounds is the same as in Figure 3.8. The

figures depict an exponential relationship between current and voltage and there are

two equations that can describe the data trends. For Figure 3.9a, the equation that

describes the current, I (pA), as a function of height, H (nm), and voltage, V (V),

is:

I = 4.5e0.047(H+2)V . (3.3)

For Figure 3.9b, the equation that describes the current, I (pA), as a function of

voltage V (V) is:

I = e0.31V . (3.4)

For both of the figures, there is a linear increase in height, H (nm), as the voltage,

V (V), increases:

H = 0.23V − 1.1. (3.5)

Equation 3.3 represents a trapped charge effect combined with a field effect where

the current increase is not only a result of the oxide thickness H (trapped latent

charge) but also the applied voltage V (a field effect which impacts tunneling and

faradaic current). On the other hand, Equation 3.4 represents a model that focuses
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solely on a field effect for the current. A general equation for tunneling in silicon

oxides in high-field diodes follows the general form:

I = AeβV . (3.6)

For AFM based ANL, β ranges from 0.2-0.55 and depends on silicon substrate ter-

mination, tip type (metallized vs. silicon), and lever spring constant. The constant

A is hypothsized to be a function of the relative humidity. β has been used in the

literature to represent either a threshold voltage (Vth = 1
β
) for oxide formation (3.1 V

in the case of Equation 3.4) or a parameter based on oxide thickness (0.047(H + 2)

as in Equation 3.3) [45].

The third and final parametric experiment conducted was one in which the am-

bient humidity was altered during lithography for a constant velocity and voltage.

The relative humidity was increased from 10% to 75% with fixed bias at 9V, speed

at 0.5 µm/s, and force at 5 nN. For the experimental data in Figure 3.10, the widths

of fabricated lines at constant voltage and speed increases linearly with relative hu-

midity. The height of formed oxide lines during humidity parametrization showed

no observable trend and fell in the range of 1.4-1.6 ± 0.3 nm in all cases. For the

fit shown, the equation that describes the relationship between width, W (nm), and

relative humidity, RH (%), is:

W = 1.35RH + 78.73. (3.7)

Correspondingly, the current, I (pA), decreases as the relative humidity, RH (%),

increases:

I = −0.96RH + 85.5. (3.8)
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Figure 3.9: Plot of current through the tip and resulting line height as a function
of voltage during oxide fabrication using CM-AFM based ANL. a) Current data fit
with Equation 3.3. b) Current data fit with Equation 3.4.

61



10 20 30 40 50 60 70 80
0

50

100

150

200

250

300

350

400

C
ur

re
nt

 (p
A,

 s
ol

id
)

10 20 30 40 50 60 70 80
0

50

100

150

200

250

W
id

th
 (n

m
, d

ot
te

d)

Relative Humidity (%)

I = -0.96*RH + 85.5 
W = 1.35*RH + 78.73

Figure 3.10: Plot of current through the tip and resulting oxide linewidth as a
function of ambient relative humidity during oxide fabrication using CM-AFM based
ANL.

In experimental work performed by Dagata et al. [45], the current during anodiza-

tion nanolithography on silicon is shown to be a combination of electronic (tunnelling)

and ionic (faradaic) currents, with faradaic current contributing more to the oxide

formation mechanism. At a voltage bias of 9V, they demonstrated that the total

tunnelling current is comprised of 85% Fowler-Nordheim and 15% direct tunnelling.

In that work it was determined that the area of the meniscus at the tip-substrate

interface impacts the level and nature of the current detected. They also determined

that local oxidation is governed by constant charge density at this interface. The

electrical component of the current serves to broaden features via lateral diffusion

as a result of reaching a local charge density maximum for a given voltage and hu-

midity. The focus of the work in [45] is concerned with the maximum current at the

onset of oxide formation. The work outlined here differs as current measurement is
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occurring during oxide formation during tip translation and not at a fixed position.

Dagata et al. demonstrate that maximum current increases with humidity at a con-

stant voltage level; however, in the work presented here the current decreases with

increasing humidity at a constant voltage and line fabrication velocity (Figure 3.10).

During tip translation the charge density buildup in the oxide is dissipated when

uncharged silicon is encountered which result in the observation of different current

trends. When the relative humidity changes to a higher level the size of the menis-

cus at the interface increases as evident in width data trends highlighted in Figure

3.10. As the meniscus increases in diameter there is a change from predominantly

tunnelling (higher current magnitudes) to faradaic current. It is hypothesized that

the increase in the meniscus size inhibits the transport of charge as Fowler-Nordheim

tunnelling current and forces the charge to contribute more to faradaic current flow

resulting in an increase in oxide volume (linewidth).

3.4.2 Control of Oxide Formation in Three Dimensions

The parametric studies conducted in the previous section highlight how environmen-

tal and experimental parameters during ANL affect the formation of silicon oxide

structures at the nanoscale. For a given substrate and tip combination the paramet-

ric results can be integrated with the 3-D design capabilities of the CAD software

interface to automatically control oxide formation in three dimensions.

The custom AFM system can be compared to a macroscale stereolithography ap-

paratus (SLA). The three dimensional structure is constructed in the CAD environ-

ment and then is inverted into the surface plane. Since the AFM system conducting

ANL deposits material (as opposed to removing as the interpreter is accustomed to),

the standard tessellation language file (.STL) sent to the G-code interpreter must

contain an inversion with respect to the planar surface with feature depths that cor-
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Figure 3.11: Graphical depiction of desired (black outline) and actual (gray shading)
oxide deposition area with tool centerpoint location along the edge (black dotted)
resulting from a CAD file using raised features and a 100 nm tool bit (circle) with 50
nm stepover.

respond to the original desired heights. Inverted feature area corresponds exactly to

the cross-sectional area and inverted depth corresponds directly with feature height

to be deposited. The interpreter (MeshCAM, GRZ Software) takes a .STL file and

generates 3-D G-code toolpath information for the tool (AFM tip) in order to ex-

actly replicate the model. The replication capabilities of the system are limited by

the effective tool size used and in this case is represented by the diameter of the

AFM tip and resulting oxide FWHM and impacts the number of parallel trajectories

necessary to finish the desired pattern. For example, say a 1 µm x 1 µm x 2 nm

(center located at x-y coordinates of [1.5 µm, 1.5 µm]) feature is to be created using

a 100 nm bit and a 50 nm stepover (center to center spacing between trajectories).

This is graphically represented by the solid black square in Figure 3.11. For a .STL

file with a vertical feature of these dimensions, the interpreter would create 18 passes

in the x direction and step 50 nm in the y direction after each pass, depositiong oxide

over the area indicated by the gray shading in Figure 3.11. If the G-code from the
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Figure 3.12: Graphical depiction of desired (black outline) and actual (gray shading)
oxide deposition area with tool centerpoint location along the edge (black dotted)
resulting from a CAD file using recessed features and a 100 nm tool bit (circle) with
50 nm stepover.

interpreter was then input into the nanolithographic platform, the resulting area of

oxide deposition would cover 1.32 µm2 (an extra 32%). If an inverted feature with

the same cross-sectional area and depth equivalent to the desired height were input

to the interpreter with the same tool size and stepover (Figure 3.12), the interpreter

will output G-code coordinates to deposit oxide over a 1 µm2 area, exactly as desired.

The first experimental run was an attempt to replicate a series of lines with

varying heights (Figure 3.13a). Since the tip and substrate preparation differ from

that described in Section 3.4.1, voltage vs. height information first needed to be

determined (Appendix B). To calibrate the system, two lines were written at 6 and

10 V bias with measured heights of 0.73 and 2.28 nm, respectively. From the results

in the previous section (Equation 3.5, the relationship between voltage and height

for the present parameters can be determined through linear interpolation and can

be used for predictive oxide formation. Based on these results, the grating in Figure

3.13a was created with the tallest feature being 2.25 nm and the shortest features
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Figure 3.13: 3-D design and replication of a nanoscale grating. a.) CAD design
of desired features. b.) AFM image of features produced using nanolithographic
platform (the shaded scale bar is 2.25 nm for height and the solid scale bar is 2.4 µm
for lateral). c.) Cross-section of features in b).

being 0.75 nm. The CAD design was then converted to an inverted image, saved as

an .STL file, converted to G-code, and input into the nanolithographic platform. The

platform automatically adjusts the required voltage to achieve the prescribed height

using the voltage vs. height data and the structures are replicated. An AFM image

of the result shown in Figure 3.13b (Appendix B); the shaded scale bar is 2.25 nm

for height and solid is 2.4 µm for lateral reference. Figure 3.13c is a line profile of

the pattern created with an average of 100 scanlines from the AFM image in Figure

3.13b. Table 3.1 outlines the data for the oxide structure of Figure 3.13. Table 3.1
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Table 3.1: Desired and measured height for the results displayed in Figure 3.13.
Line number corresponds to feature number from left to right.

Line Model (nm) Actual (nm) Line Model (nm) Actual (nm)
1 0.75 0.72 10 2.06 1.96
2 0.94 0.83 11 1.88 1.89
3 1.12 1.06 12 1.69 1.81
4 1.31 1.25 13 1.50 1.50
5 1.50 1.43 14 1.31 1.21
6 1.69 1.57 15 1.12 0.93
7 1.88 1.87 16 0.94 0.82
8 2.06 1.96 17 0.75 0.75
9 2.25 2.25

shows good agreement between predicted and actual oxide formation as the average

deviation from the expected value is 0.07 ± 0.05 nm.

The next experiment conducted investigated the generation of square 3-D nanos-

tructures to determine both lateral and vertical oxide replication abilities. Square

structures were generated in the CAD environment to be replicated using the AFM

system as outlined in Appendix B (Figure 3.14a). The voltage for each structure

increases linearly from 6 to 9 V, left to right. A higher humidity was chosen, which

increases the meniscus and resulting width of oxide formation (Figure 3.10), to in-

crease the tool size and stepover resulting in less processing time. In this case, the bit

diameter is 160 nm, the stepover is 80 nm, and the generation of the structures re-

quired about five minutes to complete. Figure 3.14b is a contact AFM image created

immediately after structure generation (Appendix B). A profile along the midline

(at y = 2.5 µm in the x direction) is an average of 500 scanlines (Figure 3.14c) and

indicates an increase in structure height from 1.5 to 3.1 nm. Table 3.2 outlines the

desired and measured results for the patterns formed in Figure 3.14. In the table,

length corresponds to the dimension in the x direction and width is along the y di-

rection. Again, there is good agreement between the predicted and desired height,
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Figure 3.14: Design and replication of a varying height square 3-D oxide structures.
a.) CAD design of desired features. b.) Features reproduced using nanolithographic
platform. c.) Cross-section of features in b.).
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Table 3.2: Predicted and measured height and lateral dimensions for the results
displayed in Figure 3.14. Feature number increases from left to right for both.

Feature Height (nm) Length (µm) Width (µm) Area (µm2)
1 1.5 1.0 1.0 1.0

Predicted 2 2.0 1.0 1.0 1.0
3 2.5 1.0 1.0 1.0
4 3.0 1.0 1.0 1.0
1 1.5 ± 0.4 1.06 ± 0.3 0.99 ± 0.2 1.05 ± 0.06

Measured 2 1.9 ± 0.4 1.11 ± 0.2 0.98 ± 0.1 1.09 ± 0.02
3 2.4 ± 0.6 1.07 ± 0.3 1.05 ± 0.3 1.12 ± 0.09
4 3.1 ± 0.6 1.10 ± 0.1 1.04 ± 0.2 1.14 ± 0.02

at most deviating from the desired by 0.1 nm. There exists a consistent increase in

cross-sectional area with error from 5% to 14% as the voltage is increased, likely due

to unpredicted oxide broadening as the voltage is increased. The predicted heights

for Table 3.2 were calculated from the data obtained from the calibration step of two

lines drawn at 6 V (1.4 nm) and 9 V (3.0 nm) subject to the experimental parameters

as outlined for the experiment. This gives a model height vs. voltage curve for the

experimental run which is necessary as slight deviation in tip geometry and experi-

mental setup can cause different parametric results. Furthermore, this experimental

calibration step highlights the best possible tip diameter and stepover to use as in-

put to the G-code interpreter based on the feature width profile. Typically, the tool

diameter is taken as the feature FWHM and the stepover is 50-75% of this value.

Based on the results in Figure 3.14 and Table 3.2, the cross-sectional area and

height of 3-D nanostructures can be replicated using the custom system. The question

is: What is the smallest 3-D nanostructure that can be accurately reproduced using

this method? The smallest feature that can be reproduced is directly related to

the meniscus width during lithography. If the meniscus diameter is 100 nm, 50 nm

features cannot be faithfully reproduced. To further exemplify the current capabilities
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Figure 3.15: Design and replication of select oxide patterns. a.) CAD design of
desired features. b., c., d.) Contact AFM height images of resulting structures.

of this method with the current AFM cantilevers, a set of shapes - a triangle, a circle,

and a star - were created that have critical lateral dimensions around 500 nm. In

this experimental run, the lithography FWHM was measured to be 87.2 ± 8.5 nm

and the height was 1.9 ± 0.3 nm, so the bit diameter was set at 90 nm and the bit

stepover was 50 nm (Appendix B). The experimental parameters and interpreter

settings were then used in the generation of the nanostructures in Figure 3.15a.

For the planned features, the triangle has a base width of 550 nm and a base

to apex distance of 476 nm, the circle has a diameter of 500 nm, and the star is

inscribed in a circle of 510 nm radius. The resulting triangle is 2.0 ± 0.1 nm tall,
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436 ± 78.7 nm wide at the base, and 380 ± 17.4 nm from base to apex. The triangle

is about 100 nm smaller in both defining dimensions due to the inability of a 90 nm

bit to define features with sizes less than its own diameter. The G-code interpreter

is unable to assign the proper coordinates to fill in the vertices of the triangular

corners until it reaches a point in which the 90 nm bit can fit the recesses of the

model. This results in a loss of size reproduction ability but not shape (in this case

of 21 ± 16% along the base and 20 ± 3.5% from base to apex). The errors are both

around 20% and accounts for a loss percentage equal to the diameter of the bit as

a percentage of the size of the shape to be replicated. This result implies that size

loss can be predicted since 100 nm would be lost along the base and the distance to

the apex in the reproduction of the triangle. The circle has a measured diameter in

the x direction of 457 ± 28.4 nm and in the y direction of 483 ± 45.4 nm, which

demonstrates good replication of the desired size, exhibiting 8.6 ± 5.7% loss in the x

direction and a 3.4 ± 9.1% in the y-direction. The star has a measured height of 2.1

± 0.5 nm and exhibits similar loss in lateral size reproduction as the triangle due to

the same arguments.

3.4.3 Current Feedback Control

In the final part of Section 3.4, the current signal during lithography is used in a

feedback control scheme in an effort to improve line uniformity. Specifically, the de-

velopment of a technique, termed velocity controlled anodization nanolithography,

is outlined [67]. During lithography at low humidity (typically <30%), spontaneous

and unpredictable current spikes in the nanoamp range disrupt the generation of lo-

calized silicon oxide formation while current levels in the low picoamp range promote

more consistent oxide growth. It has been demonstrated that current and velocity

are interrelated (Figure 3.8 and Equation 3.1); the hypothesis is that velocity control
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can be used to counteract destructive current fluctuations to create a more uniform,

complete, and continuous oxide layer. The velocity corrections as a result of control

maintain constant current flow through the AFM tip. Fixed voltage and current

mean that the power delivered to the substrate is constant as the tip translates.

This new method is an effective way to maintain uniform oxide layer formation and

provide for in situ quality control.

As mentioned in Section 3.1, most of the research found in the literature con-

cerning ANL focuses on determining the exact process by which the oxide forms

and attempts to derive empirical and theoretical models to predict this oxide for-

mation [14]. In order to better understand the process by which the oxide forms,

researchers began to monitor the current during lithography [50, 64, 65]. More re-

cently, increased interest in the current flow that generates oxide during ANL has

been documented, identifying it as faradaic in nature which has led to an even bet-

ter understanding of the physics behind the entire anodization process [45, 46, 66].

Current monitoring through a metallic junction was used to control oxide barrier

deposition by commanding voltage in the fabrication of metal-oxide and point con-

tact devices [68, 69]. Another work uses feedback of current through the tip during

anodization to control voltage; this delivers a constant current to the system and a

varying field [70].

It has been demonstrated (Figure 3.10) that low relative humidity (15-35%) is able

to produce thinner oxide lines during lithography which is important to maximize

the spatial resolution of AFM based anodic oxidation [50,71]. As stated earlier, when

creating oxide lines at a constant velocity and voltage at low humidity levels there are

unpredictable periods of discontinuity in the resulting oxide patterns and has been

reported in the literature [70,72]. Figure 3.16 shows an example of what is observed

while writing a series of four lines at 9 V bias, 0.32 µm/s, 5 nN, and 20% RH as
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Figure 3.16: Contact AFM image of a series of four lines written at 9 V bias, 0.32
µm/s, 5 nN, and 20% RH. Lighter shade corresponds to taller height as scaled by the
z axis.

qualitative incompleteness within the series of lines is depicted. Table 3.3 quantifies

the height, width, and current information for the four lines from Figure 3.16. Most

notable is the rms deviation in the height and width for the incomplete lines of 2 and

4 (at y = 2 and 4 µm, respectively), which are 1.4 and 1.7 nm in height and 58.8

and 70.2 nm in width, respectively, which represent a significant portion of the total

oxide deposited.

Figure 3.17 is a plot of both the current trace collected during lithography along

the length of the line and the recorded height from imaging. This data was obtained

from line number 4 in Figure 3.16. There is a distinct and coincident point along the

length of the line in which the height and current undergo a sudden change. There

is a jump from an average height of 1.8 ± 0.80 nm to 4.9 ± 0.98 nm. This happens
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Figure 3.17: Line height and measured current during lithography associated with
the line at y = 4 µm in Figure 3.16.

at the precise moment when the current falls down to 2.9 ± 1.8 pA at an x position

of 2.3 µm. Before this point the amplifier was saturated due to currents greater than

the dynamic range (>2.1 nA). The same characteristics are present in the line at y =

2 µm. The oxide height is increased almost threefold when the current drops down to

the picoamp range. In contrast, the lines at positions y = 1 and 3 µm have uniform

current signatures in the low picoamp range and, consequently, uniform oxide. What

current level is reached when oxide breakdown occurs? As shown previously (Figure

3.17), the current flow through the tip-sample junction can be used as an indicator

of oxide breakdown. Figure 3.18 depicts observed behavior when oxide formation

becomes inconsistent and gives an idea of what current levels are encountered when

this shift occurs. There is an increase in the current from the picoamp range to

the range of 2-10 µA which directly coincides with changes in oxide height. This
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Table 3.3: Height, width, and current data for the oxide lines in Figure 3.16. Current
is averaged only at measurable points along the line. Line numbers correspond to
position along the y axis.

Line Height (nm) Width (nm) Current (pA)
1 4.4 ± 0.98 170.7 ± 23.6 5.1 ± 1.6
2 4.3 ± 1.4 177.7 ± 58.8 4.4 ± 2.1
3 4.7 ± 0.54 176.1 ± 27.4 6.2 ± 4.7
4 3.3 ± 1.7 141.8 ± 70.2 2.9 ± 1.8

Mean 4.2 ± 1.06 166.6 ± 45.0 4.6 ± 2.6

highlights how a shift in the impedance of the anodization system can be harmful to

oxide formation.

How closely related are oxide height and current during ANL? The measure of

similarity between two signals xk and yk is known statistically as the cross-correlation

(Rxy):

Rxy(τ) = E[xk(t)yk(t + τ)]. (3.9)

The cross-covariance (Cxy) is closely related to the cross-correlation function and is

defined as

Cxy(τ) = Rxy(τ)− µxµy, (3.10)

where µx and µy are the mean of x and y, respectively. A useful measure of the

degree of similarity between two signals is known as the correlation coefficient function

(normalized cross-covariance function), ρxy, as is represented by

ρxy(τ) =
Cxy(τ)

σxσy

, (3.11)

which has bounds of −1 ≤ ρxy(τ) ≤ 1. ρxy closer to ±1 indicates a relatively more

linear relationship between the two processes. For Figure 3.18a, ρxy = −0.67 over
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Figure 3.18: a.) b.) Simultaneous line height and current measurements during
oxide formation at 20% RH, 10V bias, 1.0 µm/s, and 1 nN.
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Figure 3.19: Implemented control loop for velocity controlled anodization nano-
lithography. The controller is based on the current versus velocity data of Figure
3.8.

the range of oxide breakdown from x = 9.9 µm to 19.7 µm. Likewise, for Figure

3.18b, ρxy = −0.64 over the range of x = 2.4 µm to 10.9 µm. The negative values

for ρxy represents an inverse dependance between the two signals, as indicated in

Figure 3.18, and the magnitudes indicate a relatively large correlation between the

two signals. A more useful interpretation of the correlation coefficient is described

by

ρxy(τ)2 ∗ 100% (3.12)

which gives the percentage of data points in the set that have similar standard de-

viations about the mean. This corresponds to 45% for ρxy = −0.67 and 41% for

ρxy = −0.64.

The correlation between current and oxide height indicates that control of current

can be used to regulate oxide height variation. The linear relationship between cur-

rent and speed (Figure 3.8 in Section 3.4.1) demonstrates that velocity modulation

can be used for in situ process control of current through the tip sample junction.

The monitored current is compared to a reference value and the error signal is input

into a controller in a feedback loop to command the velocity during lithography as

depicted in Figure 3.19. This scheme was then implemented to create another set

of four oxide lines (Figure 3.20) within three minutes of the original experiment of
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Figure 3.20: Contact AFM image of a series of four lines written with the velocity
controller implemented at 9 V bias, 6.0 pA setpoint, 5 nN, and 20% RH. Lighter
shade corresponds to taller height as scaled by the z axis.

Figure 3.16 without disturbing the setup. In this experiment, the current setpoint is

6.0 pA, the voltage is 9 V, the force is 5 nN, and the humidity is 20%.

The lines in Figure 3.20 visually appear more uniform than the lines formed in

Figure 3.16 and quantitative data analysis supports this as outlined in Table 3.4. The

average of the height and width rms deviation across the length for the data for the

constant velocity case in Table 3.3 is 1.06 nm and 45.0 nm, respectively. In contrast,

the velocity controlled case has an average rms deviation in height of 0.59 nm and

width of 20.7 nm over the data (Table 3.4). The rms deviations in the constant

velocity case amount to 25.2% of the height and 27.0% of the width. Using velocity

control, the rms deviation is reduced to 12.0% of the height and 11.9% of the width.

This demonstrates a significant improvement (more than a factor of 2) in both line

78



Table 3.4: Height, width, current, and average velocity data for the oxide lines in
Figure 3.20. Line numbers correspond to position along the y axis.

Line Height (nm) Width (nm) Current (pA) Velocity (µm/s)
1 4.7 ± 0.53 169.2 ± 22.6 5.6 ± 2.3 0.37
2 5.0 ± 0.71 173.9 ± 18.0 6.4 ± 1.7 0.34
3 4.9 ± 0.46 182.2 ± 16.2 6.0 ± 1.9 0.30
4 5.0 ± 0.67 170.8 ± 25.9 6.8 ± 2.7 0.26

Mean 4.9 ± 0.59 174.0 ± 20.7 6.1 ± 2.4 0.32

height and width uniformity.

To pinpoint how and when velocity control affects line uniformity one can look for

changes in velocity during lithography and the resulting impact on current through

the system. Figure 3.21 is a dual plot of current and x position during the formation

of the third line of Figure 3.20. It is apparent from the figure that each spike in current

(∼6 nA) is associated with a backwards movement of the tip, which corresponds to

a negative velocity of around −4.0 µm/s as calculated from the slope of the data.

At the precise moment in which the velocity shifts, there is a decrease in the current

which prevents the system from entering the high current regime. The duration of the

current spikes is ∼30 ms and the negative velocity adjustment maintains uniform line

formation by counteracting the current spikes associated with poor oxide formation.

This line (y = 3 µm in Figure 3.20) has a height rms deviation of 0.46 nm along its

length, which indicates substantially more uniformity than line number 4 in Figure

3.16, which has an rms deviation of 1.7 nm. Due to the control scheme requiring

velocity adjustment, the only difference between the two cases is in average speed

during the writing of lines. The data in Table 3.4 for line number one represents

the maximum deviation between the two cases of 50 nm/s or 15.0% of the average

between the two experiments. The voltage bias, tip setpoint force, and humidity all

remained consistent.
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Figure 3.21: Dual plot showing current (solid, left) and tip position (dotted, right)
versus time during lithography of the third line (y = 3 µm) in Figure 3.20.

Voltage, current, and resulting oxide formation during ANL has been observed

and described by other groups [66,70]. The current levels recorded by Kuramochi et

al. [66] do not exceed 12 pA and in one case by Pellegrino et al. [70] do not exceed

40 pA (at a constant line voltage) which lies in the low current regime where oxide

height follows the current. Both studies conclude that a high current regime during

patterning is detrimental to uniform oxide formation; however, Pellegrino et al. ,

contrary to what is observed here, find that a transition to the high current regime

(>2.1 nA) results in a broadening of features as well as an increase in height [70].

In the work here, a decrease in oxide formation is observed at high current levels as

demonstrated in Figure 3.17. It is hypothesized that water meniscus instability at

lower relative humidity (<30% RH) is the cause. For example, in Figures 3.16 and
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3.17 the meniscus breaks down unpredictably in the constant velocity case which is

associated with a corresponding increase in current and a decrease in oxide height

and width.

The discrepancy in high current oxide formation observations could also be due

to a number of experimental differences, not the least of which are substrate prepa-

rations, operating humidity levels (20% in this study and 50% and greater in the

others), experimental setups, and tip material and shape. One thing to note that in

the work by Pellegrino et al., the voltage was increased to values greater than 20 V,

resulting heights were on the order of 40 nm, and currents above 2 nA. It is possible

that metal deposition events from the tip to the surface take place at these higher

power levels.

In the constant voltage and speed case, the low humidity causes a meniscus in-

stability issue that directly affects oxide formation. The spike in current indicates a

drastic decrease in the size of the water meniscus. Low humidity levels force the wa-

ter adsorbed on the surface to be more confined in isolated regions on the substrate.

With the meniscus gone or severely depleted in volume, no oxide can form due to

the lack of oxyanions. When this happens it is hypothesized that the current flowing

through the tip switches from faradaic to ohmic resulting in larger current values.

The lack of oxide growth is sustained until an unpredictable point is reached in which

the water returns to the tip-sample interface, most likely due to the tip encountering

adsorbed water and the field attracting the molecules. Once water is re-encountered

(x = 2.3 µm in Figure 3.17) the meniscus reforms. This is demonstrated by a return

to the low current regime, the return of faradaic current flow, and the formation

of a larger volume of oxide. Looking at the effects of the implemented controller in

Figure 3.21, when the current begins to rise a change in tip direction and correspond-

ing change in velocity is able to reestablish the low current regime. This serves to
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maintain a stable water meniscus and ensure favorable oxide formation with much

less deviation in the height and width of resulting features. It is demonstrated that

the average height and width rms deviation as a percentage of the resulting feature

dimensions was improved by a factor of two between two experimental anodization

lithography runs that had identical humidity levels, bias voltages, force setpoints, and

average speeds that differed by a maximum of 50 nm/s that were executed within

three minutes of one another. These results demonstrate the validity of this method

as a new approach for quality control during AFM based ANL.

3.5 Chapter 3 Summary

Chapter 3 covered a range of topics spanning from CAD integration with the cus-

tom AFM system to quality control of anodization nanolithography using current

feedback control to command tip velocity. Initially, a critical design selection was

made involving the AFM based nanolithographic technique to use for the formation

of master patterns for soft lithography. ANL was chosen over DPN as the primary

nanoscale patterning tool based on arguments of resolution, controllability, complex-

ity, and repeatability. It was demonstrated that integration of CAD provides for an

effective method for nanolithographic design and execution. In Section 3.3 it was

demonstrated that 2-D design yields exact automated replication at the nanoscale as

DUKE was spelled out using ANL on silicon with 0.6 nm height and 106 nm width

with no noticeable reproduction loss due to drift or hysteresis over the 20 µm x 10 µm

area. Investigative parametric studies during ANL both supported literature results,

as in current vs. voltage relationships (Figure 3.9), as well as expanded on knowledge

of the relationship between current vs. velocity (Figure 3.8) and humidity vs. oxide

linewidth (Figure 3.10). These parametric investigations were integral in the auto-

mated replication of three-dimensional oxide structures based on CAD modeling as
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outlined in Section 3.4.2. Height replication ability was shown to be on the order of

the sensing capabilities for the system while lateral size and corner reproduction is

determined by the effective diameter of the AFM tip and the lithographic parameters

used during deposition. The chapter concludes with the development of a nanolitho-

graphic tool that utilizes the results of Section 3.4.1 as a means for quality control

during ANL. Specifically, current measurements during ANL are used in a feedback

control scheme to command velocity. This is shown to maintain a more stable water

meniscus at lower humidities by counteracting shifts to a high current regime, shown

to hinder oxide production, which increases both oxide width and height uniformity

by a factor of 2.

83



Chapter 4

Soft Lithography - Investigating

Microcontact Printing

In Chapter 4 a specific subset of soft lithography, µCP, is studied. The first section

covers background on parallel nanolithography with focus concentrated on µCP. In

the following section a discussion on the experimental investigation into microcon-

tact printing will be covered that focuses primarily on techniques and procedures

used in the formation of alkanethiol SAMs. Related work concerning µCP found in

Appendix A contains contributions pertaining to collaborative work with the Toone

group in the Chemistry Department at Duke University concerning the development

of a technique, Biocatalytic Microcontact Printing (BµCP), that utilizes spatially

confined enzymes on a polyacrylamide stamp to digest a biomolecular SAM.

4.1 Parallel Patterning Background

Parallel micro- and nanolithography in the research setting typically include vari-

ous techniques of photolithography and soft lithography. In some instances, serial

techniques are scaled up using parallelization techniques such as the use of multiple

cantilevers in passive arrays for AFM based lithography [73]. Unlike serial nano-

lithographic techniques, parallel processes are able to cover larger area in a one step

manner. Photolithography has found extensive application in the integrated circuit

(IC) industry and uses light radiation passed through a mask pattern to develop

a photoresist layer. Current projection photolithography technology has resolution

that depends on many factors such as the wavelength of light used for pattern trans-
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fer, process conditions, resist parameters, and the numerical aperture of the lens

system. Reasonable estimates on the current resolution of optimum photolithogra-

phy systems is around 40-100 nm and based on Moore’s Law, a theoretical minimum

for the critical dimension, is around 30 nm assuming a perfect lithography system

and current manufacturing techniques [30]. Current systems typically use UV light

to expose the resist layer, but more promising is the use of x-rays which have wave-

lengths on the order of 10 Å, so diffraction of the light is less of a problem concerning

resolution limitation. In addition to unsurpassed success in MEMS fabrication and

IC mass production, photolithographic methods could find further applications in

nanolithographic prototyping using advanced experimental techniques.

Another parallel nanolithographic technique currently under extensive research is

soft lithography. Early soft lithographic research focused on creating patterns at the

micron scale and was termed µCP [4,5,74–76], Figure 4.1 is a schematic of the basic

µCP concept. Soft lithography has since been extended to many areas of study based

on creative variations of the same fundamental technique. The predominant concept

in soft lithography is the generation of a softer polymeric structure cast against a

more rigid master pattern. The resulting polymeric replica can cover a wide range of

elasticities and is used in a variety of patterning methods [2,77,78]. Master patterns

are typically formed in metallic and semiconducting materials using photolithogra-

phy or EBL; however, a myriad of other novel methods can be employed [2, 16].

For EBL, the ultimate resolution using the development of a resist layer, typical

in master pattern generation for soft lithography, is around 10 nm [79]. Any hard

structure with planar relief structures can theoretically be used as a master pat-

tern for soft lithographic applications. Typical elastomeric polymers used to produce

stamps are, but not limited to, polydimethylsiloxane (PDMS), polyolefin plastomers

(POPs), polyurethanes, polyimides, and Novolac resins. The stamp feature sizes and

85



surface patterns can span from 30 nm to 500+ µm, with the ultimate resolution to

be determined by further research [2]. Similar to DPN, µCP works on the princi-

ple of molecular diffusion, self-assembly, and surface interfacial energies [80]. The

polymer stamp is coated with the desired inking solution and depending on chemical

composition, will cover the surface of the stamp and/or adsorb into the stamp ma-

terial. When the stamp makes contact with a substrate the target molecules bind to

the substrate within the stamp feature contact areas. A certain degree of chemical

affinity between the binding molecules in the ink and the substrate ensures pattern

stability to varying degrees. The advantages of µCP lie in high throughput, large

area patterning with nanoscale resolution, and repeatability. Stamps are typically

able to cover large areas (>1 cm2) and can be used numerous times with little or

no damage to the stamp itself. From stamp inking to completed printing, a pattern

can be deposited on a substrate in a matter of minutes depending on the complexity

of the experimental process. µCP has been used to form patterns and arrays of a

multitude of deposited chemicals on substrates [2, 4, 8, 16,74,75,80,81].

4.2 Microcontact Printing Results

Results have been obtained pertaining to microcontact printing (µCP) and two spe-

cific areas will be covered. The first is concerned with µCP techniques involving

stamp formation and transfer of alkanethiol molecules to a gold surface. The second

section, located in Appendix A, involves collaborative work done on the development

of a patterning technique termed Biocatalytic Microcontact Printing (BµCP) that

employs stamp surface spatially confined enzymes to locally digest biomolecules on

a substrate.
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Elastomeric Stamp
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c.) Result

Target Substrate

Deposited Pattern

Figure 4.1: Schematic depicting the Microcontact Printing (µCP) process.

4.2.1 Master and Stamp Imaging

As stated in Section 4.1, µCP is a parallel patterning technique that falls within a

group of patterning processes known as soft lithography. Soft lithography utilizes a

rigid master pattern that contains positive or negative features used as a mold for

the shaping of a polymeric material. Commercial PDMS base and curing agent are

used for the experiments outlined here (Sylgard 184, Dow Corning). The base is a

highly crosslinkable, vinyl-functionalized, siloxane resin with a catalyst. Crosslinking

is initiated when the base is mixed with the curing agent, a mixture of vinyl- and

trimethylsiloxy-terminated siloxane prepolymers. Sylgard 184 (PDMS) is typically

prepared by mixing a 10:1 ratio by volume of base and curing agent, degassing in a

vacuum chamber, and then curing either with heat or at ambient temperature. An

example of a typical master and stamp is shown (Figure 4.2 as viewed under a light
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(a)

(b) (c)

Figure 4.2: Optical micrographs at 50x magnification of: a.) Photolithographically
generated master pattern. b.) PDMS stamp molded to this master. c.) Stamp from
b.) in contact with a glass surface. Scale bar in a.) is 10 µm and can be used for
lateral reference in these images.

microscope with a 50x objective.

The master in Figure 4.2a is a silicon wafer with a 2.75 µm layer of PMMA that

was exposed and developed in the pattern shown over approximately 2.25 cm2 using

photolithography. The master pattern was generated off-site and was borrowed from

the Chilkoti group at Duke University. A PDMS stamp was prepared against this

master pattern in the standard fashions as outlined in the literature and delineated

in Appendix B [5]. A quick test for predicted stamp contact area can be done by

placing the stamp in contact with a glass slide and then viewing under a microscope,

as in Figure 4.2c. As can be seen in the figure, the dark areas represent areas that
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Figure 4.3: 3-D AFM image of the master and stamp depicted in Figure 4.2. Solid
scale bars are 10 µm for lateral reference and the shaded bar is 8 µm for height.

are in contact with the surface which provides for the necessary avenue for molecular

transfer.

To further analyze the stamps formed for initial microcontact printing experi-

ments, AFM images of the master and stamp depicted in Figure 4.2 were obtained

using the Asylum AFM. The topographical AFM images of Figure 4.3 were obtained

using a high aspect ratio AFM cantilever. Lever information and scanning settings

are outlined in Appendix B. It can be seen from the image that stamp features

replicate the master pattern. The shadowing shown in the master and stamp images

are due to an unavoidable artifact caused by the cantilever itself during imaging due

to the height of the stamp relative to the height of the tip as well as the ∼13◦ an-

gle between cantilever and sample. Figure 4.4 is a line section analysis of the AFM

images shown in Figure 4.3. The image of the stamp is inverted to allow for direct

comparison to the master pattern from which it was molded. Tip convolution effects

are neglected in the image as the size of the tip is much less than the size of the

features measured (around 1.4%). It should be mentioned that after curing, PDMS

shrinks due to cooling 0.310 nm
µm◦C

(Data Sheet for Sylgard 184 PDMS, Dow Corning),

which amounts to 158 nm of size loss per feature. This was not factored into the
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Figure 4.4: Overlaying line sections of master and stamp obtained from the 3-D
AFM images of Figure 4.3.

image as it also amounts to a small percentage of the overall feature size (1.1%). This

figure further confirms lateral replication between stamp and master but highlights

a depth replication discrepancy in the range of 250-330 nm. This can potentially be

attributed to trapped air within the feature areas since thermal contraction along the

length of the protrusions only accounts for 31 nm of size loss. As the PDMS mixture

is poured onto the master, it is possible that air is trapped and compressed in the

feature areas resulting in incomplete depth replication. This is not much of a concern

as the lateral replication is maintained and the height differences can be overcome

by the compliance of the stamp and the adhesion energy between the stamp/surface

interface when in contact. This is observed by a line of advancing contact that can

be seen under a light microscope when the stamp is brought into contact with a glass

coverslip. Sometimes, although rare, there are lone features that don’t make contact

which is due to a height difference that cannot be overcome by the stamp compliance

as a result of the effect shown in Figure 4.4.
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4.2.2 Printing of Thiol Monolayers

To investigate microcontact printing, the PDMS stamps as prepared previously (Sec-

tion 4.2.1) were used to to deposit thiol molecules on a gold substrate. Thiol molecules

have an affinity for metallic surfaces such as Au, Ag, and Cu and form densely packed,

semi-crystalline SAMs. For instance, SAMs of hexadecanethiol (CH3(CH2)15SH,

HDT) self-assemble on gold surfaces and form 1.4-2.0 nm thick monolayers [82].

µCP of a multitude of thiol molecules has been covered and is usually employed

using molecules in the length range from dodecanethiol (CH3(CH2)11SH, DDT) to

eicosanethiol (CH3(CH2)19SH, ECT). Each successive methylene group in the molec-

ular backbone adds 0.15 nm of length to the molecule [8]. A densely packed SAM is

formed due to Van der Waals interactions between chains and the molecules arrange

themselves at 30◦ angles to the normal on the surface. The terminal functional groups

are typically either methyl (-CH3), carboxylic acid (-COOH), or alcohol (-OH) and af-

fect the resulting monolayer characteristics such as wetability, adhesion, and chemical

reactivity. The adaptability of thiol molecules to be functionalized with a multitude

of organic and biomolecular species makes them ideal for further bottom up nanofab-

rication processing after patterning. Furthermore, direct patterning of biomolecules

via µCP has been accomplished by a number of creative methods [74,75].

The molecule used in this experiment is 16-mercaptohexadecanoic acid

(HOOC(CH2)15SH, MHA) dissolved in ethanol (EtOH) at a concentration of 1 mM.

Stamps with 8.1 µm features spaced 14.9 µm center to center were prepared as

outlined in Section 4.2.1. Stamping protocol, preparations, and master imaging are

outlined in Appendix B. Figure 4.5a shows an AFM friction image of the resulting

pattern. The contrast exists due to the frictional forces exerted on the tip as it passes

from region to region. Lighter areas corresponds to more lateral force (higher friction)

due an increased adhesion force between tip and sample in the hydrophilic -COOH
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(a) (b)

Figure 4.5: a.) AFM friction image of a MHA pattern on a gold substrate created
using µCP. The lighter areas contain the -COOH terminated thiol SAMs. b.) Line
profile of the leftmost three features from the bottom row of the image in a.).

terminated regions which typically show higher friction than the Au background

[23, 83]. The line profile of Figure 4.5b is an average of 50 scanlines and shows a

change in lateral signal of 2 mV between patterned area and bare gold. The line

profile depicts feature sizes of 8.6 µm, which is 500 nm larger than the masters from

which the stamps were cast (8.1 µm) and represents 6.2% of the stamp size. MHA

has been shown to spread during µCP along surfaces to an extent that depends

on concentration and contact time [80, 84]. At the lower concentrations used here

spreading is shown to be minimal and is hypothesized to be dominated by finite

reservoirs of inking solution at the edges of the stamp features.

After patterning the background Au substrate can be backfilled with another

thiol or disulfide of choice. This can be advantageous for a few reasons. First, this

step passivates the background Au and prevents unwanted migration of unbound

thiol molecules [85]. Second, differing chemical functionalities can be achieved based

on the end group chosen. Finally, this step can serve to enhance image contrast

in LFM-AFM and SEM depending on the molecule chosen [23, 86]. Figure 4.6a is

an AFM friction image obtained of patterned 1 mM MHA backfilled with 1 mM

hexadecyl disulfide in EtOH (C32H66S2). Hexadecyl disulfide was chosen as it possess
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(a) (b)

(c)

Figure 4.6: a.) LFM-AFM image of a MHA pattern on a gold substrate created
using µCP and then passivated in a solution of hexadecyl disulfide. b.) Corresponding
height image for a.) c.) Line profile of the bottom three features from a.).

the same carbon backbone chain length as MHA which results in a constant height

SAM with differing chemical functionality. To highlight this fact the corresponding

height image in Figure 4.6b shows no contrast. The images were obtained using a

similar tip, scan speed, and setpoint force as used for Figure 4.5a. The patterning

parameters were as described (Appendix B) and the stamp features are the same size

but spaced an additional 15 µm (30 µm pitch) as compared to those used to generate

the patterns in Figure 4.5. After patterning, the remaining Au was passivated in the

disulfide solution for 1 hr. The line profile plot of Figure 4.6c is an average of 50

scanlines over the bottom three features in a.). The scan profile shows a stepwise

change of ∼4 mV between the areas covered in methyl terminated disulfide and acid
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terminated thiol. When compared to the frictional profile in Figure 4.5b, backfilling

with disulfide increases the relative frictional contrast between areas by a factor of 2.

4.3 Chapter 4 Summary

In summary, Chapter 4 was an investigation of the soft lithographic patterning tech-

nique µCP. The basic principles of many conventional parallel patterning techniques

were introduced in Section 4.1. Among these, µCP was focused upon for a number

of experimental studies. PDMS stamps were cast against rigid master patterns to

form stamps to be used in µCP. It was shown through AFM imaging that the stamps

maintain lateral size and shape within 1% due to PDMS thermal contraction and

tip convolution effects during imaging. It was also shown that air can potentially

become trapped in the relief features of the master pattern which can cause feature

height mismatch; however, this effect typically is overcome by the compliance of the

stamp during patterning. MHA was patterned using a PDMS stamp (Figure 4.5)

and spread 5% during a 60 s contact time. MHA patterns were then constructed in

a similar manner and then backfilled with a methyl terminated disulfide molecule of

the same length. Contrast in lateral force AFM imaging was enhanced between the

two regions by a factor of two and the corresponding height image shows no conratst

due to the uniform height of the SAM. In order to counteract the effects of spreading

that can arise during µCP as well as offer a unique approach for preparing surfaces

for bottom up biofabrication, a collaborative research effort outlined in Appendix A

was undertaken to specifically bind Exonuclease I to the surface of a polyacrylamide

hydrogel stamp for localized digestion of a ssDNA monolayer. Figure A.2 depicts

a fluorescent ssDNA monolayer patterned using BµCP. The patterned areas were

shown to have a digestion rate of 63.8% through calibration. Furthermore, the size of
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the resulting features at 8.2 µm almost match the master pattern size of 8.1 µm and

the difference is within the standard deviation (0.4 µm) for measurements made.
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Figure 5.1: Process flow diagram for the designed nanolithographic process. Fab-
rication steps are shown as rectangles and evaluation/decision steps are shown as
diamonds.

Chapter 5

Designing a Nanolithographic Process

Chapter 5 focuses on the design of a nanolithographic process that joins AFM based

nanolithography with soft lithography. Specifically, the SiO2 nanoscale patterning

capabilities of ANL can be combined with wet chemical bulk etching to create high

aspect ratio features in silicon. It is hypothesized that these patterns can be used

as master patterns for soft lithography stamp formation and subsequent µCP at the

nanoscale. Outlined in the following chapter are the specifics of the design process,

experimental details, and results involved in each step.

5.1 Process Definition and Description

Figure 5.1 is a flow diagram that highlights the ten steps in the designed process.

The diagram is divided into fabrication steps (rectangle), evaluation steps (diamond),

and process flow paths. Each step is briefly defined below and will be expanded on
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further in the following chapter:

1. Substrate Preparation- Silicon wafers are cleaned in an acidic solution to

remove contamination. They are subsequently dipped in a oxide etch to remove

the native oxide layer.

2. AFM Patterning- The substrates are patterned with the desired SiO2 surface

features using AFM based ANL.

3. SiO2 Transfer Verification- Sections of the deposited pattern are imaged us-

ing the AFM to confirm successful oxide formation. Velocity control/monitoring

is used to ensure oxide formation. Evaluation failure results in regression to

step 2.

4. Wet Chemical Etching- Patterned substrates are etched in aqueous KOH

solutions to increase aspect ratio of patterns and form suitable masters for soft

lithography.

5. Master Verification- AFM and/or SEM imaging is used to qualitatively and

quantitatively evaluate the resulting master patterns. Evaluation failure at this

point results in regression to step 2.

6. Stamp Formation- Polymeric stamps to be used in µCP are cast against the

master pattern.

7. Stamp Verification- Macroscale stamp conformal contact is verified using

optical microscopy. When applicable, AFM and SEM imaging is employed to

quantify stamp structures. Evaluation failure results in regression to step 6.

8. Parallel Patterning- The stamps are then inked with a solution of target

molecules to express desired patterns in a parallel fashion using µCP.
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9. Parallel Patterning Verification- SEM imaging is used to evaluate the re-

sulting patterns qualitatively and quantitatively. Failure at this step results in

regression to either step 2 (stamp feature collapse), 6 (insufficient contact), or

8 (poor quality transfer) depending on the result.

10. End Result- After all steps are completed and verified, the result is a printed

nanoscale pattern that can be used for further nanoscale processing.

5.2 Master Pattern Generation

This section focuses on the generation of master patterns using silicon wafers. Steps

1-5 (Figure 5.1) in the process will be covered in depth.

5.2.1 Substrate Preparation

Silicon wafers from the manufacturer often quickly become contaminated once the

packaging seal is broken. Typical contaminants are primarily comprised of films and

particles (molecular, ionic, and atomic) as well as adsorbed gasses that tend to be of

little consequence. A cleaning treatment is necessary as many of the contaminants

found on Si surfaces are detrimental to processing and evaluation protocols [87]. For

the case of ANL patterning, contamination can obscure image quality and potentially

disrupt oxide formation through meniscus disruption, so a moderate cleaning proce-

dure is warranted. The beginning samples for master formation are cleaved from a 3

inch n-type phosphorous doped Si(110) wafer with a resistivity of 5-10 Ω-cm (Montco

Silicon Technologies). Wafer orientation is important for anisotropic wet etching and

will be discussed in detail (Section 5.2.3). Various silicon cleaning methods performed

prior to AFM based ANL as seen in the literature were quantitatively evaluated for

their effectiveness upon improving Si(110) roughness as measured using AFM. Table
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Table 5.1: AFM roughness measurements for various silicon cleaning procedures
over 30 µm x 30 µm.

Cleaning Method RMS Roughness (nm) Avg. δ (nm) Max. δ (nm)
Batch Si 9.3 0.4 314.7

Multi-Solvent 1.7 0.5 47.6
UV/O3 0.5 0.3 30.4
Piranha 0.4 0.3 2.4

5.1 outlines the resulting AFM roughness measurements for the Si(110) surfaces after

cleaning treatment (Appendix B). Three cleaning methods were evaluated. The first

is a multi-solvent treatment consisting of subsequent ultrasonic washings (Aquasonic

Model 50D, VWR, power setting 5) under acetone, ethanol, and then methanol for

five minutes each. The second treatment is a 15 min UV/O3 treatment using a home

built chamber containing three 120 W UV lamps at a 2 in. distance and an O2 flow

rate of 0.125 L/min. The third cleaning treatment consisted of 15 min under piranha

solution (7:3 H2SO4:H2O2) at 70 ◦C. Looking at the results in Table 5.1, the most

effective cleaning procedure from a roughness standpoint is the piranha solution with

a rms roughness of 0.4 nm, average deviation of 0.3 nm, and a maximum deviation

of 2.4 nm; as a result, this cleaning procedure was chosen for the preparation of

samples in the process. The batch Si samples have a water contact angle of 37◦

which decreases to 20.4◦ after piranha treatment, indicating increased oxidation and

wettability of the surface.

After bulk cleaning in the piranha solution the substrates were dipped in a solution

of 10:1 (v/v) buffered oxide etch (30-50% NH4F, 0.5-10% HF, and 40-70% H2O, BOE)

in DI water for 30 s at room temperature. BOE removes the 1-2 nm native oxide

layer and H- passivates the Si. The best estimate for the silicon oxide etch rate of this

solution is 23 nm/min, more than enough time to completely remove the native oxide

layer [88]. The H-passivation of the silicon wafer renders a relatively hydrophobic
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surface. Compared to the original and piranha treated sample contact angles of 37◦

and 20.4◦, respectively, a measured water contact angle after BOE treatment was

68.0◦.

5.2.2 ANL Patterning of Oxide Mask

After substrate preparation the samples are patterned using AFM based anodization

nanolithography. As demonstrated in Chapter 3, local oxide patterning by ANL is

influenced primarily by lithography parameters such as bias voltage, tip scan speed,

and relative humidity. For the prototypical master patterns used in the following ex-

periments, CAD files typically consisted of lines spaced in the range of 250-2000 nm

and were dependant upon the type of line size and spacing desired. For patterning

parameters, voltage is in the range of 8-10 V, scan speed is in the range of 0.1-0.5

µm/s, and relative humidity is usually in the range of 30-60%. These lithography

values typically yield oxide layers tall enough to resist wet chemical etching [60]. In

all cases, the current was monitored through the tip sample junction during lithogra-

phy to watch for any oxide breakdown due to meniscus instability. Oxide breakdown

would result in insufficient oxide thickness and mask breakdown during etching, lead-

ing to pattern inconsistency. At the humidity levels used (30-60%), however, meniscus

instability is typically not a problem.

A primary step in the patterning process for high anisotropism during chemical

etching is the alignment of the system in the correct crystallographic direction on

the substrate. Without going into too much detail at this point as it is discussed in

more detail in the following section, alignment of the oxide mask is ideally within

±0.2◦ of the [112] direction for optimal etch selectivity. Improper alignment on the

order of 1-2◦ can lead to reduced etch rate selectivity and result in inconsistencies

that scale with the degree of misalignment [89]. Proper alignment is accomplished
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through visual alignment of the cleaved {110} planes with the CCD camera. The

CCD camera is aligned parallel to the x-scan direction of the AFM system. Using this

technique in the optical viewing system alignment accuracy is estimated to be ±0.3◦.

After alignment of the substrate ANL patterning is carried out using techniques and

procedures outlined in Chapter 3.

5.2.3 Wet Chemical Etching

After desired master patterning is accomplished and verified via ANL and AFM

imaging, focus then turns to wet etching techniques to yield sufficient aspect ratios

for soft lithography stamp formation. The first instance of AFM based local anodic

oxidation patterning was combined with wet chemical etching [6]. ANL patterning

was followed with etching in HF which transformed ANL generated SiO2 structures

2.8 nm tall into vacant trenches 3.8 nm deep. This step served to identify the chemical

composition of structures created via AFM based anodization nanolithography as

SiO2. Early studies also determined that SiO2 patterns produced locally with an

AFM could be used as an etch mask [7]. The use of ANL formed oxide patterns on

Si(110) followed by orientation dependant etching with potassium hydroxide (KOH)

was used to produce silicon nanostructures with an aspect ratio h
w

of 6 [58].

The crystal lattice structure of Si(110) enables the formation of high aspect ra-

tio nanostructures using bulk wet etching processes. Crystallographic silicon has a

diamond cubic lattice structure. Si(110) wafers are fabricated and sliced in such a

manner that the polished face is aligned parallel with the {110} family of planes with

the 〈110〉 family of directions perpendicular to this face. In this orientation there are

four sets of equivalent {111} planes (out of 8) which are perpendicular to the (110)

surface plane. Figure 5.2 shows the relative locations of these equivalent planar fam-

ilies with respect to the polished surface and the SEMI (Semiconductor Equipment
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Figure 5.2: Example locations of vertical (111) planes on an Si(110) wafer with
respect to the SEMI flat along the [110] direction.

and Materials International) flat along the [110] direction. Oxide mask alignment for

ANL patterning along the [112] is convenient as the (110) wafers cleave easily along

{111} planes to form rhomboidal samples with an obtuse angle of 109.5◦.

Selectivity, S, is a ratio of etch rates and SSi/SiO2 is defined as

SSi/SiO2 =
RSi

RSiO2

(5.1)

which is the etch rate ratio between SiO2 and Si(110) for the work here. For two

common concentrations employed in the overall process, SSi/SiO2 is 1031 for 20 wt%

KOH in H2O and is 582 for 40 wt%, both at 50 ◦C [90]. R represents the etch rate of

a particular surface and the anisotropic ratio, AR, between {110} and {111} defined

as
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AR110/111 =
R110

R111

(5.2)

is between 400 and 600 [91, 92]. SiO2 and the vertical {111} planes are resistive to

basic Si etching solutions containing a high concentration of hydroxide ions (OH−)

and allow for the nanofabrication of vertical sidewalls as prescribed by AR110/111

and SSi/SiO2 . It is hypothesized that a combination of higher bond densities in {111}

compared to {100} and {110} as well as the fact that {111} oxidize more rapidly than

the other planes, instantly making a thin layer of SiO2 at the etching interface which

drastically slows the etch rate, enables the generation of vertical structures [93].

To give an example of the kind of nanostructure formation capable with this

method, Figure 5.3 shows SEM and AFM images of four nanostructure lines formed

using ANL and subsequent wet etching in KOH (Appendix B). At the KOH concen-

tration and temperature used, the etch rate into the {110} planes is 5.5 nm/s and

gives a calculated etch depth of 330 nm from the original wafer surface. Figure 5.3a

is an SEM image of the resulting patterns at 36k magnification and 80◦ tilt. Based

on measurements using the SEM, the estimated resulting height of the structures is

in the range of 330-350 nm and width in the range of 190-210 nm. Figure 5.3b is a

3-D ICM-AFM image of the structures created in Figure 5.3a and acquired as out-

lined in Appendix B. Figure 5.3c is a line profile average over 50 scanlines of Figure

5.3b and shows the original line scan profile (top) and convolution corrected estimate

(bottom). The feature on the left in Figure 5.3b has a calculated width of 441 nm

(FWHM) and height of 347 nm and the feature on the right is 451 nm wide (FWHM)

and 343 nm tall as determined from the recorded data. The measured height of the

structures with AFM (347-353 nm) supports the measurements determined via SEM

(330-350 nm).
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(a)

(b) (c)

Figure 5.3: Images of four silicon nanostructures created using ANL followed by
wet etching. a.) SEM image at 80◦ tilt. b.) 5 µm x 5 µm 3-D AC mode AFM image.
c.) Line profiles over image in b.) showing original (top) and convolution corrected
(bottom) profiles.

When imaging with AFM tips, convolution between tip geometry and the surface

pattern can obscure understanding of true dimensions, particularly the measured

width. If h is structure height and Rc is tip radius of curvature, then the increase in

the measured width of structures (IWS) patterned with an AFM is governed by the

following [60]:
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(a) (b)

Figure 5.4: SEM images of the high aspect ratio AFM cantilever tip used for imaging
Figure 5.3. a.) 12k magnification. b.) 48k magnification.

IWS = 2
√

2Rch− h2 h < Rc (5.3)

IWS = 2Rc h ≥ Rc. (5.4)

The tip used for AFM imaging in this case is a high aspect ratio silicon cantilever

(TESP-HAR, 320 kHz, 42 N/m, Veeco Metrology) that has a milled protrusion at

the end with estimated 10◦ sidewalls with respect to the vertical. Figure 5.4 is an

SEM image of the tip used to obtain the AFM images and measurements of Figure

5.3b. The measured width and height using SEM is 230 nm and 3.9 µm, respectively,

and is within manufacturers nominal specifications. If the probe tip dimensions are

known, scan profiles with a high degree of tip convolution can be modified according

to the relationships outlined in Equations 5.3 and 5.4 to highlight the true feature

profiles. Factoring in tip convolution with the feature widths measured in the profile

of Figure 5.3c (top) results in calculated widths of 211-221 nm and a deconvoluted

profile as shown in Figure 5.3c (bottom). The deconvoluted feature widths agree well

with SEM measurements (190-210 nm).
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Table 5.2: Roughness measurements of silicon samples after select agitation methods
during KOH etching.

40 µm x 40 µm 480 µm x 360 µm
Method RMS (nm) Avg. δ (nm) Max. δ (nm) Grayscale Counts

Dip 10.0 4.2 475.5 86
Stir (small bar) 9.1 6.8 163.8 211
Stir (large bar) 20.7 16.8 91.5 -

Sonicate (2) 12.9 10.2 198.7 103
Sonicate (5) 4.8 3.7 46.1 20

The formation of stamps from master patterns for µCP are assumed to benefit

from a smooth surface, especially the surfaces that transfer pattern through contact

with the substrate. A polymeric stamp molded to the nanostructures shown in Figure

5.3 would have relief areas in the location of vertical structures and contact areas

everywhere else. The level and type agitation during etching in KOH has an impact

on the level of roughness on micro- and millimeter scales [30,94]. Five samples were

prepared as described previously (Section 5.2.1) and were put through five etching

processes of varying solution agitation types; the resulting roughness as shown in

Table 5.2 was quantified using AFM (Appendix B). The five KOH etching processes

were executed in 20 wt% KOH at 60 ◦C for 30 s. The first was a straight dip, the

second and third were into solutions with two different sized stir bars at ∼300 rpm,

and the fourth and fifth were done under ultrasonic agitation on power setting 2 and

5 (Aquasonic Model 50D, VWR), respectively. The smoothest resulting substrate

after AFM roughness measurements was the sample subject to ultrasonication at a

power setting of five during etching. The rms roughness measured after this process

(4.8 nm) was better than all other processes studied.

Additionally, quantitative hundred micron scale roughness level analysis was made

for each process using an optical microscope. Figure 5.5 shows 10x optical micro-

graphs of Si samples teated with various agitations methods during KOH etching
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(a) (b)

(c) (d)

Figure 5.5: Optical micrographs at 10x magnification of Si substrates etched in
KOH using various solution agitation methods. a.) Straight dip. b.) Sonicate power
2. c.) Small stir bar. d.) Sonicate power 5. Scale bar in d.) is 50 µm.

over a 480 µm x 360 µm area. The samples are the same that were used in AFM

measurement of roughness mentioned previously. Using a MATLAB algorithm, the

images were analyzed to determine the number of pixels of the image that were above

a specific contrast level. This quantifies the level of roughness over the larger size

scale as contrast change over each image in Figure 5.5 is related to a change in surface

height. A threshold contrast level of 50 (on a 0 to 255 grayscale) was used to sort the

data. The total number of counts for each image were gathered and compared; the

image with the lowest number of counts below the threshold is the smoothest over the

image area. The results of such analysis on the images in Figure 5.5 are outlined in
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Table 5.2. Similar to AFM measurement, the sample that was ultrasonically agitated

at power level five (20 counts) exhibits the lowest surface roughness compared to the

others (86, 103, and 211 counts) over the larger analyzed area.

The images serve to give a different perspective on how roughness varies over size

scales. Specifically of note are the large, circular hillocks formed as a result of H2 gas

formation during etching as seen primarily in Figures 5.5a and 5.5c. One model in

the literature outlines the following reaction mechanism to describe silicon etching

with OH− based aqueous solutions [90,95].

Si + 2OH− → Si(OH)2+
2 + 2e−

Si(OH)2+
2 + 2OH− → Si(OH)4 + 2e−

Si(OH)4 + 4e− + 4H2O → Si(OH)2−
6 + 2H2

A byproduct of the following set of reactions is hydrogen gas, the formation of which

tends to aggregate and bubble, preventing the contact of etching solution and the

generation of circular hillocks as seen in Figures 5.5a and 5.5c. Ultrasonication agi-

tates the surface in such a manner as to release the accumulated hydrogen gas bubbles

from the surface for a smoother finish on all scales.

5.3 Stamp Generation and Patterning

This section focuses on the formation and use of polymeric stamps to be used in µCP

pattern transfer. Steps 6-10 of Figure 5.1 are covered in this section.

5.3.1 Micron Scale Material Selection and Stamp Formation

In a previous section (4.2.2), thiol printing on a micron scale was demonstrated using

PDMS stamps. Research has shown that µCP with PDMS has a resolution limit

around 250 nm [96]. µCP with POP stamps has been used to demonstrate protein
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patterning on the 100 nm scale [97]. In that work it was shown that POP stamps

with 100 nm features spaced 3 µm were replicated more completely from a master

pattern than stamps made from PDMS using fabrication methods outlined in Section

4.2.1. This is due primarily to the relatively higher modulus of elasticity of the POP

material (6.6 MPa) as compared to PDMS (1.8 MPa) [98, 99]. Additionally, less

polymeric material transferred from the stamp to the substrate during printing with

POP than with PDMS. Another advantage of the use of POP stamps is fabrication

time. Nominal PDMS stamp fabrication requires 1-2 hrs fabrication time and the

ultimate modulus of elasticity can depend on the accuracy of polymer base and

curing agent mixing ratios while POP stamps can be formed in 3-5 minutes and

have a consistent modulus of elasticity. These findings make POP an attractive

alternative for the replication of master patterns at the micro- and nanoscale. No

documented research into µCP of thiol monolayers using POP stamps was found

during literature research, so no background information was found concerning its

feasibility. Nevertheless, the attractive physical characteristics of POP as a µCP

stamp material warranted further research into this area.

A micron scale master was created in order to test the replication capabilities of

POP against an AFM generated master (Figure 5.6a). Master pattern creation is

outlined in Appendix B. The conditions and duration of etching play a key roll in

the resulting master pattern formation and, subsequently, the aspect ratio of molded

structures from this master. It has been shown that polymeric materials, specifically

PDMS, used in µCP show the highest level of stability when the aspect ratio (height
width

) of

formed structures is in the range of 0.2-2.0 [100]. It was assumed that this aspect ratio

range was acceptable for POP and care was taken through calculated etching times

to achieve the appropriate height of relief structures to create master patterns that

adhered to this standard. Excessive spacing between features (spacing grater than 5
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Figure 5.6: AFM height image of micron scale master and resulting stamp.
a.)Master. b.) Stamp. c.) Overlaying line profile of the same area on both im-
ages.

times feature width) was avoided as to prevent stamp collapse between features. A

POP stamp was then formed against this master as outlined in Appendix B and the

resulting stamp (Figure 5.6b) was imaged in the exact same manner as the master

pattern. In order to quantify the level of reproduction, a line profile that is an

average of 50 scanlines over the same areas on stamp and master is shown in Figure

5.6b. The line profiles cover both stamp and master over the vertical centerline
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Table 5.3: Height, width, and convolution corrected absolute difference data for the
master and stamp displayed in Figure 5.6.

Master Stamp Difference
Feature Ht (nm) FWHM (µm) Ht (nm) FWHM (µm) (µm)

1 407 2.11 416 1.88 0.17
2 397 2.23 380 1.88 0.05
3 296 2.35 379 2.00 0.05
4 392 2.00 383 1.64 0.04
5 412 2.00 398 1.64 0.04
6 412 2.00 412 1.76 0.16
7 402 2.11 408 1.76 0.05
8 414 2.35 409 1.88 0.07
9 394 2.35 387 2.00 0.05
10 404 2.23 401 1.88 0.05
11 415 2.00 403 1.64 0.04
12 418 1.88 433 1.64 0.16
13 426 1.53 452 1.17 0.04

Mean 407 ± 7.89 2.09 ± 0.20 405 ± 16.0 1.75 ± 0.18 0.07

and increasing position is from top to bottom in Figures 5.6a and 5.6b. The profile

of the stamp is inverted to allow for direct alignment with the master. Table 5.3

outlines the height and width information for the profiles as well as the averages and

standard deviation. The width measurements were taken across the raised features

on the master and across the corresponding relief structures in the stamp. The

difference in height averages between master and stamp is 2 nm, which indicates

good replication as it amounts to 0.5% of the average height of stamp and master

features. The width measurements shown are actual measured data and do not

account for tip convolution. Assuming a tip width of 200 nm (Rc=100 nm), the

profiles can be corrected for tip convolution by adding 200 nm to the measured

stamp width and subtracting 200 nm from the measured master width. The absolute

convolution corrected difference between the master and stamp is displayed in the last

column. The average of the width difference between stamp and master is 0.07 µm
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and amounts to 3.7% of the master pattern width. The AFM images (Figures 5.6a and

5.6b) have a pixel resolution of 117 nm which could contribute to the width mismatch.

Since the POP material cools and forms while in contact with the master, temperature

gradients are not considered to significantly contribute to stamp deformation.

5.3.2 Micron Scale Patterning

For handling of stamps, the backsides were adhered to a glass backplane of 0.5 cm

x 0.5 cm using a UV curing adhesive (NOA 81, Norland, Appendix B). The stamp

was inked for 10-20 s with 1 mM Octadecanethiol (CH3(CH2)17SH, ODT) in EtOH

using a cotton swab and dried with nitrogen. Inking in this manner, as opposed to

submersion inking, allows for a controlled amount of inking solution to be applied

to the stamp and can help control ink spreading [4]. ODT was chosen as it is an

alkanethiol that exhibits the necessary physical properties, specifically a relatively

large molecular weight of 286 g/mol, to be resistant to diffusive surface spreading

and vapor phase transfer during µCP [80]. The stamp was placed in contact with

the substrate (Appendix B) for 60 s; this was the length of time that demonstrated

the most complete pattern transfer compared to 15 s and 30 s contact times at this

length scale. Additionally, uninked control stamping procedures did not transfer any

pattern.

Figure 5.7a depicts the identical AFM image of the stamp as shown in Figure 5.6a

while Figure 5.7b is an SEM image of the patterned ODT SAM formed using µCP

(Appendix B). The lighter areas of Figure 5.7a represent the portions of the stamp

that make surface contact. The image was flipped left to right to allow for direct

comparison with the patterned SAM. SEM imaging is a viable method for imaging

SAMs of alkanethiols as the exposed gold areas more readily adsorb the bombarded

electrons and appear darker than the brighter SAM areas that scatter the electrons
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(a) (b)

Figure 5.7: 3-D AFM image of stamp and SEM image of resulting ODT monolayer
patterned using µCP. a.) ICM-AFM image of stamp b.) Printed ODT SAM

more readily [86]. Qualitatively, the stamp image appears to be wider than the

patterned monolayer as the image on the left does not account for image broadening

due to tip convolution with the 200 nm tip. Calibrated distance measurements of

the stamp and monolayer pattern of Figure 5.7 were conducted using image analysis

software (ImageJ, NIH). Each entry in Table 5.4 is an average of 10 measurements of

the stamp and pattern of Figure 5.7 that were taken along the profile shown in Figure

5.6c. Width measurements of the stamp had 200 nm subtracted from the mean to

account for tip convolution effects and every tabulated value has the corresponding σ.

The last column in Table 5.4 is the absolute value of the patterned width subtracted

from the stamp feature width. In most cases there is a broadening of features that is

consistent with µCP of alkanethiols and a complete discussion of this effect is saved

for the next section. Care was taken to measure the top of the stamp protrusions,

as opposed to the FWHM, as these areas contact the substrate and represent the

effective contact area. The data show good agreement between measured stamp
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Table 5.4: Measured width data for the POP stamp and ODT SAM pattern shown
in Figure 5.7.

Feature Stamp Width (µm) Printed Width (µm) Absolute Corrected
Difference (µm)

1 1.58 ± 0.04 1.65 ± 0.06 0.07
2 1.34 ± 0.05 1.43 ± 0.08 0.09
3 1.56 ± 0.04 1.63 ± 0.04 0.07
4 1.79 ± 0.03 1.86 ± 0.07 0.13
5 1.86 ± 0.04 1.91 ± 0.06 0.05
6 1.69 ± 0.04 1.69 ± 0.06 0.00
7 1.67 ± 0.06 1.78 ± 0.06 0.11
8 1.56 ± 0.04 1.54 ± 0.07 0.02
9 1.55 ± 0.04 1.57 ± 0.07 0.02
10 1.76 ± 0.07 1.77 ± 0.09 0.01
11 1.78 ± 0.04 1.73 ± 0.07 0.05
12 2.19 ± 0.09 2.06 ± 0.09 0.13

contact width and printed width, with an average difference across all features of

0.06 µm, which corresponds to 3.4% of the measured printing width of the stamp.

The stamps were able to be re-inked and stamped again with success as consecutive

printing steps showed no significant variation in resulting patterns.

5.3.3 Nanometer Scale Material Selection and Patterning

After µCP on the micron scale was established using stamps formed from masters

created using AFM based lithography, focus turned to patterning at the nanoscale

using similar methods. A nanoscale master was created (Appendix B) using methods

described previously (Sections 5.2.3 and 3.3) and Figure 5.8 depicts SEM and AFM

images of the resulting master patterns. Lighter areas in Figure 5.8a correspond

to raised features masked by the ANL deposited oxide. The lines are 15 µm long

with 500 nm center to center spacing (Figure 5.8a, left) and 350 nm center to center

spacing (Figure 5.8a, right). The two patterns each cover an area of approximately
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Figure 5.8: Nanoscale master pattern generated in Si using AFM based ANL and
wet etching. a.) SEM images at 18kx magnification of 500 and 350 nm spaced
masters. b.) ICM-AFM image profiles of resulting patterns.

5 µm x 15 µm. The AFM profiles shown in Figures 5.8b and 5.8c demonstrate the

inability to probe the narrow spaces and obtain width and spacing information due to

the relatively large width of the probe (∼200-250 nm); however, height information

is still obtainable. The average height as measured from the profile of the 350 nm

master is 114 ± 1 nm and for the 500 nm master is 125 ± 1 nm. The height of

each features is an average of 50 datapoints (from the generation of the profile) and

the tabulated heights are an average of these values with a standard deviation. The

resulting heights are comparable to the predicted height of 160 nm for the etching

conditions as the etch rate on an unobstructed {110} surface under the processing
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Table 5.5: Statistical measurement information for the nanoscale master patterns
of Figure 5.8.

500 nm Spaced Master
Width (nm) Spacing (nm) Pitch (nm) Height(nm)

Average 157 350 503 125
σ 5 6 5 1

Min. 145 342 491 122
Max. 167 358 513 127

350 nm Spaced Master
Width (nm) Spacing (nm) Pitch (nm) Height(nm)

Average 158 197 356 114
σ 3 4 5 1

Min. 151 189 344 113
Max. 165 208 363 115

conditions is estimated to be 226 nm/min [90]. This corresponds to a theoretical

structure height of 113 nm which is in good agreement with measured heights.

AFM is unable to accurately measure the width and spacing of the resulting fea-

tures so image measurement analysis of the SEM images of Figure 5.8 was undertaken

(Table 5.5). Each entry in the width, spacing, and pitch columns is the statistical

analysis resulting from 50 random measurements for each category. Width is the

vertical feature width that is the original Si plane, spacing is the edge to edge dis-

tance, and pitch is the center to center distance of the raised features. The planned

pitches as designed in the CAD environment were exactly 350 nm and 500 nm and

the resulting pitches were measured to be 356 ± 5 nm and 503 ± 5 nm, respectively.

These measurements amount to a lateral pitch error of 1.7% for the 350 nm master

and 0.6% for the 500 nm master. The pixel resolution of the SEM images is 9 nm.

Once suitable nanoscale masters were developed, stamp formation using methods

developed in Section 5.3.1 commenced. It was quickly determined through a combi-

nation of failed attempts at patterning, as well as SEM imaging of metallized stamps,
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that the replication of the nanoscale masters using POP was unsuccessful. It is hy-

pothesized that the stamp formation process utilized for 100 nm voids spaced on the

order of microns does not scale similarly for raised features of 100-200 nm spacing

and width. This could be a result of the inability to mold the molten polymer to the

master pattern due to a combination of high viscosity and lack of sufficient pressure.

The use of POP as a stamp material at the nanoscale was abandoned for alternative

methods.

An advanced material, h-PDMS, is well suited for nanoscale master pattern repli-

cation and patterning at the 100 nm size regime [96]. As mentioned before, conven-

tional PDMS material (Sylgard 184) is incapable of consistently replicating features

and withstanding forces encountered during µCP inking and printing with features

below 250 nm due to the relatively low modulus of the cured PDMS (1-3 MPa). The

work in particular contains an extensive analysis of the trade off between the soft-

ness of the resulting stamp (which leads to collapse) and the brittleness of the stamp

(which leads to cracking and uneven contact). It resulted in the determination of

the optimum ratio and molecular weight of vinyl and hydrosilane prepolymers that

impact the degree of crosslinking to determine the modulus of the final material [96].

The work determined recipe for the preparation of h-PDMS material with a modulus

of 8.97 MPa, significantly larger than standard PDMS, to ensure the consistent repli-

cation of features at the 100 nm scale. A drawback is the increased brittleness and

propensity towards crack propagation. It was demonstrated that a composite stamp

consisting of a rigid backplane supporting a softer 1 mm thick layer of Sylgard 184

PDMS followed by a thin layer of h-PDMS material of 30 µm thickness molded to

the master pattern helped alleviate the tendency towards cracking as well as facili-

tate conformal contact over large areas [96]. In addition h-PDMS is able to replicate

structures over a larger range of aspect ratios (0.02 to 5) than 184 PDMS (0.2-2).
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These characteristics of h-PDMS has led to improved soft lithographic patterning

in the 100 nm range in a variety of studies pertaining to soft lithography, stamp

fabrication, and master replication [101–103].

In the literature, h-PDMS is a crosslinked material that is a combination of:

(1) a vinyl PDMS copolymer (VDT-731, Gelest) that has a molecular weight of 30

kDa, has a molecular mass between crosslinks (Mc) of 987 Da, and is 7.5% vinyl

by weight, (2) a hydrosilane copolymer (HMS-301, Gelest) that has a molecular

weight of 1950 Da, is 27.5% hydrosilane, and has a junction functionality of 7.2;

(3) a platinum catalyst (SIP6831, Gelest), and (4) a modulating compound (2,4,6,8-

tetramethyltetravinylcyclotetrasiloxane, 87927, Sigma). h-PDMS stamps were formed

according to the literature as outlined in Appendix B [101].

The stamp was used for µCP of 1 mM ODT onto Au substrates following proce-

dures outlined in Section 5.3.2. The contact time was 30 s and the inking was carried

out using a cotton swab. Inking time was around 20 s, during which 10-20 ‘rolls’

of the swab were executed over the surface of the stamp. Figure 5.9 depicts SEM

images of ODT SAM patterns formed using h-PDMS stamps cast against the master

patterns of Figure 5.8. Shown are two magnifications, specifically 11.2 kx in 5.9a and

22.4 kx in 5.9b; the 500 nm pitched pattern is shown on the left and the 350 nm is on

the right in both. Similar to the image of Figure 5.7, lighter areas correspond to the

methyl terminated thiols and darker areas correspond to bare gold. Patterning was

successful on a number of repeated printing attempts with little or no degradation in

stamp and resulting pattern quality noticed.

Table 5.6 outlines the statistical measurement information for the resulting pat-

terns of Figure 5.9 acquired with the measurement software. Each entry represents

50 random measurements made on the specified pattern. To maintain consistency

among distance definitions between master and pattern, the width posted corresponds
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(a)

(b)

Figure 5.9: SEM images of nanoscale SAM patterns created using µCP with an
h-PDMS stamp molded from AFM created masters. a.) ODT SAM pattern from
500 nm master (left) and 350 nm master (right) at 11.2kx magnification. b.) Same
as a.) at 22.4kx magnification.

to unpatterned bare gold (dark) and the spacing corresponds to the printed mono-

layer width (light). When master measurements of Table 5.5 are compared to those

of Table 5.6, some interesting observations can be made. The first observation is the

apparent shrinking of the stamp pattern as demonstrated in the 18 nm (500 nm mas-
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Table 5.6: Statistical measurement information for the nanoscale printed patterns
of Figure 5.9.

ODT SAM Pattern from 500 nm Stamp
Width (nm) Spacing (nm) Pitch (nm)

Average 109 375 485
σ 18 11 11

Min. 79 349 463
Max. 161 392 511

ODT SAM Pattern from 350 nm Stamp
Width (nm) Spacing (nm) Pitch (nm)

Average 96 237 335
σ 12 10 9

Min. 73 216 315
Max. 113 256 357

500 nm Master Subtracted from Pattern
Width (nm) Spacing (nm) Pitch (nm)

Average -48 25 -18
σ 13 5 6

350 nm Master Subtracted from Pattern
Width (nm) Spacing (nm) Pitch (nm)

Average -62 40 -21
σ 10 6 4

ter) and 21 nm (350 nm master) of pitch loss between master and stamp. Siloxane

polymer networks are heat sensitive with defined thermal expansion coefficients. For

h-PDMS, the thermal expansion coefficient is reported as 0.450 nm
µm◦C

[96]. The h-

PDMS was cured at 80 ◦C, which is 56 ◦C above room temperature and corresponds

to an expected pitch shrinkage of 12.6 nm for the 500 nm stamps and 8.9 nm for

the 350 nm stamps. The measured pitch shrinkages are greater than the expected

amounts but on the order of the standard deviations for measurement confidence (9

nm and 11 nm). The second characteristic to note is the increased standard deviation

across all measurements between stamp and master. For all recordings, the increase

in standard deviation between master and pattern ranged from 4 nm to 13 nm with a

7 nm average increase. The differences, albeit small compared to master and pattern
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size characteristics, can be attributed to a combination of localized concentration

gradients of the inking solution, edge roughness along the base of the raised features

from which the printing portion of the stamp is molded, and slight perturbations

during printing due to mechanical and thermal fluctuations. The third observation

concerns the decrease in feature width and corresponding increase in feature spacing

noticed in both the 350 nm and 500 nm patterns. This is directly due to alkanethiol

spreading during µCP [4,80,84]. The general consensus is that the rate and amount

of spreading depends on the thiol end group, inking solution concentration, and con-

tact time. One work in particular focused completely upon µCP using ODT; it was

determined that printing using ODT (286 g/mol) exhibited less pattern spreading

during printing than HDT (258 g/mol), a lower weight alkanethiol [104]. A similar

result was reached for ECT(314 g/mol) compared to HDT in other work [4,80]. Both

ODT and ECT exhibit lower vapor pressures than HDT, which plays a significant

role in pattern spreading during µCP as higher molecular weight alkanethiols spread

less during the µCP process. It was reported that features spread from an edge an

average of 30 nm using ODT printed for 10 s at an unreported concentration [104]. In

this work, for printing times of 30 s, the average single edge spread, assuming perfect

stamp replication from the master and accounting for thermal reduction in stamp

size, is 25 nm. This shows good agreement with reported work and discrepancies

are most likely a result of inking solution concentration differences which have been

shown to have a large impact on edge spread [4]. It should be noted that pattern

spreading for contact times grater than 20 s using higher molecular weight alkanethi-

ols (>16 -CH2) was not observed to be significantly greater when compared to shorter

times (<20 s) [4].
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5.3.4 AFM System and Process Repeatability

The designed and validated process of using AFM created master patterns for use in

soft lithography applications as outlined to this point is a powerful tool for research

prototyping. The key goal of this portion of the research project is the development

of an alternative master pattern generation technology to be used for soft lithography

using AFM patterning. Earlier in this chapter it was shown that this technology is

possible and performs at a similar level to other methods for stamp fabrication and

subsequent µCP of alkanethiols as reported in the literature.

The ability to construct arrays on the nanoscale has applications in the fields

of biosensing, immunological detection assays, and DNA templating. Due to the

nature of the process, soft lithography is widely used in the formation of arrays of

biomolecules for potential application in the aforementioned areas [74, 76, 81]. It is

known that stamps used for soft lithography are able to be re-inked and used in

the printing of numerous successive patterns with little or no degradation in pattern

quality [2, 4]. The key to repeatability and placement accuracy then lies squarely

upon master fabrication ability and associated tolerances. Paramount to the genera-

tion of arrays is the ability to repeatedly space features of the array in predetermined

locations. In the context of the generation of master patterns for microcontact print-

ing of arrays, a detailed discussion into the repeatability of master pattern formation

using the custom AFM is warranted.

A series of 5 x 5 arrays of features spaced 500 nm were constructed for repeatability

studies. Figure 5.10 shows the CAD design and an SEM image of an example array

generated as outlined in Appendix B in combination with techniques as described

previously (Sections 3.3, 5.2.3, and 5.3.3). An array pattern (Figure 5.10a) was

created in the CAD environment that contained a series of raised features, each

350 nm long and spaced 500 nm from one another in both the x and y directions.
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(a) (b)

Figure 5.10: Example array used for repeatability analysis in generation of master
patterns using the custom nanolithographic platform. a.) CAD design b.) SEM
image of result.

The pattern was deposited onto a silicon wafer and wet etched in 40% KOH for 15 s.

The features of Figure 5.8 and 5.9 were easily measured using the image measurement

software as a clear contrast transition always defined the feature edges from which the

measurements were made. In the case of an array of features that do not necessarily

have the same shape (evident in Figure 5.10b), the contrast change at the boundary

does not allow for a good reference point from which to make a measurement for

array accuracy and consistency analysis. The best point is the geometric center of

each element of the array. In order to avoid user bias in ‘hand picking’ the center by

eye, a routine in MATLAB was written that automatically defines a suitable center

for each element of a given image (Appendix C). Briefly, the routine reads in the

image, enhances the contrast, and then computes the center of mass or centroid for

each element in the array. The elements are assumed to be relatively symmetric so

the center of mass is equivalent to the geometric center. This method provides for a

way to remove user influence in the measurement of spacing of elements in an array.

Based on the magnification of the original SEM image, a calibration constant with
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(a) (b)

Figure 5.11: Results of centroid tracking algorithm depicting the locations of the
centroid of each feature in the array of Figure 5.10. a.) Full frame b.) Enlarged view
within the white outline in a).

units of pixels per micron is determined and is used in the routine to return the mean

and standard deviation for the elements of the array in the x and y directions. Figure

5.11 depicts the locations of the calculated centroid for each element of the array of

Figure 5.10b. As can be seen in the figure, the algorithm qualitatively yields suitable

locations for measurement reference points. The logical question is: How far off from

the true geometric center is the calculated centroid?

Table 5.7 delineates the pixel difference between the geometric center and the

calculated centroid determined from the algorithm for the four features of Figure

5.11b. The feature numbers correspond to locations clockwise from the top left

position. The minimum and maximum deviations of the centroid from the geometric

center for the features are 1.2-2.3 pixels for both x and y directions. The pixel

differences for the two directions are not equal as the SEM records images with

pixels that have an aspect ratio of 1.1 which requires compensation when calculating

distances after the images are loaded into MATLAB. The SEM image has a pixel

resolution at this magnification of 5.4 nm/pixel which gives measurement error in the

range of 6.5 - 12.4 nm using this method. The array of Figure 5.10a was identically

repeated 14 times to generate 350 separate features. Each array was analyzed using
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Table 5.7: Offset error estimate for centroid tracking algorithm compared to the
true geometric center of features (numbered clockwise from top left) in Figure 5.11b.

1 2 3 4
x length (pixels) 66.5 65.1 67.4 68.2
y length (pixels) 27.7 27.7 26.1 27.4

x geometric center (pixel location) 263.2 356.4 358.3 264.3
y geometric center (pixel location) 36.2 36.5 120.7 119.9

x calculated centroid (pixel location) 265.4 358.2 359.9 266.6
y calculated centroid (pixel location) 37.8 38.3 122 121.1

x error (pixels) 2.2 1.8 1.6 2.3
y error (pixels) 1.6 1.8 1.3 1.2
x error (nm) 11.9 9.7 8.6 12.4
y error (nm) 8.6 9.7 7.0 6.5

the centroid tracking algorithm and contains 20 measurements in each direction.

Table 5.8 outlines the measurements made from the 14 SEM images of the created

arrays. The entire set contains 280 measurements for each direction. The intra-

sample mean and standard deviation are shown for each array of the set. The first

item noticed is the mean for the set of y measurements of 520 nm which should be

around 500 nm. During scanning in the SEM, drift was noticed in the y direction

during image acquisition. The drift direction is assumed to be in the scan direction,

which created a elongated image in the y direction. In the y direction, the average

number of pixels between features is 93. 500 nm corresponds to 89 pixels, so there

is an estimated loss of 4 pixels per feature due to drift and 20 pixels over the array.

The image acquisition time is around 2 min, so the y axis SEM drift in this case is

estimated to be 0.2 pixels/s or 1 nm/s. It is possible that this drift accounted for the

error seen. The standard deviation can represent repeatability as long as the drift is

assumed to be consistent for all measurements for a set of arrays. For the entire set,

the x and y deviations are 16.8 nm and 9.2 nm, respectively. Slight misalignment

noticed in the arrays of Figure 5.10b so an additional set of 9 array was constructed
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Table 5.8: Intra- and inter-sample mean and standard deviation for the first set of
14 arrays.

Array X (nm) Y (nm) Array X (nm) Y (nm)
1 505 ± 10.3 501 ± 4.0 8 503 ± 21.1 517 ± 7.9
2 504 ± 10.6 506 ± 6.7 9 504 ± 16.9 532 ± 11.1
3 503 ± 6.2 499 ± 7.6 10 519 ± 18.4 534 ± 11.8
4 501 ± 24.6 518 ± 11.6 11 513 ± 13.9 531 ± 6.1
5 497 ± 16.5 524 ± 11.1 12 507 ± 18.8 539 ± 13.2
6 500 ± 22.7 521 ± 8.4 13 511 ± 20.2 531 ± 11.7
7 500 ± 17.9 510 ± 7.5 14 513 ± 17.3 518 ± 11.4

Inter-sample Mean (280 total measurements)
X 506 ± 16.8 Y 520 ± 9.2

similar to those described in Figure 5.10. The first set of 14 arrays was created

with the tip alternating directions for lithography during generation of the oxide

mask for each set of 5 horizontal features along the x axis. It is hypothesized that

the tip scan direction negatively influences the repeatability with which the arrays

can be formed. The 9 arrays (225 total features) were created with an identical

experimental procedure as Figure 5.10, except the tip x scan direction was repeated

instead of alternated during ANL oxide generation. The number of created arrays was

decreased from 14 to 9 to minimize processing and analysis time and was assumed to

not negatively influence the results. Each array contains 20 measurements for both

directions and the entire set contains 180 measurements for both directions. Table 5.9

outlines the measurements made from the 9 SEM images of the second set of created

arrays. One thing to notice is the decrease in standard deviation between this set of

arrays and the 14 created previously. Specifically the average x standard deviation

decreased from 16.8 to 10.3 nm and the y standard deviation decreased from 9.2

to 5.3 nm. This supports the hypothesis since pattern repeatability was improved

when each set of 5 oxide patterns was generated in the same direction along the

x axis. It is likely that slight deviations in tip position during contact scanning
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Table 5.9: Intra- and inter-sample mean and standard deviation calculated from the
SEM images of the second set of 9 arrays.

Array X (nm) Y (nm) Array X (nm) Y (nm)
1 516 ± 10.9 512 ± 5.7 6 516 ± 11.6 527 ± 5.4
2 514 ± 9.7 510 ± 9.1 7 516 ± 15.1 520 ± 2.4
3 518 ± 6.7 523 ± 4.4 8 511 ± 17.0 510 ± 4.8
4 515 ± 5.5 511 ± 4.2 9 514 ± 9.8 496 ± 6.4
5 513 ± 6.0 524 ± 4.7

Inter-sample Mean (180 total measurements)
X 515 ± 10.3 Y 515 ± 5.3

in opposite directions cause perturbations in the absolute position of the tip. This

effect is noticed when two AFM scans (trace and retrace) of the same location are

compared side by side, as the trace and retrace (opposite scan directions) typically do

not overlay exactly. The x and y mean distances for the second set of array patterns

of 515 nm and 468 nm are also not 500 nm as they were planned. This indicates

one of two things, SEM drift during imaging as was mentioned previously or drift

in the custom nanolitographic platform during patterning. To further determine the

source of error, the 9 arrays outlined in Table 5.9 were scanned using the Asylum

AFM (AppendixB). Tip convolution increased the lateral size of the resulting images,

but it was assumed that since the tip is square pyramidal in shape, the size increase

would be uniform around the perimeter of the feature and would not affect centroid

tracking computation. Table 5.10 outlines the measurements made from the 9 AFM

images of the second set of created arrays. The x and y averages of 497 ± 12.4 nm

and 499 ± 4.0 nm, respectively for the spacing of the features further confirm that

SEM drift is the source of error for size mismatch in the arrays outlined in Tables 5.8

and 5.9. This also serves to confirm the positioning capabilities of the custom AFM

system as it is highly unlikely that both AFM systems are miscalibrated in each axis

the same amount. The intra-sample standard deviation in the mean is higher in the
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Table 5.10: Intra- and inter-sample mean and standard deviation calculated from
the AFM images of the second set of 9 arrays.

Array X (nm) Y (nm) Array X (nm) Y (nm)
1 472 ± 5.5 480 ± 3.3 6 479 ± 18.2 479 ± 7.0
2 500 ± 16.3 513 ± 3.2 7 458 ± 9.7 456 ± 3.1
3 480 ± 9.9 466 ± 5.0 8 559 ± 7.5 557 ± 2.6
4 495 ± 15.8 495 ± 5.4 9 513 ± 17.8 519 ± 3.5
5 516 ± 11.2 524 ± 2.8

Inter-sample Mean (180 total measurements)
X 497 ± 12.4 Y 499 ± 4.0

AFM analysis than the SEM analysis due to the lower resolution of the AFM images.

The pixel resolution of the AFM images are 15.4 nm/pixel which is larger than the

SEM pixel resolution of 5.4 nm/pixel. The average deviation in x and y of 12.4 nm

and 4.0 nm calculated from the AFM images are on the order of those found from the

SEM images of the same set of arrays, which are 10.3 nm and 5.3 nm. In the array

accuracy and precision analysis to this point, the standard deviation in y is typically

2 to 3 times less than the standard deviation in x. This is to be expected as the array

oxide mask pattern consists of small segments of lines 200 nm long generated in the

x direction and variability in oxide generation at the start and termination of such

patterns could exist.

The previous results quantify the custom nanolithographic platform position re-

peatability as well as array master pattern generation repeatability. What is the

position repeatability of SAM patterns printed via µCP at the nanoscale using the

previously generated array patterns? The array pattern outlined in Table 5.10 was

molded using h-PDMS and used to pattern an ODT monolayer as outlined in Section

5.3.3. Figure 5.12 is an example of a resulting ODT monolayer pattern as acquired

using the SEM and used for analysis. The pattern was formed a total of 9 times

and analyzed using methods identical to those of Table 5.10. Table 5.11 outlines
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Figure 5.12: SEM image of a resulting SAM pattern created via µCP with h-PDMS
stamps molded to the array master patterns described in Table 5.10. The scale bar
500 nm.

Table 5.11: Intra- and inter-sample mean and standard deviation calculated from
the SEM images of the set of 9 printed array SAM patterns.

Array X (nm) Y (nm) Array X (nm) Y (nm)
1 490 ± 28.4 486 ± 11.4 6 493 ± 19.5 502 ± 15.7
2 487 ± 24.4 492 ± 15.5 7 492 ± 21.4 498 ± 11.9
3 490 ± 19.8 504 ± 20.8 8 486 ± 33.3 489 ± 16.7
4 491 ± 21.0 494 ± 14.1 9 483 ± 34.3 472 ± 19.7
5 488 ± 30.0 505 ± 15.0

Inter-sample Mean (180 total measurements)
X 489 ± 25.8 Y 494 ± 15.6

the results of spacing analysis performed on the resulting patterned arrays. When

compared to the master distance analysis results of Table 5.10, the x and y spac-

ing averages of 489 nm and 494 nm for the patterned arrays are close to the AFM

measured values of 497 nm and 499 nm, but these measurements do not account for

thermal contraction of the stamp material. The thermal expansion coefficient for

cured h-PDMS as mentioned earlier is 0.450 nm
µm◦C

[96]. For a temperature change of

-56 ◦C, the h-PDMS spacing per feature is expected to shrink 13 nm in the x and y

directions. Direct comparison between measured pitch between AFM and SEM im-

ages can be difficult as outlined previously since ascertaining the exact rate of drift

present during SEM imaging is inconsistent. However, care was taken to acquire the

images for analysis in Table 5.11 at a faster scan rate to minimize drift. The mea-
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Figure 5.13: CM-AFM image of ANL oxide features used to track tip position over
30 minutes and quantify lateral AFM system drift of 0.1 nm/s in x and y.

sured pitch contractions in x of 8 nm and in y of 5 nm do not exactly agree with the

expected amount (13 nm), but the difference is below the standard deviation for the

measurements. As can be seen in Figure 5.12, qualitative distortions at the feature

edges exist most likely due to incomplete stamp molding at the base of the features

of the master.

A final confirmation of the repeatability of the process including the custom nano-

lithographic platform positioning performance is demonstrated through experiments

investigating system drift and the ultimate precision of master pattern generation.

Drift analysis was performed by holding a Ti coated Si3N4 tip in a fixed position for

30 mins with an 8V bias between tip and sample modulated on for 5 s and off for 25

s to created the oxide trace shown in Figure 5.13. This image can be used to track

system drift over that time period by deconvoluting the tip width from the feature
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Figure 5.14: SEM images at 94.8 kx magnification of a nanoscale Si master with
decreasing pitch of 5 nm per instance form top to bottom. The smallest spacing is
25 ± 3 nm.

and then measuring the distance the centerpoint of the tip traversed. The tip drifts

an equal distance in the x and y directions of 270 nm over 30 min which corresponds

to a drift of 0.15 nm/s or 9 nm/min in each direction. Each array takes 1-2 mins to

generate, which corresponds to 2.4-4.8 s per feature. This corresponds to drift error

during pattern generation of 0.4-0.7 nm per feature, which is well below standard

deviation ranges (4-17 nm) in the analysis of the resulting master patterns.

One question remains: What are the minimum feature dimensions for master pat-

terns that can be fabricated using the designed process? This question was explored

by generating a varying pitch master pattern using the nanofabrication process out-

lined in Sections 3.3 and 5.2.3. The change in line spacing from center to center was

decreased by 5 nm per instance as shown in Table 5.12. The substrate was then
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Table 5.12: Measured mean and standard deviation of feature pitch and spacing for
the master pattern of Figure 5.14.

Oxide Pitch (nm) Resulting Pitch (nm) Spacing (nm)
135 138 ± 2 52 ± 2
130 133 ± 2 47 ± 2
125 126 ± 2 43 ± 1
120 122 ± 1 38 ± 2
115 116 ± 2 35 ± 2
110 109 ± 1 31 ± 2
105 104 ± 2 25 ± 3

etched as described previously (Section 5.3.3) and analyzed using AFM and SEM.

Figure 5.14 is an SEM image of the resulting master pattern after etching (Appendix

B). AFM height measurements show relief structures 160 nm tall; the depth of the

relief structures are assumed to mirror the measured height as the SEM contrast out-

side the patterned area is identical to that between the raised features. Measurement

analysis of the resulting SEM image outlined in Table 5.12 shows good agreement

between planned and measured pitch (max difference of 3 nm) and a minimum fea-

ture spacing of 25 ± 3 nm. Below this spacing level it was found that the etch

depth was uneven across the length of the fabricated groove which could indicate a

critical limit for nanofabrication in this manner. It is possible that the interfacial

effects at this size scale hinder the penetration of the etching solution into crevices

spaced tighter than 25 nm. The smallest features generated using photolithography

are around 40 nm while the smallest features using EBL of resist materials are around

10 nm [30,79]. To date, the smallest soft lithography stamp feature width replicated

from a master pattern is 40 nm [103]. The fast and cost-effective generation of master

patterns using AFM and wet etching have features below the demonstrated limit for

polymeric replication from a rigid structure created using conventional methods of

EBL or photolithography for use in soft lithography. This fact could aid in research
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seeking to push soft lithography to further technological limits.

5.4 Chapter 5 Summary

To summarize Chapter 5, patterning techniques and tools developed in Chapters 2,

3, and 4 were combined in an effort to design a nanolithographic process (Figure 5.1)

that uses AFM generated master patterns for soft lithography. The initial section of

the chapter outlines substrate preparation and chemical etching techniques to ensure

the best mask formation conditions for the smoothest silicon surface after chemical

etching. The unique crystal properties of Si(110) results in large anisotropic ratios

of {111} planes compared to {110} and {100}. This allows for the generation of

vertical sidewalls on high aspect ratio nanostructures using wet chemical etching. A

POP stamp was cast against a micron scale master pattern formed from AFM based

ANL (Chapter 3) combined with wet etching and demonstrated replication capability

within 70 nm over the features of the stamp and master. This stamp was used to

pattern an ODT SAM using µCP techniques developed in Chapter 4 that replicated

the original features of the master within 60 nm on average for each printed feature

corresponding to 3.4% of the average feature size. Identical techniques were used

to form two master patterns with 500 nm and 350 nm pitch, resulting in masters

with measured pitches of 503 nm and 356 nm (Figure 5.8). The features for the 500

nm master have width and spacing of 157 nm and 350 nm, respectively, while the

features on the 350 nm master are 158 nm wide and spaced 197 nm. h-PDMS stamps

were cast against these masters and used to pattern ODT SAMs. The resulting ODT

SAM patterns for the 500 nm stamp were measured at 109 nm in width and 375

nm in spacing while the 350 nm pattern were 96 nm in width and spaced 237 nm.

The degree of ODT spreading and measured stamp thermal contraction agreed well

with reported work with differences within measurement confidence in both cases.
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Chapter 5 concludes with investigation into the repeatability of the entire process as

well as the AFM system. A number of array master patterns with 500 nm planned

spacing of elements were generated with established techniques (Section 5.3.3). AFM

analysis of 225 features resulted in average measured x distances of 497 ± 12 nm and

y distances 499 ± 4 nm for the elements of the 9 arrays. h-PDMS stamps were formed

from these master patterns and resulted in ODT SAM array patterns with average x

spacing of 489 ± 26 nm and y spacing of 494 ± 16 nm. A drift analysis of the AFM

system resulted in quantified position error of 0.5 nm contributed to each feature,

more than an order of magnitude below the standard deviation of the measurements.

Ultimate resolution limits of master pattern generation using techniques outlined in

Chapter 5 were investigated. A decreasing pitch master pattern (Figure 5.14) revealed

a potential critical limit of 25 nm for nanostructure fabrication using these methods,

which lies below the current demonstrated limit for polymeric stamp replication from

a rigid master pattern of 40 nm.
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Chapter 6

Conclusions

Pertinent to many aspects of nanotechnological research and prototyping is the abil-

ity to pattern molecular species at the nanoscale. The combination of AFM based

nanolithography with soft lithography provides not only an alternative for nanoscale

pattern generation and prototyping but also serves as a useful technique to study the

technological limits of soft lithography.

The design of a servo-controlled AFM system enabled the exploration of a number

of experimental patterning methods. The combination of CAD with AFM based

nanolithography establishes a convenient manner by which to conduct automated

nanoscale patterning. Due to the parametric dependance between oxide structure

and experimental conditions during ANL, the three dimensional realization of silicon

oxide structures in a design environment can be replicated at the nanoscale. A crucial

aspect for uniform oxide formation during ANL is the maintenance of a local water

meniscus between the AFM tip and sample. Faradaic current measured during ANL

can be used as an indicator of breakdown and loss of oxide patterning ability during

lithography. Constant current can be ensured through feedback control schemes that

command velocity during ANL to provide for in situ process control.

The flagship study of soft lithography, µCP, has far reaching nanotechnological

research implications. Patterning SAMs of alkanethiol molecules via µCP led to

an understanding of the experimental process involved; a necessary step for the de-

velopment of the process. Collaborative research was undertaken that resulted in

the development of a micron-scale patterning tool termed Biocatalytic Microcontact

Printing. In this technique, spatially confined enzymes on the surface of a polyacry-
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lamide stamp were shown during printing to successfully digest areas of a ssDNA

monolayer and maintain lateral size reproduction over extended contact time peri-

ods. This experimental method represents a unique approach towards solving the

diffusion problem associated with µCP using diffusive inks.

The established level of precision during nanoscale patterning using the custom

AFM coupled with the unique crystal structure of (110) oriented silicon wafers is a

powerful tool for nanostructure formation. ANL generated oxide patterns can be used

as a mask for wet chemical etching schemes to create high aspect ratio nanostructures

with vertical sidewalls that can be master patterns for µCP stamp formation. Poly-

meric stamps molded to these master patterns can successfully replicate the original

design pattern in a parallel fashion using µCP techniques. This provides for a unique

alternative to established methods of master fabrication for soft lithography that has

few processing steps and requires less expensive equipment. The result is an enabling

tool for research prototyping of nanoscale patterning techniques that can lead to new

areas and push technological barriers concerning soft lithographic research.

6.1 Contributions to the Field

The following is a list of specific contributions of this research to the field of nanoscale

instrumentation and patterning.

• Design and delineation of a closed-loop servo controlled custom 3-axis AFM

• Coupling CAD with AFM for automated 3-D nanolithographic replication us-

ing parametric dependance between experimental parameters and resulting pat-

terns.

• Quantification of the cross-correlation between Faradaic current and oxide height

during ANL.
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• Invention of a patterning technique for anodization nanolithography that uses

in situ Faradaic current measurement and feedback control to maintain oxide

uniformity.

• Collaboration on a research effort to spatially confine Exonuclease I to the

surface of a polyacrylamide hydrogel stamp for localized and spatially confined

ablation of a ssDNA monolayer using µCP methods.

• Demonstration of AFM based ANL patterns combined with wet chemical etch-

ing to create nanoscale master patterns that were combined with µCP stamp

formation and patterning techniques to replicate the original pattern.

6.2 Recommendations and Future Work

6.2.1 AFM Instrumentation

Future work concerning the custom AFM system could involve the programming of

alternative modes of AFM operation in addition to contact mode. Having the ability

to do intermittent and non-contact modes of AFM operation would expand system

capabilities. This would serve to not only improve the systems imaging abilities but

also expand the lithographic techniques that can be employed. An entire subset

of ANL is based upon alternative modes of AFM operation so enabling these on

the AFM system would increase its scope of operation and lead to new areas of

experimental research and prototyping.

6.2.2 ANL Patterning

For ANL patterning, further work can be conducted concerning the cross-correlation

that exists between current and oxide structure during patterning. It is possible

that the correlation depends on the nature of the detected current as being either
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electronic (Fowler-Nordheim Tunneling and Ohmic) or Faradaic. This correlation

could also depend on experimental parameters that affect oxide formation such as

humidity, tip velocity, and voltage bias. Further work could also be done concerning

the 3-D control of oxide formation. The use of atmospheric process gasses such as

EtOH vapor during ANL can result in increased aspect ratios and heights (up to 25

nm) of oxide patterns. Process gasses other than air could lead to better control and

potential height replication range for 3-D oxide formation. Oxide pattern fidelity is

also improved by the radius of curvature of the tip used during ANL. The coupling of

smaller radius tips such as CNT terminated tips to reduce lateral oxide dimensions

with other process gasses could enable the direct realization of oxide nanostructures

with aspect ratios that approach unity.

6.2.3 Biocatalytic Microcontact Printing

It is possible that the level of digestion during BµCP could be increased by opti-

mizing enzyme concentration on the stamp surface. Incomplete digestion within the

zones of contact is hypothesized to be a combination of enzyme immobility and con-

centration. It is possible that chemical tethers between stamp and enzyme would

serve to increase effective enzyme digestion range. Similarly, it would be interesting

to determine the extent of ssDNA digestion. Is the enzyme able to only remove 1-2

bases due to spatial confinement or is the entire chain being digested? Related re-

search projects could focus on the successive coordination of the patterned substrates

with other biomolecules in a bottom up fabrication scheme or the use of alternative

complimentary chemical and biochemical schemes to yield similar and potentially

more effective results. A logical future step in this research is the investigation of

stamp patterning in the 100-200 nm range. The use of polyacrylamide stamps in this

size regime would most likely be unsuccessful due to insufficient mechanical strength,
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therefore, other stamp materials bearing coordination sites or chemistry would need

to be investigated.

6.2.4 Master Pattern Generation and Use

One limitation of the designed process is the orientation constraint for ANL pattern-

ing. In order to take advantage of the anisotropic etch potential of Si(110), the oxide

mask must be aligned in the [112] direction which hinders the generation of more

complex mask patterns. This limitation could be overcome with the use of alterna-

tive dry etching processes such as reactive ion etching after ANL mask generation.

Future work could involve the feasibility of this for more complex AFM created mas-

ter patterns for soft lithography. In the designed process, the ANL generated oxide

worked similar to a negative mask in photolithography, as the patterned areas re-

mained after developing. The proposed process could also be used as a positive mask

if the ANL patterning was conducted on a thin silicon nitride film, subsequently

exposed to BOE, and then transferred into an underlying silicon layer using KOH

etching. In this case the oxide would serve as a positive mask as the areas patterned

would be removed. This type of processing would result in master patterns for the

fabrication of polymeric stamps for µCP in more of a classical approach that uses

master patterns with recessed features on a planar surface.

It was demonstrated that master patterns with 25 nm features were able to be

fabricated. These master patterns can enable research investigating the ultimate

limits of polymeric stamp replication from rigid master patterns. Masters generated

in such a manner can be used as test masters for prototyping new stamp materi-

als and fabrication processes since construction of such master patterns is simple,

quick, and cost effective. Furthermore, the silicon nature of the nanostructures is

resistant to rigorous cleaning in strong acid solutions; a necessary step after potential
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failed attempts at prototypical stamp generation experimentation and testing. These

traits make master patterns generated in this manner very useful in prototyping new

methods and materials for stamp formation. Additionally, this aspect would be par-

ticularly useful in conjunction with future work involving the prototyping and design

of new stamp materials and methods for Biocatalytic Microcontact Printing in the

100-200 nm range.
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Appendix A

Biocatalytic Microcontact Printing

In the course of investigating µCP with thiols it was observed that spreading of the

inking solution occurred beyond the contact area of the stamp, a phenomenon that

is studied in the literature [80, 84]. A primary concern of patterning with µCP at

sub-100 nm length scales is the potential for pitch and feature resolution limits as-

sociated with using a diffusive ink. As feature size and pitch approach the diffusion

rates of the molecules along the surfaces controllability of the resulting pattern be-

comes problematic. As part a collaborative research effort with the Toone group in

the department of chemistry at Duke University, a technique termed Biocatalytic

Microcontact Printing (BµCP) was designed to circumvent this limitation. An addi-

tional motivating factor was that localized biochemical reactions can lead to further

bottom up fabrication schemes and introduce new biological patterning tools for the

researcher.

Figure A.1 is a schematic representation of the process. Histidine-tagged Exonu-

clease I is attached via nickel chelation to the surface of a polyacrylamide stamp

presenting nitrilotriacetic acid (NTA). The stamp is then brought into conformal

contact with a single stranded DNA monolayer bearing a terminal fluorophore, in

the presence of Mg reaction buffer, to locally ablate the areas in direct contact with

the enzyme. The enzymatic activity removes the fluorophore and ssDNA strand and

the resulting level of ablation can be analyzed using confocal microscopy as well as

AFM. Hypothetically, the resolution limit of a patterning technique designed in this

manner is a factor only of the size of the stamp producible as well as the length of

the tether (if utilized) between the enzyme and the surface of the stamp.
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Figure A.1: Schematic representation of the Biocatalytic Microcontact Printing
(BµCP) process.

A key component to the research effort lies in the synthesis of molecule by Phil

Snyder and described in his doctoral thesis at Duke University [105]. The molecule in

question is an Acrylamido-NTA monomer synthesized according to the methodology

outlined in the literature [106]. This molecule is designed to be co-polymerized with

commercial acrylamide/bis-acrylamide in order to form a stamp with a surface bear-

ing NTA functional groups. Acrylamide was chosen for its sufficient elasticity which

allows for conformal contact, its non-fouling and wetability characteristics to aid in

enzymatic activity, and for its chemical synthesis capabilities. After synthesis, an

acrylamide stamp was created that had bound enzyme on the surface (Appendix B).

This stamp was then brought into contact with a substrate bearing fluorescent ss-

DNA and left for a period of 1 hr. The resulting pattern was analyzed using confocal

microscopy and AFM.

Figure A.2 shows 12 bit images at 512 x 512 resolution acquired with a Zeiss mi-

croscope using both 20x and 100x (oil immersion) objectives. HeNe laser excitation

(543 nm) and detection behind a 560-615 nm passband filter allowed for the observ-
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Figure A.2: Confocal microscopy images of a patterned TAMRA-ssDNA monolayer
at 20x (left) and 100x (right) formed using BµCP.

able contrast between regions. The TAMRA molecule has a fluorescent maximum

at 559 nm and is observed in the lighter area; the darker regions indicate areas of

successful ssDNA digestion. The diameter of the features in the image are 8.2 ±

0.4 µm in diameter calculated from an average of 18 measurements made on Figure

A.2. The stamp was constructed from a master pattern with feature dimensions of

8.1 ± 0.1 µm (18 measurements over 9 features, Appendix B), so spreading of the

features was eliminated over the 1 hr contact period. It should be noted that the

pixel resolution for length measurements for the images in Figure A.2 is 200 nm/pixel

while the image resolution for the AFM images of the master is 117 nm/pixel; these

values impact the ultimate resolution for size measurement.

Figure A.3 is a lateral force AFM image of one patterned feature. The size of this

feature differs from those of Figure A.2 as it was produced by a stamp with different

sized features and pitch but in the same experimental run. The feature is 14.2 µm

and was cast from a master with 14.4 µm features. The cross-section shown is an

average of 100 scanlines and shows uniform frictional change between patterned and
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Figure A.3: Lateral force AFM image of a single feature produced using BµCP.
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unpatterned areas of 630 µV. Although this frictional change is small compared to

some lateral AFM frictional changes displayed previously (for example 2 mV as in

Figure 4.5 and 4 mV in Figure 4.6), it is still indicates a detectable chemical difference

that results between digested and undigested areas of TAMRA-ssDNA. An average

of 20,000 data points were analyzed inside and outside the patterned area shown in

Figure A.2. The rms deviation of the signal inside was determined to be 85 µV and

89 µV outside, which indicates that roughness inside and outside patterned areas

displays high similarity. The roughness difference in the two areas (4 µV) is 21.7

times less than the average difference between them (630 µV). This can be used to

determine an effective signal to noise ratio. At a signal level of 7 fold the noise, the

effective signal to noise ratio is 16.8 dB.

The next logical question is: What percentage of fluorophore is being removed

within the digested areas? The intensity readings inside the patterned areas were

compared to those on the outside, which was assumed to be 100% undigested. A

calibration curve was generated via samples that contain relative concentration per-

centages of 3’-TAMRA-ssDNA to 3’ssDNA. The generated samples were 0%, 20%

(80% untagged), 40% (60% untagged), 60% (40% untagged), 80% (20% untagged),

and 100% 3’-TAMRA-ssDNA. Images were acquired at the same collector settings as

those used to generate the images of Figure A.2. A calibration curve was generated by

acquiring 1024 x 1024 confocal images of each sample and determining the intensity

maximum and rms deviation for each sample. A calibration curved was formed based

on the results (Figure A.4). For the patterned sample of Figure A.2, approximately

2000 datapoints were averaged within each feature and in the immediate vicinity for

10 individual features. It was assumed that the immediate vicinity would represent

100% on the calibration curve (normalized intensity of 1) as the slides were prepared

in identical manners. The measured intensity within the pattern after normalizing
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Figure A.4: Confocal calibration curve with interpolated patterned and flat stamp
measurements created using BµCP.

was calculated to be 0.59 ± 0.10, which when fit to the calibration curve results in

a digestion removal of 69.2 ± 16.9%. Also, flat stamps using the same experimental

procedure were used to digest three additional substrates. A total of fifteen mea-

surements on these three samples were taken and resulted in a normalized digested

intensity of 0.62 ± 0.09, which corresponds to 63.8 ± 15.5% digestion. The difference

between flat and patterned stamps digestion percentage (5.4%) is three times smaller

than the average of the rms deviations (16.2%), so the difference is not considered to

be statistically significant. However, it may be possible that the lower digestion per-

centage of the flat stamp could be attributed to reaction buffer supply restriction. It

is possible that a polyacrylamide stamp with protrusions, as opposed to a flat stamp,

can facilitate the supply of reaction buffer to the areas with enzymatic activity along

the surface of such protrusions. Control flat stamps with no enzyme washing step
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were also analyzed and 5 averages over a sample resulted in a digestion percentage

of 8.4 ± 3.5%, most likely due to some level of physical removal.

A technique has been developed that utilizes spatially confined biomolecules on

the surface of a polyacrylamide stamp to pattern a ssDNA monolayer. Feature spread-

ing via diffusion is eliminated, even for contact times of 1 hour and longer. Using the

method outlined above, between 63.8% and 69.2% digestion of the monolayer can be

expected. If the diffusion of species during µCP can be eliminated then the ultimate

resolution of patterning using this technique would lie solely upon stamp fabrication

and the size of the biomolecules used for patterning.
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Appendix B

Experimental Methods

Section 2.4.2:

The CM-AFM image of Figure 2.21 was obtained with a Si3N4 cantilever (NP,

Veeco Metrology) with a force constant of 0.12 N/m. The image was scanned at 0.6

Hz over a 40 µm x 40 µm area at a force setpoint of 5 nN.

Section 3.3:

The substrates used in the ANL process were cut from 100 mm diameter Si(100)

wafers (Montco Silicon). 1 cm2 samples were cut from the wafer (scoring with a

diamond cutter and then cleaving) to fit in the AFM. Before ANL, the surfaces

were cleaned in a solution of 5:1:1 v/v/v of H2O:H2O2:NH4OH for 10 min at 80 ◦C.

The samples were then rinsed with ethanol and dried under a stream of nitrogen.

In order to easily locate the deposited surface features a 9 x 9 grid with each area

approximately 500 µm by 500 µm was generated using a permanent fine tipped

marker.

The silicon cantilevers (Nanosensors, Switzerland) used have a length of 450 µm,

a stiffness of 0.3 N/m, and a tip Rc of less than 10 nm.

The ANL scheme used in the confirming experiments followed the same basic

procedure that was used throughout the research during ANL patterning. The desired

paths were first designed in the CAD environment. The tip was then loaded into the

AFM platform, brought into contact with the target substrate and then backed off

∼1 µm using the manual adjustment positioning screws. Once the desired tip and

substrate location were aligned, the AFM system was set for G-code input. The

design was then sent through the G-code interpreter and used to command the AFM
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system. The ANL schemes were performed in an ambient environment of 70 ◦F and

40% relative humidity. The force setpoint was set at 1 nN, the tip writing speed was

1 µm/s, and the bias voltage was 8 V.

The image of Figure 3.7 was obtained at a force of 5 nN and a scan rate of 0.6

Hz.

Section 3.4.1:

The substrates used in the experiments were cleaved from a 3 in. n-type phospho-

rous doped Si(110) wafer (Montco Silicon Technologies). The wafers have a resistivity

of 5-10 Ω - cm. They were cleaned in a solution of 70% H2SO4 and 30% H2O2 (v/v)

at 80 ◦C for 15 minutes.

Triangular Si3N4 cantilevers that have a nominal force constant of 0.58 N/m were

used for the experiments (Veeco Metrology). These tips were coated with 30 nm Ti

at 2 Å/s. The low evaporation rate helps ensure that the cantilever remains straight;

higher deposition rates require higher temperatures during evaporation which cause

the levers to bend unfavorably.

Experiments were carried out at room temperature and pressure, with the humid-

ity and contact force noted in all cases. Current amplification is accomplished through

the use of an instrument amplifier (6485 Picoammeter, Keithley Instruments).

Section 3.4.2:

The silicon substrates used in the experiments of Figure 3.13 are the same as

previously. The samples were cleaned in a solution of 70% H2SO4 and 30% H2O2

at 80 ◦C for 15 minutes to remove contamination. The tip used for lithography in

Figure 3.13 is a p-type Si lever (0.01-0.25 Ω-cm) with a force constant of 50 N/m

(Veeco Metrology). The parameters during lithography were 5 nN force setpoint,

30% RH, and 0.5 µm/s. The resulting pattern was imaged on the Asylum AFM

using CM-AFM imaging with a standard Si3N4 tip.
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For the experiments of Figures 3.14 and 3.15, triangular Si3N4 cantilevers that

have a nominal force constant of 0.58 N/m were used for the experiments (Veeco

Metrology). These tips were coated with 30 nm of evaporated Ti at 2 Å/s to allow

for electrical conductivity. The substrates used in the experiments were cleaved from

a 3 in. n-type phosphorous doped Si(110) wafer and cleaned as described previously.

Similar to the previous experiment, a calibration step was conducted to determine

the relationship between voltage and height. In this experiment (Figure 3.14), the

lithography settings were 0.1 µm/s velocity, 60% RH, and 5 nN force.

The image of Figure 3.14 was obtained at a force of 5 nN and a scan rate of 0.6

Hz.

This data for the calibration before the generation of the structures in Figure 3.15

was attained at a translational speed of 0.1 µm/s, 7 V bias, 30% RH, and 5 nN force

setpoint.

The images of Figure 3.15 were obtained at a force of 5 nN and a scan rate of 0.6

Hz.

Section 3.4.3:

The substrates and tips used in the experiments are the same as described previ-

ously (Section 3.4.2).

Section 4.2.1:

For stamp formation, 10 mL of PDMS base was mixed with 1 mL of curing agent

in a culture tube, degassed in a vacuum desiccator for 10 min, poured over the master

pattern in the bottom of a culture dish, and then cured in an oven. The cure time

depends on the temperature used. At room temperature curing takes place in 48 hrs.,

at 100 ◦C it is 45 min., and at 150 ◦C it is 10 min. The mixture was then cured over

the master in a culture dish at 80 ◦C for 1 hr. Curing was verified by touch; a tacky

surface indicates either an unsuitable mixing ratio or inadequate curing parameters.
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After curing the stamp (Figure 4.2b) is removed from the master and cut into an

appropriate size for handling (∼2.25 cm2).

For the images of Figures 4.3 and 4.4, a silicon lever (TESP-HAR, Veeco) with a

nominal natural frequency of 320 kHz was used for imaging. The tip has a 2 µm spike

milled in the end for improved surface metrology of vertical trenches and sidewalls.

This spike has a side angle of ∼10◦ and nominal diameter of 200-300 nm. The ICM-

AFM images are 512 x 512 points, 40 µm x 40 µm, were scanned at a rate of 0.25

Hz and had a 44 nm lever oscillation amplitude setpoint (196 nm driven amplitude).

Line profiles of Figure 4.4 are an average of 50 scanlines of the master and stamp

images.

Section 4.2.2:

The stamps were treated with and atmospheric plasma at 0.2 mbar for 1 min.

This creates a hydrophilic surface that facilitates uniform diffusion of the ink into

the PDMS matrix as well as help in the removal of residual low molecular weight

monomer from the stamp surface that can remain after curing [107].

The stamps were then inked under a 1 mM solution of MHA in EtOH for 1 min

and then blown visibly dry under a stream of nitrogen. Gold surfaces were prepared

via electron beam evaporation (Solution, CHA Industries) of 5 nm of Cr at 1 Å/s

followed by 20 nm of Au at 2 Å/s onto a Si(100) wafer. The wafer was cleaved into

small sections (∼1 cm2) to facilitate handling and analysis. The ‘inked’ stamps were

brought into contact with the Au substrates and light pressure (estimated to be 10-50

g) was applied briefly (less than a second) to ensure conformal contact. Conformal

contact is confirmed by the visual observation of contrast change at the interface.

The stamp was left in contact for 60 s and then removed.

The LFM-AFM images in Figure 4.5 and 4.6 were obtained on the Asylum AFM

with a Si3N4 lever at 5 nN force setpoint, 300 µm/s scan speed, and are 512 x 512
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points.

Section 5.2.1:

AFM roughness measurements were conducted over a 30 µm x 30 µm area at 1

Hz scan speed, 5nN of force, and are 512 x 512 datapoints using the Asylum AFM

with a standard Si3N4 cantilever.

Section 5.2.3:

For Figure 5.3a, two side by side line patterns of 10 lines spaced 1.75 µm (one

12 µm long and the other 6 µm) and separated by 2 µm were formed as described

previously (Section 3.3) using a Ti coated Si3N4 cantilever. The lithography param-

eters were 10 V, 0.5 µm/s, 5 nN, and 30% RH. After lithography, the samples were

dipped in a 20 wt% solution of aqueous KOH (14 mL) at 60 ◦C for 60 s in a heated

ultrasonic bath (Aquasonic Model 50D, VWR) on power setting 5. The necessity of

ultrasonic agitation during etching will be discussed later in this section.

For Figure 5.3b, the 3-D ICM-AFM image was acquired at 0.5 Hz scan speed, 80

nm tip amplitude setpoint, and is 512 x 512 data points. A TESP-HAR cantilever

was used.

The large magnetic stir bar is 1.59 cm3 and the small magnetic stir bar is 0.022

cm3. Roughness measurements were made using the Asylum AFM over 40 µm x

40 µm (512 x 512 datapoints) at 1 Hz scan speed using a Si3N4 at a 1.5 nN force

setpoint.

Section 5.3.1:

The master pattern in Figure 5.6a was created on cleaned (Section 5.2.1) Si(110)

using a Ti coated Si3N4 tip, 5 nN setpoint, 0.5 µm/s, 70% RH, and 10 V. The tip

used in this experiment had been used heavily at a high voltage (15-20 V range) and

the tip was worn down, so this coupled with the high humidity enabled the formation

of micron scale SiO2 features. The substrates were then sonicated (Aquasonic Model
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50D)in 20 wt% aqueous KOH at 50 ◦C for 1 min at power setting 5.

The stamp in Figure 5.6b was created with a raw POP pellet (about 35 mm3,

Affinity EG 8150, Dow) sonicated in EtOH for 5 mins and molded into a viscous

sphere atop a silicon wafer on a hot plate at 130 ◦C. The viscous ball was then cut

in half and the separate pieces were once again molded into a sphere utilizing a glass

slide. One of the resulting pieces was placed atop the master pattern on the hot

plate. A glass slide at a restricted height was then used to put slight pressure on

the molten material. This was left for 3-5 minutes on the hot plate, removed, and

allowed to cool. The stamp and material were gently sonicated (Aquasonic Model

50D, VWR, power setting 3) in EtOH to aid in removal of stamp from master. The

resulting stamp after fabrication in this manner is a cylinder 2 mm tall with a 2 mm

radius.

The cropped ICM-AFM images of Figures 5.6a and 5.6b were obtained using a

TESP-HAR tip at 0.5 Hz scan speed, 30 nm amplitude setpoint, cover 40 µm x 40

µm and are 512 x 512 datapoints.

Section 5.3.2:

The adhesive was cured under a 366 nm UV lamp for 5 min at a distance of 3 cm.

For Au surfaces, 7 nm of Cr at 1 Å/s followed by 23 nm of Au at 2 Å/s were

thermally evaporated onto a 100 mm Si(100) wafer.

The SEM image of Figure 5.7b was acquired at 1.5kx magnification, 1 kV accel-

eration voltage, and a working distance of 6.9 mm.

Section 5.3.3:

The SEM images Figure 5.8a were acquired at 18.7kx magnification, 5 kV accel-

eration voltage, and a working distance of 5.0 mm.

The oxide lines were created using AFM based ANL with a Ti coated Si3N4 lever

at 10 V bias, 0.5 µm/s, 5 nN, and 30% RH.
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After the oxide mask was written, the samples were immersed in a 40 wt% KOH

bath at 40 ◦C for 30 s under ultrasonic agitation on power setting 5.

The profiles in Figures 5.8b and 5.8c are 50 scanline averages obtained from a

ICM-AFM image (512 x 512) using a TESP-HAR and scanned at 1 Hz and 80 nm

amplitude setpoint over a 60 µm x 60 µm area.

For the formation of h-PDMS stamps in this work, 1.7 g of vinyl prepolymer,

9 µL of Pt catalyst, and 1 drop of modulator were mixed in a culture tube. The

mixture was degassed for 2 min in a vacuum chamber, 1 g of hydrosilane prepolymer

was mixed in, and 2 µL was immediately spin coated onto the master substrate at

2000 rpm for 40 s. This resulted in a h-PDMS layer that is around 40 µm thick.

The samples were left undisturbed for 1 hr and then cured at 60 ◦C for 30 min. 184

PDMS was prepared as described previously (Section 4.2.1) and 7.8 mL was poured

over the semi-cured h-PDMS material still on the masters in a culture dish and cured

at 60 ◦C for 1.5 hr. The stamps were then removed from the master and cut to size

with a razor blade. The stamps were then glued to a 0.25 cm2 glass square using

the UV curing adhesive for support and handling (Section 5.3.2). Control prints of

uninked stamps did not yield any pattern transfer.

The SEM images of Figure 5.9 were acquired using a 3 kV acceleration voltage

and a working distance of 6.7 mm.

Section 5.3.4:

The SEM image of Figure 5.10b was obtained at 33kx magnification, 5 kV accel-

eration voltage, and a working distance of 5 mm.

A Ti coated Si3N4 lever at 5 nN of force, 30% RH, 0.05 µm/s, and 8V bias was

used for anodization of the oxide mask in Figure 5.10b.

The images of the second set of array patterns (Table 5.10) were taken with an

standard Si3N4 using a 5 µm x 5 µm scan size, 3 Hz scan rate, and ∼5 nN setpoint.
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For Figure 5.14, the cantilever used (SCM-PIC, Veeco Metrology) is silicon with 3

nm Cr followed by 20 nm PtIr coated on the tipside with a stiffness of 0.2 N/m. The

oxide mask was generated at 10 V bias, 0.5 µm/s, 30% RH, and 5 nN force setpoint.

The 94.8kx SEM image of Figure 5.14 was acquired using 5 kV acceleration voltage

at a working distance of 6.7 mm.

Appendix A:

The synthesized NTA-acrylamide (25 mg) was mixed with 300 µL of the commer-

cial 40% acrylamide/bis-acrylamide (19:1) and 200 µL of 1.5 M tris buffer at pH=8.8.

10 µL of 20% (w/v) aqueous ammonium persulfate and 0.4 µL of tetramethylethylene-

diamine was added to this prepolymer to start the polymerization reaction. 185 µL

was placed on a glass slide and a silicon/PMMA master pattern was suspended above

while in contact with this solution via a glass slide and spacers around 1 mm thick.

After 5 min of curing time the stamp was gently removed and submerged in 50 mM

NiSO4 to provide for the Ni2+ ions. The stamp was rinsed in binding buffer (0.5 mM

imidazole, 20 mM NaCl, and 5 mM tris at pH=7.9) and then in Histidine-tagged

exoI (0.1 M) in binding buffer for 1 min. The stamp was rinsed with binding buffer

and wash buffer (60 mM imidazole, 20 mM NaCl, and 5 mM tris, pH=7.90) then

sonicated for 2 min. in 0.05% SDS. The stamp was placed in a fresh culture dish and

washed with binding buffer, wash buffer, and then reaction buffer (66 mM glycine,

12 mM MgCl2, pH = 9.50). The processed stamp was placed in a large Petri dish on

filter paper soaked with reaction buffer and left to equilibrate for 5 min.

5’-aminohexyl, 3’-cyTAMRA modification of the sequence 5’-GATTACAGATTACA-

3’ was obtained (Integrated DNA Technologies) and dissolved in ddH2O to a con-

centration of 100 M. The oligonucleotides were then diluted in sterile filtered PBS

(pH = 7.00) to a final concentration between 0.1 - 10 M. The ssDNA substrates were

prepared by pipetting 300 µL of the ssDNA solution onto glass isothiocyanate slides
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(Genorama) and left to incubate, sealed, for 2 - 24 hours at room temperature. After

functionalization the slides were stored under reaction buffer. The prepared slides

were brought into contact with the prepared stamps and left to sit for 1 hr at 4 ◦C.

After enzymatic activity the substrates were rinsed in 50 mM EDTA, rinsed with

ddH2O, and dried under a stream of N2.

The cropped LFM-AFM image Figure A.3 was obtained using the Asylum AFM

with a Si3N4 lever at ∼1 nN force setpoint and was scanned at 1 Hz to obtain a 512

x 512 image.

For the master pattern imaging, an ICM-AFM image at 60 x 60 µm and 512 x

512 datapoints was obtained using a TESP-HAR cantilever. The scan speed was 0.5

Hz and the amplitude setpoint was 10 nm.
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Appendix C

MATLAB Code

xmove.m

function xmove(xdes,xvel)

% Performs linear motion to a destination (xdes) at a specific velocity
% (xvel) in microns/s when running xyz.sdf in Control Desk

global x cur
global d x
global x des
global x thresh

mlib(’Set’,’TraceVars’,x cur,’Delay’,0,’NumSamples’,1);
mlib(’StartCapture’);
while mlib(’CaptureState’) =0
end
xcur=mlib(’FetchData’);

Ts=1/3000;
xtot=xdes-xcur;
absx=abs(xtot);
ttot=absx/xvel;
dx=(xtot/ttot)*Ts;

vars=[x des;x thresh;d x];

mlib(’Write’,vars,’Data’,{xdes;xcur;dx});

ymove.m

function ymove(ydes,yvel)

% Performs linear motion to a destination (ydes) at a specific velocity
% (yvel) in microns/s when running xyz.sdf in Control Desk

global y cur
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global d y
global y des
global y thresh

mlib(’Set’,’TraceVars’,y cur,’Delay’,0,’NumSamples’,1);
mlib(’StartCapture’);
while mlib(’CaptureState’) =0
end
ycur=mlib(’FetchData’);

Ts=1/3000;
ytot=ydes-ycur;
absy=abs(ytot);
ttot=absy/yvel;
dy=(ytot/ttot)*Ts;

vars=[y des;y thresh;d y];

mlib(’Write’,vars,’Data’,{ydes;ycur;dy});

zmove.m

function zmove(zdes,zvel)

% Performs linear motion to a destination (zdes) at a specific velocity
% (zvel) in microns/s when running xyz.sdf in Control Desk

global z cur
global d z
global z des
global z thresh

mlib(’Set’,’TraceVars’,z cur,’Delay’,0,’NumSamples’,1);
mlib(’StartCapture’);
while mlib(’CaptureState’) =0
end
zcur=mlib(’FetchData’);

Ts=1/3000;
ztot=zdes-zcur;
absz=abs(ztot);
ttot=absz/zvel;
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dz=(ztot/ttot)*Ts;

vars=[z des;z thresh;d z];

mlib(’Write’,vars,’Data’,{zdes;zcur;dz});

xymove.m

function xymove(xdes,ydes,speed)

% Performs linear motion to a destination (xdes,ydes) at a specific velocity
% (speed) in microns/s when running xyz.sdf in Control Desk

mlib(’SelectBoard’,’DS1104’)

% assign variables
global x cur
global y cur
global d y
global d x
global y des
global x des
global x thresh
global y thresh

%get current position
mlib(’Set’,’TraceVars’,[x cur;y cur],’Delay’,0,’NumSamples’,1);
mlib(’StartCapture’);
while mlib(’CaptureState’) =0
end
position=mlib(’FetchData’);

xcur=position(1,1);
ycur=position(2,1);

Ts=1/3000;
xtot=(xdes-xcur);
ytot=(ydes-ycur);
distance=sqrt(xtot^2+ytot^2);
ttot=distance/speed;
dx=(xtot/ttot)*Ts;
dy=(ytot/ttot)*Ts;
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vars=[x des;y des;x thresh;y thresh;d x;d y];
mlib(’Write’,vars,’Data’,{xdes;ydes;xcur;ycur;dx;dy});
pause(ttot)

forceon.m

function forceon(force)

% Engages force control at a setpoint force in nN. The tip must be within
% 12 microns of the substrate

mlib(’SelectBoard’,’DS1104’)
global force switch
global force gain
global ramp gain
global force level
global force offset
global ver cur
global ver set
global p cal
global k val

%reset
mlib(’Write’,[force level;force offset],’Data’,{0;0});

%fix setpoint
mlib(’Write’,[force level],’Data’,force);

%obtain setpoint voltage, k value, and pcal
mlib(’Set’,’TraceVars’,[ver set;p cal;k val;ver cur],’Delay’,0,’NumSamples’,1);
mlib(’StartCapture’);
while mlib(’CaptureState’) =0
end
data=mlib(’FetchData’);

verset=data(1,1);
pcal=data(2,1);
k=data(3,1);
vercur=data(4,1);

veroffset=vercur+verset;
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forceoff=veroffset*(1/pcal)*(1/k);

%fix offset
mlib(’Write’,[force offset],’Data’,forceoff);

%fix setpoint and offset
mlib(’Write’,[force level],’Data’,force);

for i=1:1000
if i == 1;

zmove(11,5)
end
mlib(’Set’,’TraceVars’,ver cur,’Delay’,0,’NumSamples’,1);
mlib(’StartCapture’);
while mlib(’CaptureState’) =0
end
vercur=mlib(’FetchData’);
x=verset-vercur;
if x <= 0

mlib(’Write’,[force gain;force switch;ramp gain],’Data’,{1;2;0});
i;
break

end
end

forceoff.m

function forceoff()

% Disengages force control

mlib(’SelectBoard’,’DS1104’)

global force switch
global force gain
global ramp gain
global z des
global z 0
global z cur
global force level
global force offset
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mlib(’Set’,’TraceVars’,z cur,’Delay’,0,’NumSamples’,1);
mlib(’StartCapture’);
while mlib(’CaptureState’) =0
end
zcur=mlib(’FetchData’);

vars=[z des;z 0;ramp gain;force switch;force gain;force level;force offset];

mlib(’Write’,vars,’Data’,{zcur;zcur;1;1;0;0;0});
zmove(1,10)

scan.m

% raster scan program
% written by Matthew Johannes

% updated on 5-24-06

% to do a scan, set the proper parameters and run this script when xyz.sdf
% is running in Control Desk and the tip is engaged on the surface. make sure
% the data gets saved to the file scandata. then run scangraph using the same pa-
rameters.

%%% enter this data %%%%%%%%%%%

% xs=starting x position
% ys=starting x position
% area=length of one side of scan area
% ar=aspect ratio (x to y) of scan area
% xstep= space between scalines in microns (impacts number of scanlines)

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
function scan(xs,ys,area,ar,xstep)

xymove(xs,ys,10)

yspeed=2499;
yf=ys+area;
xf=xs+(area*ar);

mlib(’SelectBoard’,’DS1104’);
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Ts=1/3000;
x constant=mlib(’GetTrcVar’,’Model Root/motion/x constant/Value’);
y constant=mlib(’GetTrcVar’,’Model Root/motion/y constant/Value’);
output values=mlib(’GetTrcVar’,’Model Root/motion/Repeating Sequence/Look-Up
Table1/OutputValues’);
x s=mlib(’GetTrcVar’,’Model Root/motion/xs/Value’);
x step=mlib(’GetTrcVar’,’Model Root/motion/xstep/Value’);
x f=mlib(’GetTrcVar’,’Model Root/motion/xf/Value’);
step gain=mlib(’GetTrcVar’,’Model Root/motion/step gain/Gain’);
x actual=mlib(’GetTrcVar’,’Model Root/x axis/x/Out1’);
y actual=mlib(’GetTrcVar’,’Model Root/y axis/y/Out1’);
z actual=mlib(’GetTrcVar’,’Model Root/z axis/z/Out1’);
horizontal=mlib(’GetTrcVar’,’Model Root/photodetector/Horizontal/Out1’);
y set=mlib(’GetTrcVar’,’Model Root/motion/Repeating Sequence/Out1’);

numxinc=((xf-xs)/xstep)-1;
Npts=(yspeed+1)*numxinc;
totaltime=Npts*Ts
x=ceil(totaltime/5)+1;

variables = [output values;...
x f;...
x step;...
x s;...
step gain;...
x constant;...
y constant];

z actual=mlib(’GetTrcVar’,’Model Root/z axis/z/Out1’);
z actual uf=mlib(’GetTrcVar’,’Model Root/z axis/z actual/Out1’);
horizontal=mlib(’GetTrcVar’,’Model Root/photodetector/Horizontal/Out1’);

mlib(’Write’,variables,’Data’,...
{[ys yf yf ys];...
xf;...
xstep;...
xs;...
1;...
2;...
2});
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mlib(’Set’,’NumSamples’,70000,...
’TraceVars’,[z actual;y actual],...
’Trigger’,’OFF’,...
’AcquisitionMode’,’continuous’);

scan data = [];

mlib(’StartCapture’);

for i=1:x
pause(5)
a=num2str(i);
eval([’data ’,a,’ = mlib(’’FetchData”);’]);
eval([’scan data = [ scan data data ’,a,’ ];’]);
eval([’clear data ’,a,”]);

end

eval([’save scandata scan data’]);

mlib(’StopCapture’);

mlib(’SelectBoard’,’DS1104’);

ramp

mlib(’SelectBoard’,’DS1104’);

scangraph.m

% raster scan graphing script
% written by Matthew Johannes

% updated on 5-24-06

% After running scan, this script enables the 3-d visualization of the
% resulting scan data found in the file scandata.mat. enter the same
% information from the scan into the fields below. Also a number of image
% processing can be done to the image like plane fitting and FFT smoothing

close all
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clear

load scandata

% enter this data %%%%%%%%%%

area=2;
ar=1; % aspect ratio of scan
xstep=.025;
yspeed=2499;
ds=1; % downsampling amount
maxheight=.050; % max height allowed in microns
trace=’off’; % onn is race, off is retrace
fit=’off’; % trendline fitting = onn
Order=1; % of this order
cropping=’off’; % onn means its allowed

%%%%%%%%%%%%%%%%%%%%%%%%%%%%

correction=1.15;

zdat=downsample(scan data(1,:),ds)*correction;
ydat=downsample(scan data(2,:),ds);

zdat=detrend(zdat);

zmin=min(zdat);
zmax=max(zdat);

%length of each data vector

col length=(yspeed+1)/ds;

%number of steps

xsteps=((area/xstep)/2)*ar;
xsteps=xsteps-3; %adjusting crap data

%pick starting point and create data vector (from bottom)

pick=ydat(1:6000);
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plot(pick)

% start=input(’Pick the starting data point ’);

start=find(pick==max(pick));

zdat=-(zdat(start:col length*2*xsteps+start-1)-zmin);

%form a matrix of the data

x=linspace(0,area*ar,xsteps);
y=linspace(0,area,col length);
[X,Y]=meshgrid(x,y);
sizex=size(X);

%arrange the data into a matrix of size (col length,xsteps*2)

zdat=reshape(zdat,sizex(1),sizex(2)*2);

% when imaging holes in a flat surface, make s=max
% when imaging tall things on a flat surface, make s=min

% isolate trace

if trace == ’onn’

zplot=zeros(length(y),length(x));
% hplot=zeros(length(y),length(x)/2);
for i=0:xsteps-1

s=min(detrend(zdat(:,(2*i)+1)));
zplot(:,i+1)=flipud(detrend(zdat(:,(2*i)+1))-s);
%hplot(:,i)=h(:,2*i);

end

end

%isolate retrace

if trace == ’off’

zplot=zeros(length(y),length(x));
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% hplot=zeros(length(y),length(x)/2);
for i=0:xsteps-1

s=min(detrend(zdat(:,(2*i)+1)));
zplot(:,i+1)=detrend(zdat(:,(2*i)+2))-s;
%hplot(:,i)=h(:,2*i);

end

end

% excluded points based on height
f=size(zplot);
for i=1:f(1)

for j=1:f(2)
if zplot(i,j)>maxheight

zplot(i,j)=maxheight;
end

end
end

extra=40/ds; %number of extra data points

%replacing with data at turnaround

for i=1:xsteps
zplot(col length-(extra-1):col length,i)=...
zplot(col length-((2*extra)-1):col length-(extra),i);
zplot(1:extra,i)=zplot(extra+1:2*extra,i);

end

% adjustment on 11-09-06 for crap line
% znew=zplot;
% znew(1390:1633,7:12)=zplot(925:1168,7:12);
% znew(1390:1633,1:6)=zplot(1925:2168,1:6);
% zplot=znew;

surf(x,y,zplot*1000)
shading(’interp’)
% colormap(’gray’)
axis([0 area*ar 0 area*ar])
view(-22,88)
xlabel(’x (\mum)’)
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ylabel(’y (\mum)’)
zlabel(’z (nm)’)
title(’Height Image’)

%remove crap data (cropping)
if cropping == ’onn’;

figure(1)
view(0,90)
[a,b]=ginput(2);
if a(1)>a(2)

flipud(a);
end
if b(1)>b(2)

flipud(b);
end

z replace=.0003*randn(length(y),length(x));

a=round((a/(area*ar))*xsteps);
b=round((b/(area))*col length);

for i=b(1):b(2)
for j=a(1):a(2)

z replace(i,j)=zplot(i,j);
end

end

figure(1)
view(-19,80)

figure(2)
surf(x,y,z replace)
shading(’interp’)
axis([0 area*ar 0 area*ar min(min(zplot)) max(max(zplot))])
view(-22,88)
xlabel(’x (\mum)’)
ylabel(’y (\mum)’)
zlabel(’z (nm)’)
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title(’Height Image (cropped)’)
end

if fit==’onn’
% detrending
M=length(x);
N=length(y);
xf=1:M;
yf=1:N;

px1=polyfit(xf,linspace(zplot(1,1),...
zplot(1,length(xf)),length(xf)),Order);
py1=polyfit(yf,linspace(zplot(1,1),...
zplot(length(yf),1),length(yf)),Order);
px2=polyfit(xf,linspace(zplot(length(yf),1),...
zplot(length(yf),length(xf)),length(xf)),Order);
py2=polyfit(yf,linspace(zplot(1,length(xf)),...
zplot(length(yf),length(xf)),length(yf)),Order);

px=[px1(1) px1(2);px2(1) px2(2)];
py=[py1(1) py1(2);py2(1) py2(2)];

px=mean(px)’;
py=mean(py)’;

if cropping == ’onn’;
for i=1:N

for j=1:M
dat(i,j)=z replace(i,j)-(py(1)*y(i)+px(1)*x(j)+py(2)+px(2));

end
end

else
for i=1:N

for j=1:M
dat(i,j)=zplot(i,j)-(py(1)*y(i)+px(1)*x(j)+py(2)+px(2));

end
end

end

%zero data
% mindat=min(min(dat));
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% dat=detrend(dat-mindat);

% % get rid of bad line
% dat((yspeed+1)/ds,1:M)=zeros;
% dat(((yspeed+1)/ds)-1,1:M)=zeros;

%FFT the image

DAT = fft2(dat);
DAT = fftshift(DAT);

%[B,A] = butter(4,[0.15,0.25],’stop’);

[B,A] = butter(1,.7);

u = filtfilt(B,A,dat);

U = fft2(u);
U = fftshift(U);

[B,A] = butter(1,.7);

u = filtfilt(B,A,u’)’;

U = fft2(u);
U = fftshift(U);

figure(3)
surf(x,y,u)
shading(’interp’)
view(-22,88)
axis([0 area*ar 0 area*ar])
xlabel(’x (\mum)’)
ylabel(’y (\mum)’)
zlabel(’z (\mum)’)
title(’Height Image (flattened and smoothed)’)

figure(4)
surf(x,y,dat)
shading(’interp’)
view(-22,88)
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axis([0 area*ar 0 area*ar])
xlabel(’x (\mum)’)
ylabel(’y (\mum)’)
zlabel(’z (\mum)’)
title(’Height Image (flattened)’)

end

gcodelith.m

function [command list]=gcodelith(file,xstart,ystart,mode)

%Takes as input the .txt file containing the G-code command of the pattern
%to be deposited. xstart and ystart are the desired starting coordinates
%and mode is voltage to do constant voltage and current to do constant
%current (voltage/velocity feedback). returns a list of command to be
%exectued (via execute.m) when xyz.sdf is runnimng in control desk

close all

%litho data indexing
clear index
global index
index=1;

data=char(importdata(file));
global x cur
global y cur
global z cur
global x add
global y add
global y des
global x des
global d y
global d x
global voltagelevel
vars=[x cur;y cur;z cur];

% enter settings
% stepsize is the length of a linear step in circular interpolation (um)

fast=0.5;
slow=0.25;
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stepsize=0.05;
force=5;
voltage=8;
amp=2.5;
current=50;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

volts=voltage/amp;
circtime=stepsize/slow;

%dataset
a=size(data);
rows=a(1);
cols=a(2);

path=zeros(rows,3);

command list=[’forceon(’,num2str(force),’)’];
% command list(2)=[’xymove(’,num2str(xstart),’,’,num2str(ystart),’,5)’];

mlib(’Set’,’TraceVars’,vars,’Delay’,0,’NumSamples’,1);
mlib(’StartCapture’);
while mlib(’CaptureState’) =0
end
position=mlib(’FetchData’);

next command.X = 0;
next command.Y = 0;
next command.Z = 0;
next command.I = 0;
next command.J = 0;
next command.R = 0;
next command.F = fast;
next command.G = 0;
speed=0;

% Control loop
% Read in G code line by line

for i = 1:rows
previous command = next command;
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next command = read next command(data(i,:),previous command);
next command.line = i;

command=i;

a=0;
% Variable to indicate which G codes have been used in the command
% next command.logic = [G X Y Z I J F R]
% G code, X, Y, Z coords, I, J, R is arcs and F feed rate

mlib(’Set’,’TraceVars’,vars,’Delay’,0,’NumSamples’,1);
mlib(’StartCapture’);
while mlib(’CaptureState’) =0
end
position=mlib(’FetchData’);
current position.X=position(1,1);
current position.Y=position(2,1);
current position.Z=position(3,1);
path(i,:)=[current position.X current position.Y current position.Z];

if (next command.G == 0 & previous command.G == 0)
speed=fast;

end

if (next command.G == 1 & previous command.G == 0)
next command.G=6;
speed=fast;

end

if (next command.G == 1 & previous command.G == 6)
speed=slow;

end

if (next command.G == 0 & previous command.G == 1)
continue

end

% Move in xy (G00) or move in xy and lithography (G01)
if (next command.G == 0)

command list=strvcat(command list,[’xymove(’,...
num2str(next command.X+xstart),’,’,num2str(next command.Y+ystart),...
’,’,num2str(speed),’);’]);
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end
if (next command.G == 1 & mode == ’voltage’)

command list=strvcat(command list,[’voltagemove(’,...
num2str(next command.X+xstart),’,’,num2str(next command.Y+ystart),...
’,’,num2str(speed),’,’,num2str(volts),’);’]);

end
if (next command.G == 1 & mode == ’current’)

command list=strvcat(command list,[’currentmove(’...
,num2str(next command.X+xstart),’,’,num2str(next command.Y+ystart),...
’,’,num2str(speed),’,’,num2str(current),’);’]);

end

% Move in ij (G02) (clockwise) or G03 (counterclockwise)
% Ignore the non-ij R notation
if (next command.G == 2 — next command.G == 3)

% Find the center of the circle in absolute coordinates.
center.X = current position.X + next command.I;
center.Y = current position.Y + next command.J;
next command.R = sqrt((current position.X - center.X)^2+...
(current position.Y-center.Y)^2);
next steps = ijmove(current position.X, current position.Y,...
next command.G, next command.I, next command.J,...
next command.R, next command.X, next command.Y, stepsize);
mlib(’Write’,[d x;d y],’Data’,{0;0});
for j = 1:length(next steps)

mlib(’Write’,[x add;y add;voltage],’Data’,...
{next steps(j,1)-current position.X;next steps(j,2)...
-current position.Y;volts});
pause(circtime)

end
mlib(’Write’,[x des;y des;x add;y add;voltage],’Data’,...
{next steps(length(next steps),1);...
next steps(length(next steps),2);0;0;0});
a(length(next steps),1)=current position.Z;

end

end

voltagemove.m

function voltagemove(xdes,ydes,speed,volts)
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% same as xymove but applies voltage of volts during movement

global index

if index >0.9
index=index+1;

else index=0;
end

% assign variables
global x cur
global y cur
global d y
global d x
global y des
global x des
global x thresh
global y thresh
global voltagelevel
global z actual
global current out
global voltage out

%get current position
mlib(’Set’,’TraceVars’,[x cur;y cur],’Delay’,0,’NumSamples’,1);
mlib(’StartCapture’);
while mlib(’CaptureState’) =0
end
position=mlib(’FetchData’);

xcur=position(1,1);
ycur=position(2,1);

Ts=1/3000;
xtot=(xdes-xcur);
ytot=(ydes-ycur);
distance=sqrt(xtot^2+ytot^2);
ttot=distance/speed;
dx=(xtot/ttot)*Ts;
dy=(ytot/ttot)*Ts;
datapoints=(ttot/Ts);
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vars=[x des;y des;x thresh;y thresh;d x;d y;voltagelevel];
mlib(’Write’,vars,’Data’,{xdes;ydes;xcur;ycur;dx;dy;volts});

mlib(’Set’,’NumSamples’,datapoints,’TraceVars’,[z actual;current out;voltage out])
mlib(’StartCapture’);
while mlib(’CaptureState’) =0
end
litho data=mlib(’FetchData’);

eval([’save lithodata’,num2str(index),’ litho data’]);

%pause(ttot)
mlib(’Write’,[voltagelevel],’Data’,{0});

readnextcommand.m

function [next] = read next command(string, previous command)
% Arguments: a string of characters consisting of the next line of code,
% the previous line of code
% Returns: A struct representing the G code, and values
% X, Y, Z, I, J, R and F. Also returns a field next.names
% that indicates which fields have been filled
%
%
% Initialization
cols = length(string);
string(cols+1) = 32;
i = 1;
j = 1;

% Variable to indicate which G codes have been used in the command
% next.logic = [G X Y Z I J F R]
% G code, X, Y, Z coords, I, J, R is arcs and F feed rate
next.logic(1:7) = 0;

% The current values are automatically cleared;
% only those codes of which there are values
% will be returned
%
% The loop cycles through each character, identifies
% those characters that represent codes, and inserts the
% numbers that follow them into the appropriate fields
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% of the struct

next.logic(1:8) = 0;
for j= 1:cols+1

k = 1;
if ((string(j)==’G’)—(string(j)==’g’))

j = j+1;
while (j<=cols+1 & string(j) =32);

next.G(k) = string(j);
k = k+1;
j = j+1;

end
next.G = str2num(char(next.G));
next.logic(1) = 1;

end
if ((string(j)==’X’)—(string(j)==’x’))

j = j+1;
while (j<=cols+1 & string(j) =32);

next.X(k) = string(j);
k = k+1;
j = j+1;

end
next.X = str2num(char(next.X));
next.logic(2) = 1;

end
if ((string(j)==’Y’)—(string(j)==’y’))

j = j+1;
while (j<=cols+1 & string(j) =32);

next.Y(k) = string(j);
k = k+1;
j = j+1;

end
next.Y = str2num(char(next.Y));
next.logic(3) = 1;

end
if ((string(j)==’Z’)—(string(j)==’z’))

j = j+1;
while (j<=cols+1 & string(j) =32);

next.Z(k) = string(j);
k = k+1;
j = j+1;

end
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next.Z = str2num(char(next.Z));
if (next.Z == previous command.Z)

next.logic(4) = 0;
else

next.logic(4) = 1;
end

end
if ((string(j)==’I’)—(string(j)==’i’))

j = j+1;
while (j<=cols+1 & string(j) =32);

next.I(k) = string(j);
k = k+1;
j = j+1;

end
next.I = str2num(char(next.I));
next.logic(5) = 1;

end
if ((string(j)==’J’)—(string(j)==’j’))

j = j+1;
while (j<=cols+1 & string(j) =32);

next.J(k) = string(j);
k = k+1;
j = j+1;

end
next.J = str2num(char(next.J));
next.logic(6) = 1;

end
if ((string(j)==’F’)—(string(j)==’f’))

j = j+1;
while (j<=cols+1 & string(j) =32);

next.F(k) = string(j);
k = k+1;
j = j+1;

end
next.F = str2num(char(next.F));
next.logic(7) = 1;

end
if ((string(j)==’R’)—(string(j)==’r’))

j = j+1;
while (j<=cols+1 & string(j) =32);

next.R(k) = string(j);
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k = k+1;
j = j+1;

end
next.R = str2num(char(next.R));
next.logic(8) = 1;

end
if (string(j)==32)

j = j+1;
end

if (next.logic(1) == 0)
next.G = previous command.G;

end
if (next.logic(2) == 0)

next.X = previous command.X;
end
if (next.logic(3) == 0)

next.Y = previous command.Y;
end
if (next.logic(4) == 0)

next.Z = previous command.Z;
end
if (next.logic(7) == 0)

next.F = previous command.F;
end
next.names = fieldnames(next);
j = j+1;

end

ijmove.m

function [next steps] = ijmove(currentX, currentY, next commandG,...
next commandI, next commandJ, next commandR, next commandX,...
next commandY, stepsize)

% Arguments: struct of x and y coordinate of the current position;
% struct of the next command, including x and y coordinates of the
% target position, the center of the arc to be interpolated, and
% the radius of the arc to be interpolated; as well as the minimum
% step size of the linear steps.
%
% Returns: Of the two possible arc solutions of this set of points
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% this program returns an array of points representing linear steps
% of length stepsize following the clockwise solution.

% Calculate the vector for the current position relative to the
% center of the arc (this is also -(i,j)).
start = [-(next commandI), -(next commandJ)];

% Find the center of the circle in absolute coordinates.
center.X = currentX + next commandI;
center.Y = currentY + next commandJ;

% Calculate the vector of the target position relative to the
% center of the arc.
finish = [next commandX-center.X, next commandY-center.Y];

% Calculate the arc length and the number of points of interpolation
% clockwise and counterclockwise as appropriate
[start polar(1),start polar(2)] = cart2pol(start(1),start(2));
[finish polar(1),finish polar(2)]= cart2pol(finish(1),finish(2));
if (next commandG == 3)

theta = finish polar(1) - start polar(1);
elseif (next commandG == 2)

theta = start polar(1) - finish polar(1);
end

if (theta<=0)
theta = theta+2*pi;

end

s = next commandR*theta;
points = floor(s/stepsize);
delta theta = theta/points;

% Calculate the interpolated points in polar

if (next commandG == 2)
for i = 1:(points-1)
next steps polar(i,1) = start polar(1)-delta theta*i;
end
next steps polar(points,1) = start polar(1)-theta;
next steps polar(:,2) = next commandR;

end
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if (next commandG == 3)
for i = 1:(points-1)
next steps polar(i,1) = start polar(1)+delta theta*i;
end
next steps polar(points,1) = start polar(1)+theta;
next steps polar(:,2) = next commandR;

end

% Calculate the interpolated points in cartesian
[next steps rel(:,1),next steps rel(:,2)] =...
pol2cart(next steps polar(:,1),next steps polar(:,2));
for i = 1:points

next steps(i,1) = next steps rel(i,1)+center.X;
next steps(i,2) = next steps rel(i,2)+center.Y;

end

arraydistance.m

% Routine to find the distance between features in an array. The file takes
% in an image file and the points in the array are selected in order from
% left to right, top to bottom using the mouse. contrast is enhanced, so
% good quality images are required. The algorithm computes the centroid,
% which is the center when the shape is symmetric, so there should be no error
% when the shapes in the array close to symmetric. Currently a 5 by 5
% array, other sizes and the code needs to be adjusted. Uses ait centroid
% downloaded from MATLAB Central

close all
clear all

pic = imread(’test.tif’);
image(pic)
a=size(pic);
pic=pic(1:a(1),1:a(2));
pic=double(pic);
pic=pic.^(3);
pic=(pic/max(max(pic)))*255;
pic=uint8(pic);
image(pic)

xscale=40;
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yscale=40;

% pixels per micron
scale=150;

for i=1:1;

[xloc(i),yloc(i)]=ginput(1);

xloc(i)=round(xloc(i));
yloc(i)=round(yloc(i));

picanalyze=pic((yloc(i)-yscale):(yloc(i)+yscale),(xloc(i)-xscale):(xloc(i)+xscale));

[x(i),y(i)] = ait centroid(picanalyze); [108]

x(i)=xloc(i)-xscale+x(i);
y(i)=yloc(i)-yscale+y(i);

end

for i=1:4
xdist(i)=(sqrt(abs(x(i+1)-x(i))^2 + abs(y(i+1)-y(i))^2))/scale;
xdist(i+4)=(sqrt(abs(x(i+6)-x(i+5))^2 + abs(y(i+6)-y(i+6))^2))/scale;
xdist(i+8)=(sqrt(abs(x(i+11)-x(i+10))^2 + abs(y(i+11)-y(i+10))^2))/scale;
xdist(i+12)=(sqrt(abs(x(i+16)-x(i+15))^2 + abs(y(i+16)-y(i+15))^2))/scale;
xdist(i+16)=(sqrt(abs(x(i+21)-x(i+20))^2 + abs(y(i+21)-y(i+20))^2))/scale;

end
for i=1:5

ydist(i)=(sqrt(abs(x(i)-x(i+5))^2 + abs(y(i)-y(i+5))^2))/scale;
ydist(i+5)=(sqrt(abs(x(i+5)-x(i+10))^2 + abs(y(i+5)-y(i+10))^2))/scale;
ydist(i+10)=(sqrt(abs(x(i+10)-x(i+15))^2 + abs(y(i+10)-y(i+15))^2))/scale;
ydist(i+15)=(sqrt(abs(x(i+15)-x(i+20))^2 + abs(y(i+15)-y(i+20))^2))/scale;

end

meanx=mean(xdist)
meany=mean(ydist)
[stdx]=rms(detrend(xdist))
[stdy]=rms(detrend(ydist))
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