ABSTRACT

KOMMAJOSHYULA, PRADYUMN. Experimental Study of Nano Electro Machining. (Under the
direction Dr. Paul Cohen.)

Scanning Probe Lithography (SPL) is one of the methods used for synthesizing nano-
structured materials and devices. SPL potentially 3D, relatively fast and needs no expensive
masks. Nano milling and nano electro machining are recent developments in SPL. Nano
electro machining is analogous to electric discharge machining which removes material by
discharge between two electrodes (work piece and tool). The nano-scale version involves
Atomic Force Microscope (AFM) tip and sample act as electrodes. Previous works
removed material by adding negative pulses to AFM tip. These attempts resulted in hole
with diameters typically spanning around 100 nm in width or diameter and 50 nm in depth.
Some environments in which nano electro machining was done include air and dielectric
oil. Some sample materials include Highly Ordered pyrolitic Graphite (HOPG), gold,
copper. Here an experimental study of the process parameters of the nano electro
machining is done using HOPG. The process parameters peak to peak voltage of the pulse
and number of pulses or time of machining are studied using factorial experiments by
fabricating holes with several combinations of these parameters. Out of these two
parameters peak to peak voltage or simply voltage was found have a much greater impact
on the material removed on the HOPG work-piece. Further fabrication of trenches or slots
was also found to be feasible. In addition nano electro machining HOPG using a

polycrystalline silver nanowire attached to the AFM tip was also found to be feasible.



Finally the dimensions of holes made by the nanowire and standard tip were compared and

their  differences  was briefly  discussed using a rough model.
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1. INTRODUCTION

Increasing demands of the electronics sector is pushing the semiconductor industry
into reducing the size of transistors, photodiodes, emitters and sensors from micro-scale to
nano-scale. The advantage of nano-scale features is not just the obvious size advantage but
also exploiting quantum effects [1]. Fabrication of devices in the nano-scale involves
several choices of processes like etching [2] and deposition [3] which is top-down and
bottom-up respectively. However there are several devices that need to be selectively
etched or deposited in order to fabricate them. Most of these involve slots trenches or
holes. The fundamental limit of photo-lithography is light itself. The resolution of the nano-
scale features are limited by the wavelength of light. Thus these smaller patterns are made
by other means with scanning probe lithography being one of them. Electron beam
lithography [4] which can easily fabricate these features places many constraints on the
equipment used because of the requirement of vacuum. Scanning probe lithography
facilitates relatively simple handling of equipment. There are many forms of scanning
probe techniques some are the oxidation and mechanical scratching using an atomic force
microscope. The other is the scanning tunneling microscope lithography. A relatively new
type of lithography is the spark erosion, “electric pen” or the nano electro machining. This
has several advantages over the other processes which are briefly discussed in the next
section. Potential applications include plasmonic LEDs [5] and the quantum anti-dot arrays

[6]. One of the patterned substrate fabricated in this work using this process



lithographically resembles a quantum anti-dot array. In this thesis the process parametrical

dependence of dimensions of these features are explored.



2. LITERATURE REVIEW

2.1 Scanning Probe Lithography

The atomic force microscope was primarily built for imaging surfaces of materials [7]
or for imaging the nano-scale patterns fabricated on the material [8]. The AFM can be used
to measure electrical properties [9], magnetic properties [10] or measuring surface topology
[11]. However, the atomic force microscope has also been used to fabricate nano-scale
patterns. Most of these involve the tip removing material [12] [13] [14] and others build up
or change the composition of the material [15] [16]. Usually this method of fabrication
produces patterns in the form of holes or trenches [17]. In many cases this is not the final
product or device and further processing is needed. In case of mechanical scratching the

photo-resist needs to be removed after etching the material underneath.

2.2. Mechanical Scratching and Nano-milling

In this form of lithography the tip approaches the surface, indents it and is moved to
form a pattern. The tip can be move to plough the material to make nano-scale slots [18].
However due to the nature of the process it is almost always limited to soft materials
although there were exceptional cases [19]. This leads to making patterns only on soft
polymers like photo-resists deposited on a substrate material and then further processed to
make the desired device [20]. Using this method the AFM tip is used to make nano-scale
trenches on the photo-resist which is deposited on the substrate thus exposing the substrate

underneath for etching patterns. The patterns can be used as a part of a device such as a



micro or nano-sensor or an actuator [21]. There are several improvements to this process to
remove more material including vibrating the sample on a custom made z-stage [22]. A
hardened diamond-like carbon tip can remove a large volume of material by vibrating the
stage x and y direction and may be even in the z direction [22]. This simulates the milling

machining operation in machine shop.

2.3. Oxidation and Scanning Tunneling Lithography

Another lithography process involves patterning by means of electrical contact. The tip
is approached to the surface and instead of mechanically ploughing or scratching; an
electric field is applied between the tip and surface. This electric field causes some
manipulation on the surface. The surface features formed are in most cases oxides of the
work-piece material. The electric field can be direct current or a pulse. This electric field
induced oxidation [23] can be used for further processing, making the desired devices. The
areas where the AFM tip enabled oxidation produce a different reaction to etching agents
[25]. This can be used to make patterns as the etching material removes material around the
oxidized regions. The second kind of manipulation is scanning tunneling lithography.
Scanning tunneling microscopy is used to map the surface topology of a material by
measuring the tunneling current between the tip and the sample while scanning [25]. The
STM can also be used for patterning as a chemical reaction by the free charges of the

tunneling current can be used to remove or etch the material [26, 27].



2.4 Nano Electro Machining

A new kind of lithography performed by means of applying basically an electrical pulse
to sample via the AFM tip is the nano electro machining. Nano electro machining is
analogous to the electric discharge machining at the macro scale. Electric discharge
machining or spark erosion is a non-traditional machining process at the macro scale. This
involves material removal by means of spark erosion between the tip which acts as the
electrode and the conducting sample in presence of a dielectric medium. This process has
also been replicated in the micro-scale [28 to 30] in which pulses (hundreds of
microseconds in periods) are applied between a tool (ex: Tungsten and 50 um diameter)
and a conducting work piece in presence of a hydrocarbon based dielectric. The electric
discharge between the tool and work-piece creates in holes of around 100 um in diameter.

The material is eroded by the thermal energy that results from the discharge [29].

The nano-scale version is performed by treating AFM tip (as opposed to the micro
fabricated and cylindrical tool in micro EDM) and sample surface as electrodes and
applying a pulse in between. The tip is given the negative pulse and the sample which is
grounded and gets eroded. The mechanism of material removal in the nano electro
machining is not known although; a previous publication ruled out some of the possible
mechanisms such as electro-migration [31]. This process has some advantages over the
processes previously mentioned. As this is direct fabrication, further process is not needed.
It can be only performed on conducting materials. However the patterns are directly

fabricated on the substrate and there is no need for further processing like etching or



removal of photo-resist etc. Most of the experiments done here required no special
modifications of the AFM system other than the coating of the cantilever (40 to 60 nm of

gold and palladium by sputtering) only to make it conductive.

As the mechanism is still not completely clear, here the dependence on several
parameters of the width of the geometries and dimensions of eroded areas are explored by
means of design of statistical experiments. Many of the previous works were performed
with the medium between the tool and the work-piece being dielectric oil [32, 33]. Also
these were performed on a system designed for scanning tunneling microscopy and hence
the precise measurement of distance between the tip and substrate was possible. This
facilitated the measurement of |-V characteristics and Paschen curves which provided a
deeper understanding of the nano electro machining process. In one experiment, a tungsten
electrode was used on a gold sample showed formation of tungsten carbide and oxide
precipitates in a nano-crystalline form. This carbide formation enhanced the nano electro
machining capability. It was hypothesized that the mechanism was because of the dielectric
breakdown with some contribution of tunneling electrons. The tool after nano electro
machining had a smaller radius than the original electric field assisted nucleation of nano-
crystalline tungsten oxide and carbide phases on tool surface and sub-surface was observed.
In another study the tip was coated with Ir-Pt and performed on <111> gold under
dielectric oil. The material removal rate was 141 cu. nm/second. The authors have
demonstrated nanometer scale material removal as small as 10 nm in diameter and under 1
nm in depth. Another study was done on highly ordered pyrolytic graphite (HOPG) without

dielectric medium and a coated tip [34]. This was done with carbon nanotube tip as well as



standard tip. The equipment used there was a scanning tunneling microscope and had
feature to precisely measure tip-surface distances and I-V characteristics. It was
hypothesized that the possible removal mechanism was that tunneling electrons induced
chemical reaction. The I-V characteristics showed that the nano electro machining
mechanism was influenced the maximum by voltage and not current. In this study, a
comparison between voltage and time of machining was thoroughly investigated. Due to
equipment restrictions it was not possible to measure the 1-V characteristics nor accurately

estimate the tip-sample distance.



3. EXPERIMENTS

3.1 Equipment and Setup

The experiments were conducted using a Park Systems XE-70 Atomic Force
Microscope. This is a standard AFM which scans images by the XYZ scanner and a micro-
cantilever. It is placed on a Minus K vibration stabilizer and enclosed in an acoustic

chamber. The AFM tips used for this experiment are the following:

1. Park Systems NCHR (stiffness: 40 N/m, radius: <30 nm, mode: non-contact)
2. Nanoandmore Tap300 (stiffness: 40 N/m , radius: <30 nm, mode: non-contact)

3. Ktek Tetra-16(Au) 40 N/m (stiffness: 40 N/m, radius: 50 nm, mode: non-contact)

For all the experiments the first two tips were coated with approximately a total
thickness of 40 nm to 60 nm of gold and palladium by sputtering to make them conductive.
The equipment for pre-coating SEM samples, at NCSU analytical instruments facilities
(JEOL 6400F), was used to coat these tips. The coating increases the tip radius, so the
actual tip radius is higher than the one specified above and depends on the coating
thickness. The third tip was already coated with gold and titanium (total thickness of 40

nm) by the manufacturer.

One of the samples used was aluminum film. This sample was prepared by thermally
depositing aluminum on silicon <100> wafers with a thickness of about 100 nm. The other
was a 10 x 10 x 3 mm highly ordered pyrolithic graphite (HOPG). The samples were

mounted on the standard stage provided by the AFM system. The sample, after testing for



conductivity, is then grounded using a wire attached to the AFM ground. Two electrical
sources were used. One was a Keithley source meter was used for DC source while the
Agilent signal generator was used for pulsed signals. The ‘signal access module’ provided
by Park Systems was a box with BNC ports connecting to various systems of the AFM
including tip bias, sample bias, various imaging signal 1/O etc. This access module can be
used to send custom signals into the AFM for various purposes. In this setup we send the
custom electric pulse into the AFM via the access module. The BNC from the Agilent or
the Keithley source meter is directly connected to the ‘tip bias’ port of the signal access
module. This setup ensures that the signal from the signal generator directly goes to the

AFM cantilever. Figure 1 shows a schematic of the setup.

BNC cable

i Park systems .
Keithley source meter ark sy —_— &
or signal access q »
Agilent signal gnerator module

| sample

cable provided : round
by Park system: : €

Park systems
PC AFM controller

Figure 1 Schematic experimental setup of the system.




All of the entities in Figure 1 except ‘Keithley source meter..” and the ‘ground’ are
provided by Park Systems and from the normal setup. Connecting a BNC from the Agilent
to the ‘tip bias’ port of the signal access module sends the signal directly to the tip. Any
wire attached securely to the sample and the ground forms the only addition to the normal

setup of AFM in order to perform this experiment.

In addition to these two connections a conductive epoxy can be added to the ‘chip
carrier’ plate which contains the AFM cantilever which attached to the z-stage. This
ensures that the cantilever receives the signal as illustrated in Figure 2. The chip carrier
plate is attached to the z-stage and holds the chip and cantilever and it is shown in the
Figure 2. The chip carrier plate is attached to the z-stage and holds the chip and cantilever
with, conductive epoxy. All of the experiments except in case of aluminum used the
Agilent signal generator. To perform nano electro machining in case of HOPG sample the
tip must be approached to the sample and held stationary. XEL is a software package
provided by Park Systems which is used for performing lithography using the AFM. XEL
provided by Park Systems can be used to place the tip exactly at the spot desired and a
pulse can be sent to it. The Agilent signal generator allows the user to control the number
of pulses, peak-to-peak voltage, frequency etc. In case of HOPG sample the pulse, nature
and details are given in Table I. Peak-to peak voltage or simply voltage and the number of

pulses or simply pulses can vary in an experiment.
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chip carrier ’ .
Chip carrier attached to

conductive epoxy or the AFM head

chip and cantilever

Figure 2 Conductive epoxy to the chip carrier plate.

The aluminum sample was used only to check whether the AFM system with the current
setup is capable of performing lithography using this process before using the HOPG
sample. Details of aluminum sample and the experiment made using it are given in

Appendix D.

3.2 Outline of the Experiments

. The aim of the experiments is to determine the dependence of dimensions of the
resulting holes on the input parameters. As observed in Table | many parameters can be
altered. In this work only two parameters were altered: the peak-to-peak voltage and the
number of pulses. From this point on the term voltage will refer to the peak-to-peak voltage
as a short hand notation. The other parameters such as duty cycle, frequency etc., are held
constant throughout this work, unless otherwise explicitly stated.

The first experiment was exploratory in nature. The experiment consists of a wide range
of voltages and a limited range of pulses. The next two experiments were performed to

quantify the process repeatability. One of these is to find the threshold of voltage for which

11



nano electro machining becomes repeatable. The other one was to quantify the repeatability

over a large range of number of pulses.

Table | The parameters used in all experiments on HOPG

Constant parameters Variable parameters
To be setusing | To be set using Agilent signal generator|  To be set using Agilent
the AFM system signal generator
Set point Frequency | Duty offset Peak to peak | Number of
or period | cycle voltage pulses
5nN 20Hz or 50 50%/| Negative 60% of Varies varies
ms peak to peak voltage

To examine the dependence of dimensions of the resulting hole on the input parameters,
an nxn (for some integer n) factorial experiment was performed with voltage and number of
pulses as the factors. The method is to make a single hole by applying a number of pulses
with some voltage and then fabricate more holes each with an increased voltage (all with
the same number of pulses). The next iteration would be to fabricate the same number of
holes with the same incremental voltage, but each of them with an increased number of
pulses than the previous iteration. More iterations can be performed each with increased
number of pulses. The order in which the iterations were performed may differ with each
experiment. For example, an nxn matrix of holes on the HOPG sample corresponds to an

nxn factorial experiment with voltage and the number of pulses.

Thus the aim of the three experiments mentioned above can be summarized as follows:

12



1. Exploring all the range of voltages and small range of pulses
2. Exploring threshold voltage at which the process becomes consistent

3. Quantifying repeatability over a larger range of pulses

In addition to the experiments described above two additional experiments were performed.
One of these is to fabricate a feature on the sample other than a hole; a trench. The other
experiment is a factorial experiment similar to the one described above, with the only

difference being that the aspect ratio of the AFM tip is much lower.

The experimental procedure for these experiments is described below.

The sample used here is 10x10x3 mm highly ordered pyrolitic graphite. The sample is
hence chosen because of its high atomic flatness. As explained in the previous Section, the
sample is placed on the standard sample holder and a wire connects it to the ground. In a
typical experiment the tip is approached to the sample surface and it is held stationary and
given a voltage. The tips used were old tips which were used for some mechanical
scratching experiments. Each tip was coated with palladium and gold of around 40 to 60

nm total thickness.

In addition to the above experiment, a separate study was conducted, the purpose of
which was to test the feasibility of performing nano electro machining by attaching a
nanowire to a standard AFM tip. The nanowire (made of polycrystalline silver) is attached
by a standard AFM tip by means of an epoxy. The nanowire is estimated to have a diameter

of around 100 to 150 nm and a length of about 2 to 3 um. Since the nanowire is attached to
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the AFM tip by means of a non-conducting epoxy, the AFM tip along with the nanowire is
coated with gold and palladium with a combined thickness of 40 to 60 nm in the same
manner mentioned in the beginning of Section 3.1. The tip with the nanowire is mounted
on the AFM and the procedure used for nano electro machining is the same as the one

described in Section 3.1.
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4. RESULTS AND DISCUSSION

When material was removed by nano electro machining the pattern left on the substrate
resembles a cone, similar to the cross Section of the AFM tip. Therefore the features have
two measureable parameters, height and diameter of the cone which are the diameter and
height of the cone. In case of trenches or series of holes the pattern formed was in the form
a V-shaped groove and the results were characterized in terms of width and depth of the
groove. The following Sections show the variations of the dimensions of the features using
factorial experiments for the three scenarios: holes using a standard tip, trenches or slots or

series of holes using standard tip and stray holes using a nanowire tip.

4.1 Study of the Resulting Hole Dimensions made by a Wide Range of Voltages

The aim of the following experiment was to examine the dimensions of the resulting
hole and how they depend on a large range of voltage and relatively small size of the holes.
To examine the dependence of dimensions of the resulting hole an 12x3 factorial
experiment was performed with voltage and number of pulses as the factors.
Experimentally, this 12x3 factorial experiment translates into a matrix of holes with three
rows and twelve columns on the HOPG surface. Each row contains twelve holes each made
with a different voltage and constant number of pulses. The voltage is in a decreasing order
from 9.5 V to 4 V with 0.5V as an interval. Each column contains holes made by an
increasing number of pulses 1, 4 and 8. The last column was given a voltage of 7 V and

with 1, 4 and 8 pulses to demonstrate that the decreasing hole size was not due to wearing
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of the tip or some chronological phenomenon. Table Il shows the parameters used

throughout this experiment.

Table Il Parameters used in experiments with the standard tip

Constant parameters Variable parameters
To be set by using| To be set using Agilent signal generator To be set by using
the AFM control Agilent signal generator
Set point Frequency | Duty offset Peak-to peak |Number of
or period | cycle voltage pulses
5nN 20 Hz or | 50 % | Negative 60% of peak | 4Vt09.5V | 1,2,4,8,12
50 ms to peak voltage

4.1.1. Variation of the Resulting Hole Dimensions made by a Wide Range of

Voltages

When the AFM tip is placed above the substrate and given a pulse of sufficient voltage,
material was removed and a hole was formed. The dimension of the hole, resembling a
cone, showed a dependence on the voltage and the number of pulses. A non-contact mode
image of the sample after the experiment measured the dimensions (depth and diameter) of
the holes formed. Figure 4(a) and (b) graph depth as a function of voltage and pulses. It is
clear that the width (diameter) and depth decrease with decreasing voltage and also
increase with increasing pulses. Additional results can be found in the Appendix A. The

threshold of nano electro machining is found to be 4 V as there is no material removal
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when the voltage is lower. Also the last 3 holes in Figure 3 (a) were made by 7 V and were

made after fabricating the 33 holes made from 9.5V to 4 V.
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Figure 3 (a) AFM image of a 12x3 factorial experiment done with 9.5 V to 4 V (from left
to right) in steps of 0.5 V and 1,2,4 (top, middle and bottom row in that order) taken in non-
contact mode (b) is the profilometer image.
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Figure 4 (a) Plots of depth vs. number of pulses for each voltage and (b) depth vs.

voltage for each pulse.

This illustrates that the decrease in hole size is not a chronological phenomenon such as

tip wear and the hole diameter and depth depend strongly on voltage.
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The number of pulses, however, seemingly has relatively less influence on the
dimensions of the holes. This may be because the melting of the tip material may have
resulted in debris that is deposited on the sample. This is investigated more thoroughly in
the next experiment in subsequent Sections. By this, one can concur that nano electro
machining occurs at a wide range of voltages from 9.5 V to 4 V (and beyond) and 4V is the
threshold of nano electro machining. The hole diameter and depth strongly depends on the
voltage. The next step is to quantify the dependence of voltage and number of pulses and

the repeatability.

4.2 Study of Repeatability

It was established by the previous experiment that the threshold voltage for nano electro
machining is 4 V. However, it is found that the process is not very repeatable for low
voltages. Attempts to make holes with 4 VV to 5 V had a low success rate i,e no material
removal was observed in many attempts. In this regard, there was a need to establish a

‘threshold’ for the minimum voltage that produced some feature on the sample every time.

The aim of the following experiment was to characterize the repeatability of the process.
To determine the repeatability threshold voltage the following experiment was performed.
The range of voltage in the experiment was small: 7 V, 6 V and 5 V. The number of pulses
in the experiment were 1, 4 and 8. The experiment was a 3x3 factorial experiment was
performed similar to the one described in the previous Section. But here, it is needed to
determine the threshold voltage for repeatability; hence this factorial experiment was

repeated four times. The aim is to determine the voltage the process begins to be replicable.
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4.2.1 Characterization of Repeatability

The factorial experiment performed with a small range of voltage ranging 7 V, 6 V and 5
V and 1, 4 and 8 pulses revealed the repeatability threshold as 5 V. All holes made by 5 V
produced some features. The factorial experiment is a 3x3 experiment with each hole made
by a different voltage: 7V, 6 V, 5V and number of pulses: 1, 4, 8. This experiment was
performed four times to investigate repeatability and also to explore the minimum voltage
threshold at which it is possible to repeat the experiment. This experiment also reveals that
at voltages around 5 V the size of the hole depends on the state of the tip prior to nano
electro machining. Figure 5 below shows AFM image of the 3x3 arrays. It can be noted that
the order in which they were fabricated differs. Out of the four experiments, two were done
left to right (7V, 6 V,5 V in that order) and the other two were done right to left (5V, 6 V
,7 V in that order). Illustrative details of this can be found in the Appendix C. The very first
of these four was left to right and the next two were right to left and last one was again left
to right (explained pictorially in Appendix C). It can be seen from the final AFM image in
Figure 5 and also those in Appendix B that there is some difference in dimensions of the
ones fabricated with 6 and 5 V depending on the order in which they were done. When it
was done from left to right (7 V, 6 V, 5V in that order) the holes (made from 6 V and 5 V)
were significantly larger those made by right to left (5V, 6V, 7 V in that order). The fourth
and last trial was left to right and the holes made were much bigger than those of the
previous two trials which were right to left. This suggests that the wear of the tip is not the

cause. Two hypotheses suggest that heat from high voltage machining (7 V) either heated
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the tip and produced thermionic electrons that helped remove material or heated the sample

and lowered the energy needed to remove material per unit volume.

Figure 5 AFM image of four 3x3 arrays on the left hand side. Each array consists of 9
holes made in a factorial experiment with 7 V, 6 V and 5 V (in that order) and 1,4 and 8
pulses. The green line indicates the cross-Section of some of the holes that is found in the
right hand side of the figure.

It can be concluded that when doing an experiment with this process using multiple
voltages, it is most expedient to start with the highest voltage if one wants the holes to be as
large as possible. Figure 6 shows the plots of average depth against the voltage and the
pulses. More plots of width, depth and computed volume of individual holes can be found
in the Appendix A. This reveals that the voltage has a stronger influence than the number
of pulses on the dimensions of the holes. This influence is more thoroughly investigated in

an experiment with a relatively large range of pulses in the subsequent Section.
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Figure 6 (a) Plots of average depth vs. number of pulses for each voltage and (b) average
depth vs. voltage for each pulse.

4.3 Investigation of VVoltage and Pulses on the Dimensions

The threshold for repaetability was established by the previous experiment and the
repeatability was quanitfied for a large range of number of pulses, namely 4, 8 and 12. The
objective of this experiment is to quantify the repeatability over a large range of pulses that
might, therefore, determine the repeatbility of the process. The experiment is a 3x3 factorial

experiment with 7 V, 6 V and 5 V and the number of pulses were 4, 8 and 12. This 3x3
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experiment was repeated four times. All the parameters are the same as in the experiment

described in 3.3 except for the peak-to-peak voltage and number of pulses.

4.3.1 Influence of Voltage and Pulses on the Dimensions and Repeatability

This experiment serves to quantify the repeatability over a larger range of pulses now
that the threshold of voltage for repeatability is established by the previous experiment as 5
V. Figure 7 shows the AFM image of one of the 3x3 experiment which was done. The
other three aren’t shown to eliminate redundancy. The hole apparently replicated the shape
of the tip. The odd shape of the tip may be because of its function as mechanical plough

tool prior to the use in this experiment.

heElleo—| 7/

Figure 7 Left hand side is the AFM image of a 3x3 array made in factorial experiment.
The input number of pulses increase in steps of 4,8 and12 with each hole from left to right.
The input voltage increases in steps of 7 V, 6 V and 5 V in that order, with each hole from
top to bottom. Right hand side depicts the cross Section of some of the holes corresponding

to the red line on the L.H.S.
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Figure 8 shows the average depth as a function of voltage and pulses. The average depth
is average of the four trials. Also out of the total 36 holes fabricated in this experiment one
did not form properly (highly diminished possibly due to large amount of impurities on the
surface) and it was excluded from the result. More plots can be found in the Appendix A.
To quantify the repeatability a linear statistical model is proposed. The data for this
analysis is from the 3x3 factorial experiment using the standard tip. ANOVA is performed
using Excel and Minitab (not shown in the document). The preliminary model is Y =P +
V. ‘Y’ to the width (diameter) of the holes formed and V refers to the peak to peak voltage
of the pulse and P is the number of pulses. The p-value of V is in the order of 1 x 10"-7
and that of P is around 0.71. This illustrates that the voltage has a much stronger influence
than the number of pulses on the diameter of the holes. (The results were similar for both

depth and width (diameter) of the holes).
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Figure 8 (a) Plots of average depth vs. Number of pulses for each voltage and (b)plot of
average depth vs. voltage for each pulse.

The R squared was just under 0.50 which means there is a huge variation in width
(diameter) of the holes. Several other models were tried to obtain a larger R squared. The
model that yielded the highest R squared (0.65) was the following model: Y = In(PV) +

In(P) (Y is the width(diameter) of holes). The Table Il (shown below) is the ANOVA
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result corresponding to the experiment with 7 V, 6 V, 5 V and 4, 8, 12 pulses for the hole
diameter with this model (Y = In(PV) + In(P)). From Table III, the variables ‘X variable 1’
corresponds to In(PV) and ‘X variable 2’ corresponds to In(P). The model described above
gave the highest R squared. Thus the dimension of the width (diameter) of the hole is best
modeled by In(PV) + In(P). The p-values of both variables (In(PV) and In(P)) are in the
order of 1 x 10”"-8 or less, meaning that In(PV) and In(P) terms are highly significant in
predicting the width (diameter) of the holes. The overall interpretation of the result is as
follows:
e The width (diameter) is best modeled as a function as logarithm of Voltage and number
of pulses (Y = In(PV) + In(P)).
e \/oltage has a stronger influence on the width (diameter) than the number of pulses.
e The experiment only somewhat repeatable with a large variation in hole dimensions (R
squared is 0.65), perhaps due to impurities, temperature, humidity or uneven surface.

e Very similar results were obtained in case depth of the holes (see Appendix A).

The number of pulses is proportional to the duration of machining. If this time duration
can be thought of as a quantity related to current or the charge per unit time then by the

result above voltage is much more important for material removal than the current.
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Table 111 ANOVA of the 3x3 factorial experiment with 7V,6V and 5 V and 4,8,12 pulses

3x3 experiment
Variables: Voltage ‘V’ {5,6,7 V}; number of pulses ‘P’ {4,8,12}
Output: Width Y

Model: Y = In(PV) + In(P)

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.811195549
R Square 0.658038218
Adjusted R
Square 0.636665607
Standard Error  23.53757253
Observations 35
ANOVA
Significance
df sS MS F F
Regression 2 34115.12 17057.56 30.78885 3.5E-08
Residual 32 1772855 554.0173
Total 34 51843.67
Standard Upper
Coefficients Error t Stat P-value  Lower 95% 95%
Intercept -301.461232 54.13649 -5.56854 3.8E-06 -411.734 -191.18S
X Variable 1 226.5391509 29.15155 7.771084 7.31E-09 167.1594 285.9189
X Variable 2 -220.106777 30.8701  -7.1301 4.31E-08 -282.987 -157.226
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This is consistent with the result obtain by I-V characteristics in A. Malshe et al [32]
which states that voltage is more important for nano electro machining than current.

Higher voltages gave rise to much larger holes even with small number of pulses and
thus wearing out the tip too quickly. For this reason the factorial experiments were
performed with 7 V, 6 V, 5V and this permitted time to complete the experiment before
the tips were completely worn out.

Some plots in the Appendix A show the distribution of the dimensions with each repeat
experiment and it is found that the consistency generally goes up as voltage is increased. It
is speculated that voltages near the threshold such as 5 V or 4 V other factors such as
impurities, surface texture, humidity become huge factors that contribute to the
inconsistencies. It is found that the threshold for producing repeatable results is 5 V. This is
established by the 3x3 experiment (with 7, 6 and 5 V and 1, 4 and 8 pulses) as discussed in
the previous Section. The threshold for the actual nano electro machining is 4 V. These
experiments clearly demonstrate that nano electro machining with lower voltages showed
some weak dependence on the time elapsed since the previous experiment done with a
higher voltage. As mentioned earlier when a hole is fabricated with one or more holes made
with higher voltage a few seconds earlier produced bigger holes than those done without
any prior nano electro machining within a few minutes. It is hypothesized that high voltage
machining produces heat that aid low voltage machining via thermionic emission form the
tip. Another hypothesis is that the high voltage causes heating of the tip which may alter
the humidity or the water content surrounding it and on the surface of the sample which

may have influenced the hole shape. Brooks et al [31] have hypothesized that the water
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content and the humidity may have played some role in the nano electro machining

process.

It is not known what the exact mechanism is for material removal [31][34], hence it may
not be possible to determine the reason why the voltage is more influential than the number
of pulses. Field emission is the speculative process by which the electrons leave the tip

[34][33] but the mechanism by which they remove material is not known.

Since the process has significant variability it would be beneficial to investigate what
conditions would improve repeatability. A plot of range (difference between maximum and
minimum values) of depth of holes in the factorial experiment involving 7V, 6 V & 5V
and 4,8,12 pulses repeated four times suggest that the range of the hole dimension
decreases significantly with increasing voltage. This plot is shown in plots in Figure 9 and
10. This trend is more conspicuous with the width or diameter than with depth. Thus
increasing the voltage makes the process more consistent and decreases the variation in the
dimensions in the holes. However the range weakly depends on the number of pulses and
that increasing the number of pulses has negligible effect on the standard deviation. High
voltage implies that the kinetic energy of the electrons is larger and this may overcome the
effects of surface impurities and surface unevenness and other factors that may impede
repeatability. Large number of pulses implies that there are more number of charge carriers
with a fixed Kinetic energy that may be susceptible to the factors that cause variability if
they do not possess enough kinetic energy to overcome them. Thus if more consistent hole

dimensions are desired then using a high voltage to fabricate them might serve the purpose.
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Figure 9 Shows the range ( difference between maximum and minimum values) of width
of holes in the factorial experiment involving 7V ,6 V & 5 V and 4,8 &12 pulses repeated
four times against the voltage.
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Figure 10 Shows the range (difference between maximum and minimum values) of
depth of holes in the factorial experiment involving 7V ,6 V & 5V and 4,8 &12 pulses
repeated four times against the voltage.
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A plot showing all the data of the same experiment from which the standard deviation

was computed can be found in Figure 19, Appendix A.

4.4 Fabrication of Slots

The aim of this experiment is to fabricate trenches or slots on the sample material. A slot
was made by connecting several holes together with a small step-over distance (values are
given in Table VI). The objective is to find the dependence of the dimensions of these slots
on the parameters such as voltage and the number of pulses. In order to do this a 2x2
factorial experiment was performed with 6, 7 VV and 4, 8 pulses. The range of voltage and
number of pulses is kept relatively small as a large number of holes are to be fabricated (a
slot contains multiple holes). Further an experiment to characterize the repeatability was

not performed as this would require the fabrication of a large number of holes.

4.4.1 Dependence of Slot Dimensions on the Input Parameters

In this experiment, a series of holes were connected to form a trench or slot as explained
in the previous Section. Figure 11 shows one such slot with 8 holes each made by 6 V and
4 pulses. The voltage and number of pulses is varied as 6, 7 V and 4, 8 pulses respectively
with a 2x2 factorial experiment. For each voltage and pulse several slot were fabricated
each with varying distance between the centers of holes. For some slots the distance
between centers of holes may be too small making one huge hole or too large making a
series of separate holes. Thus for a given voltage and number of pulses several slots were

fabricated to find the distance between centers which gave the ‘best’ slot, the one with the
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most uniform depth and width. This ‘ideal’ distance between centers depends on the size of
the holes, which in turn depend on voltage and pulses. Thus for each voltage and pulse pair

the ‘best’ slot was selected for investigation.

Table IV The distances between the centers of holes that produced the ‘best’ slots (slots
with fairly uniform width and depth as opposed to slots that have large spacing between
holes) for a given voltage and number of pulses. It must be noted that ‘distance between
two hole centers that gave the best slot’ (column 3 of table IV) is actually an output
parameter found by trial and error, although it treated as one of the input parameters for

making a slot. The actual output parameters are depth and width.

Table 1V Input parameters used in making each slot.

Voltage for Number of pulses Distance between Number of holes
each hole in given to each hole the centers of in the slot
the slot in the slot holes that gave the
best slot

6V 4 0.09 um 8

6V 8 0.11 um 4

7V 4 0.12 um 4

7V 8 0.16 um 4

Figure 12 shows the maximum depth of a slot as function voltage and pulse. This work is

limited to only four data points in case of the slots. More plots and images can be found in
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the Appendix A. It’s worth noting that the slots were more influenced by the number of
pulses than the holes but still the voltage was the dominant factor. The 2x2 factorial
experiment produces only a limited data set because the obtaining more data points would

require fabricating a large number of holes as slot has more than one hole in it.
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Figure 11 AFM image of a slot of 8 holes made by 6 V and 4 pulses each. The other slot
is made by 6 V and 8 pulses.

The data here is seemingly far more consistent than the results shown in the previous
Section as there are a small number of data points and these produce straight lines. The
depth in Figure 12 refers to the maximum depth as there is some variation of depth in the
slot along its length. Figure 12 also shows some variation in the width because a slot is
made from multiple holes. This experiment may establish the fact that it may be feasible to

make trenches made from connecting holes together. And one can expect the dependence
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of the dimensions on the input parameters to be somewhat consistent with that of stray

holes discussed in the previous Section.
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Figure 12 (a) Plots of max depth vs. number of pulses for each voltage and (b) plot of

max depth vs. voltage for each pulse.

4.5 Hole Dimension Variation Using a Nano-wire Electrode

The aim of this experiment is to determine the effect of a change in the aspect ratio of

the tip on the dimension of the holes and to assess the feasibility of using a nanowire as an
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electrode. To perform this experiment a poly-crystalline silver nano-wire is soldered to the
standard tip with an epoxy and coated with a total thickness of 40 nm to 60 nm of gold and
palladium by sputtering. Using this tip an experiment similar to the one described in
Section 4.1 was performed. The nanowire is made of poly crystalline silver and is around
3-4 um in length and about 100+ nm in diameter. Some SEM images of the nanowire can
be found in Appendix D. The nanowire was soldered to the standard tip using an epoxy. It
was coated with gold and platinum to improve the conductivity at the soldered area as the
epoxy is non-conducting. The cantilever used was a contact-mode cantilever as a non-
contact cantilever damaged the nanowire whenever it was used for imaging. The set point
was small (0.03 nN) to protect the delicate nanowire. The voltage to the tip was also kept
deliberately low to protect the nanowire. This experiment is very similar to the one
described in Section 4.1 with the only major difference being the aspect ratio of the AFM

tip. The details of the parameters that were used in this experiment are given in Table IV.

In order to determine the dependence of the hole dimensions, just like for the standard
tip, two factorial experiments were performed. One was a 3x3 with 4, 45and 5V and 2,4
and 8 pulses and the other was a 1x5 factorial with 1,2,4,8 and 12 pulses at 4 V. The
purpose of 1x5 factorial experiment was to investigate the influence of large number of
pulses at a constant voltage. Figure 13 shows the AFM image of three holes from the 1x5
experiment. Figure 14 show the dependence of depth on voltage in the 1x5 experiment.
More plots can be found in the appendix A. The aim of the 1x5 experiment was to show
the influence of a large range of pulses at a constant voltage. The aim of the 3x3

experiment was to show the influence of a small range of voltage for each number of
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pulses. The 1x5 experiment shows a fairly consistent increase in the depth as well as the

width with respect to the number of pulse.
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Figure 13 AFM image of three holes made with 4 V each and varying pulses.

The dependence on number of pulses is seemingly better than the ones obtained with the
standard tip in Section 4.2 and 4.3. A standard tip is observed to be non-repeatable at 4 V
while the nano-wired tip shows a dependence on number of pulses at 4 V which is as
consistent as the one in Section 4.3. The 3x3 experiment however shows some
inconsistency as the removal rate reduced significantly at higher voltage. The cause of this
may well be tip wear. Nano electro machining completely ceased after the experiment at all
voltages and thus it is speculated that the gradual tip wear contributed to less material

removal upon reaching the high voltage limit of the experiment. The nanowire nonetheless
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showed a gradual increase in dimension with increase in voltage before the wear started to
occur which was at about 4.5 V. It can be concluded that the nanowire is indeed feasible
and apparently more consistent than the standard tip. A longer nanowire can be used to
improve the tool life although a long nanowire may be prone to mechanical damage while

scanning.
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Figure 14 (a) Plot of width(diameter) of the resulting hole when using the nanowire
against number of pulses for 4 V. (b) Plot of depth of the resulting hole when using the
nanowire against number of pulses for 4 V.
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The other observation from this experiment is that the holes made from the nano-wire
seem to be shallower than those made by the standard tip, most likely due to the difference

in aspect ratio. A discussion regarding this is given in the next section.

4.6 Explanation of Different Hole Shapes Arising Due to Different Tip Geometries
The purpose of this model is to explain a significant difference in dimensions of the holes
fabricated by the standard tip and the nano-wire tip. It may be surmised that the geometry
or aspect ratio of the tip may have a significant impact on the dimensions of the holes. The
difference in dimensions of the holes fabricated by the tips is given below in the table V.

The contact area between the tip and the sample should be similar in case of both tips i,e

nanowire and the standard tip.

Table V Experimental data showing the differences in the dimension of holes made by two
tips of different aspect ratios with same voltage and number of pulses. The sample was

HOPG.

Voltage | Number Resulting hole Resulting hole Width Depth
given Pulses made by made by difference difference
to the given to Standard tip- Nanowire- high between between
tip(V) the tip low aspect ratio aspect ratio the two the two

holes holes
4 1 Depth=1nm Depth=2.3nm 78 nm 1.3 nm
width =25 nm width =103 nm
4 2 Depth = 0.5 nm Depth =2.4 nm 48 nm 1.9nm
width =24 nm width =72 nm
4 4 Depth =0.8 nm Depth = 4.2 nm 84 nm 3.4nm
width =20 nm width = 104 nm
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. This is because both tips are curved at the end with a similar radius of curvature which is
estimated to be around 100 nm (200 nm in diameter) for the nanowire and 80 to 100 nm
(160 to 200 nm in diameter) for the standard tip (30 to 50 nm in the original case,
presumably increased to 80 or 100 nm after 40 to 60 nm of coating with gold and palladium
by sputtering). SEM images of standard tip as well as the nanowire tip can be found in
Appendix D. As the radii of curvature are very similar, the dimensions of the resulting
holes for the two tips should not vary much for the same conditions. However, the
experiment reveals that the average width (diameter) difference of the resulting holes is
around 70 nm and the average depth difference is around 2.2 nm for the two tips under the
same conditions.

One explanation is that the shape difference of the two tips causes a difference in the
distribution of the electric field which in turn causes the electrons to be distributed
differently with both tips thereby causing the vast width difference and relatively depth
difference. The average aspect ratio (width/depth) is similar for both cases because of the
some inconsistency with one of the holes made by the nanowire. If one looks at the average
aspect ratios of the both tips they may look similar (around 32 for both cases) one might
think dimensions of the holes do not differ much, but this perspective obscures the reader
of the massive width difference between the holes made by two tips of similar radius of
curvature (but different geometries).

The explanation of this phenomenon by the mere difference of electric field distributions
does not accurately fit the picture as electrons are ejected by means of Fowler-Nordheim

tunneling. Nearly all the work done using this nano electro machining process have cited
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Fowler-Nordheim tunneling as a possible mechanism that contributes to hole formation [31
to 34]. Thus the Fowler Nordheim tunneling must also be taken into account in addition to
the electric field distribution.

The single particle Schrodinger equation is associated with the electrons that pass through
the tip and proceed towards the sample material for nano electro machining. The reason for
using the Schrodinger equation for this that it is the only model that predicts tunneling as
no classical theory does so. The Hamiltonian in the Schrodinger equation is for a single
particle in a time-independent potential. There is no seemingly plausible reason to take into
account interaction effects and spin. The potential is treated time-independent to keep the
model simple when in reality, it is a pulse. Further, this is a three-dimensional problem due
the nature of the AFM tip. The solution of a 3-D problem may possess spherical harmonics
with a complicated 3-D potential thereby making the solution inherently complex. This
prompted the Schrodinger equation to be solved as a one-dimensional one to keep the
model as simple as possible.

The Schrodinger equation is shown below.

H|V>=FE|V>

The H in the above equation refers to the single-particle Hamiltonian of the electron. The
Hamiltonian here is the sum of kinetic energy and the potential experienced by the electron
from electric field applied to the tip. The Psi refers to the single-particle wavefunction of

the electron leaving the tip and E is the energy Eigen value.

To make the calculation as simple as possible the following assumptions are made:
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1.  Single particle, the Hamiltonian contains only one particle

2. The electron-electron interaction term in Hamiltonian is ignored
3. Space states only, spin states are ignored

4.  Time independent, time dependence is ignored

5. One dimensional, this keeps the calculation as simple as possible

The potential in the Hamiltonian corresponds to the potential around the tip. This potential
is uniform in case of a sphere and varies in case of a cone (or any geometry without
spherical symmetry).Though the potential is a square wave-pulse, it assumed to be a
constant in time to keep the model as simple as possible. When solved, the solution
wavefunctions would represent the probabilities (after taking the complex modulus of the
wavefunction) of the spatial locations. In a simple 1-D problem, there are two probabilities:
getting transmitted and reflected through the barrier potential. It is classically impossible
for electrons to travel through a barrier potential whose magnitude is greater than the
kinetic energy; hence they tunnel through. The transmission coefficient represents the
fraction of electrons that tunnel through as opposed to the ones that get reflected. When the
1-D Schrodinger equation above is solved using some trial wavefunctions the transmission
coefficient can be obtained as a function of energy and potential. Thus, in this case, the
transmission coefficient represents the number of electrons that are ejected out of the tip as
a function of the electric field experienced by the electrons. The solution is obtained for an
arbitrary potential and the transmission coefficient thus obtained is shown below. The

details of this calculation are given in the appendix E.
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The above equation is derived from the solution of the schroedinger equation. The TC in
the above equation refers to the transmission coefficient (probability or fraction of electrons
that ejected or tunneled out of the AFM tip). W(x) is the potential experienced by the
electron due to the applied electric field, x is the distance from the surface of the tip, E is
the energy at which the electron approach the surface of the tip from inside the tip (to be
tunneled out) and this usually the Fermi level and phi is the workfunction of the material or

energy required to draw out the electron from a material.

In the case of Fowler-Nordheim tunneling or field emission, as is the case here, the
transmission coefficient would only depend on the electric field and not the distance
between tip and sample. This means that probability of tunneling (or the number of

electrons ejected from the surface) increases when the electric field strength increases.

Here it is attempted to establish the distribution of the transmission coefficient around the
tip. The electric field strength any given location around an AFM tip must vary due to the
geometry of the tip and this variation must differ with different tip geometries i.e. the
standard tip and nanowire. If the electric field distribution around the tip varies according
to the tip aspect ratio then so should the transmission coefficient. The variation of
transmission coefficients for different tip aspect ratios must explain the difference in hole
dimensions produced by the two tips if Fowler-Nordheim tunneling plays a role in nano

electro machining. This explanation of variation of hole dimensions for the two tips by
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means of the difference in transmission coefficient distribution is the entire goal of this

model.

In the equation for the transmission coefficient, the arbitrary potential is substituted with
the potential experienced by the sample in presence of the tip, details of which are given in
Appendix E. As this is a 1-D problem, the potential, which has azimuthal symmetry, is
treated as 1-D in the radial direction and the angular part is treated as a constant
throughout. Both the radial part and angular part differ for the different tips. The different
potentials (electric field is the gradient of potential by definition) for the different tips are
plugged in the expression for transmission coefficient. For illustrative purposes, the
transmission coefficient is plotted as a function of the horizontal distance on the sample
from directly under the center of each tip (Figure 15 (a) and (b)). It was difficult to exactly
calculate the potential and/or electric field experienced by the sample due to absence of
certain numerical boundary conditions such as surface charge distribution. The details are
given in Appendix F and in [37] and [39]. These constants are assigned arbitrary values and
hence the model only serves to show the difference in trend of the distribution of
transmission coefficients (or the squares of which) between the two tips. Figure 15 (a)
shows the plot of the trends in squared transmission coefficients for the standard tip and
nanowire. The figure also depicts how the two tips are treated in order to obtain the

difference in electric field distributions.
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Figure 15 (a) The schematic representation of the trends of the distribution of the squared
transmission coefficient for both the standard tip and the nanowire tip. For the sharper tip
the distribution on the flat surface broadens (depicted more clearly in Figure 15 (b)). The y-
axis is the transmission coefficient and the x-axis can be thought of as the same surface
relative to the location of the tip. (b) The distribution of squared transmission coefficients
of the standard tip (red) and nanowire (blue) are plotted in the same graph. The x-axis
represents the location on the flat sample surface. The origin represents the point directly
underneath the center of the tip.
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The standard tip is cone with 50 degree characteristic cone angle while the nanowire is
cone with <2 degrees characteristic angle. Ideally, a wire is a cone with O degree
characteristic angle, but here it is arbitrarily given a small angle to demonstrate how the
electric field and subsequently the transmission coefficient vary towards that limit. For a
better interpretation the plots are overlapped in Figure 15(b). The y-axis in this figure
shows the transmission coefficient relative to the horizontal distance on the sample. The
origin is the point on the sample directly under the center of the AFM tip. It is to be noted
that the transmission coefficient is plotted as function of horizontal distance. This quantity
IS maximum at the center where the electric field is strongest. When moving away from the
center, the coefficient decreases as the field strength decreases. This decrease is faster for
the standard tip than the nano-wired tip. If the material removal rate depends directly on the
squared transmission coefficient, then the width of the hole corresponds to point on the x-

axis when the transmission coefficient is nearing zero.

When the transmission coefficient nears zero it means that fraction of electrons ejected at
that location is nearly zero and nano electro machining will cease to occur. The plot in
Figure 15 is plotted upside down for illustrative purposes. For the same arbitrary values of
constants in the expression, the value of the transmission coefficient (number or fraction of
ejected electrons) for the nanowire at 100 nm is equal to the value of transmission
coefficient for the standard tip at 25 to 40 nm (see Figure 15). So the difference in width for
the two cases must be around 60 to 75 nm under the same conditions. This, to some extent,
agrees qualitatively with the experiment in Table V. There is no significant difference in

the transmission coefficient (number or fraction of ejected electrons) at the point directly
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under the tip, meaning the maximum depth isn’t significantly different for each case. This
also agrees with experiment in Table V where, the average difference in depth is around 2
nm, which is small or negligible compared to the large average width difference of 70 nm
for the two different tips (Table V). However, the model depicts holes which are deeper at a
width less than 10 nm than the actual experiment in Table V for both the tips. This disparity
could be due to the fact that there is no clear connection between the transmission
coefficients and the amount of material removed. The transmission coefficient only
represents the fraction of electrons ejected from the surface and not the actual material

removed.

This model illustrates the role of Fowler-Nordheim tunneling in influencing the shape of
holes made by tips of different aspect ratios. The tunneled electrons increase at the areas
where the electric field strength is high which is to some extent reflected by experiment.
However, Fowler-Nordheim tunneling may only be a part of the mechanism and the model
only suggests how the electrons leave the tip but not how they impact the sample. This
again raises the issue of the dearth of knowledge of the mechanism involved in removing
the material. There may be other processes that explain the material ejection by the
electrons which when combined with the Fowler-Nordheim tunneling model may establish

a broader picture of the physics behind the process.

4.7 Comparison with Other Results
Many experiments using the nano electro machining have been performed in various

conditions and materials and tips. Conditions include air as well as a dielectric medium,
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substrates include gold as well as HOPG and tips may be nanowire, standard tip and carbon
nanotube. All of these produced different results in terms of output parameters such as hole
size and input parameters such as tip shape, voltage and machine time or number of pulses.
The chief output parameter is the material removal rate or the amount of material removed
per unit time under certain conditions such as voltage, or substrate material etc. The table

VI below shows a comparison of various material removal rates under various conditions.

Table VI Various material removal rates for various experiments

work Tip Sample | Medium | voltage | Max | Geometric | Material
Pulses | assumptions |[removal rate
(cu. Nm/s)

This work |Standard tip| HOPG Air 7V 12 Cone 150000

This work | Nano wire | HOPG Air 4V 12 Cone 64000

[32] Standard tip| gold [Dielectrici 10V | 4500 | V-shape 141

[31] Standard tip| HOPG Air 10V | 1000 | unspecified 280

The medium is air or dielectric with substrate being HOPG or a metal with varying
voltage. Clearly more experiments under various combinations of conditions are needed to
determine the nature of the material removal mechanism and to quantify its dependence on
the various conditions. The huge difference may be attributed to the difference in removal

rates arising due different mechanism in the atomic scale. The nano electro machining done
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under the dielectric medium could be due either bond tunneling or space tunneling or
combination of the two [32]. The one done in air can be only subject to space tunneling.
Also the material removal rate difference can also be attributed to difference in sample
material with HOPG being layered hexagonal structure and gold being FCC. The crystal
structure and bonding may influence the rate at which atoms are separated. Also the
difference in material removal rate between the nanowire and the standard tip can be
because of the operating voltage. The voltage of the nanowire has been deliberately kept
low to protect the delicate structure. Further, the shape and electric potential distribution
mentioned earlier may influence the total or effective material removed per pulse. There is
a considerable difference in material removal rate using a standard tip on HOPG with 10 V
done by Brooks et al [31]. The removal rate there is considerably smaller under similar
condition than the one done here. Though the experiment is done under similar conditions
the material removal rate is around 500 times higher in this work. This discrepancy can be
explained as follows. The geometric assumption made in calculating the volume differs
greatly in both works. The cone approximation for calculating the volume (used in this
work) yielded a volume around 6 times higher than the work by [31] for the same values of
diameter(width) and depth of hole). Further for similar number of pulses (10 to 20 seconds)
the volume (calculated by the cone approximation) yielded a volume of material removed
500 to 3000 times higher for this work than that for [31]. When nano electro machining
was done 1000 to 2000 pulses with 6 to 8 V yielded very large holes and reduced the
lifetime of the tip (these results are not shown here). The combination of difference in

geometric assumption and the larger material removal attributed to the large removal rates
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for both works. The large difference in material removal between both works can be due to
differences in humidity and more importantly difference in proper (or improper) electrical
contact within the circuit which may lead to more (or less) energy transferred the tip from
the signal generator. The equipment used in this work may have admitted the pulse from
the signal box with very little loss as there was a provision in the AFM system for exactly
such a purpose. Thus it may be sound to perform experiments which involve drastically
different conditions with the same equipment rather than to compare data from different
sources.

In addition the work done by Park et al [34], the holes made by the carbon nanotube were
much deeper than the ones with the standard tip. In the work here it was the opposite as the
holes made by the nanowire were shallow. The disparity here may be explained by the
difference between the carbon nanotube and the nanowire. The nanowire used here is single
crystal wire of silver coated with gold and palladium and it is assumed to be completely
isotropic. The multi walled carbon nanotube however may have anisotropic electrical
conductivity. Vertically aligned single walled carbon nanotubes have shown to have
anisotropic electrical conductivity with the conductivity along the length being around 23

to 60 times higher than that along the diameter [35].
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5. CONCLUSION AND FUTURE WORK

Nano electro machining was performed on a HOPG substrate as well as aluminum using
an Atomic Force Microscope with negative pulses (4 V to 7 V) using a tips with different
aspect ratios. Factorial experiment with voltage and machining time were performed.
Experiments with the tips with different aspect ratios were performed. Further other
features like slots were fabricated and similar 2x2 factorial experiment was performed for
the slots. A simple model was constructed in an attempt to explain the dimensional
differences in the feature involving the nanowire tip and the standard tip. The key

conclusions can be summarized as follows:

e Voltage is the chief factor that influences nano electro machining at the nano scale

e The threshold voltage for material ejection is 4 V while that for repeatability is 5 V

e The process is somewhat repeatable but not to a great extent owing to variations in
surface texture, impurities, humidity and temperature.

e The dimensions of resulting holes (width(diameter) and depth ) are best modeled by
logarithm of voltage and number of pulses (depth or width(diameter) = In(PV) + In(P) )

e When doing an experiment with this process using multiple voltages, it is most
advantageous to start with the highest voltage.

e The electric field distribution around the tip influences the shapes of the features by
increasing the amount of Fowler-Nordheim tunneling at the places of high electric field

thereby increasing the material removed.
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e Fowler-Nordheim tunneling plays a role (explains how electrons leave the AFM tip)
but does not completely describe the material removal mechanism (more work to be

done on how the electrons that left the AFM tip remove the material).

Differences in the sample, nano electro machining environment and equipment differences
(different AFM) play a significant role in influencing the material removal rate as may

temperature and humidity.

The immediate future work would be to perform an experiment to see if the set point has
any influence on the dimensions of the features. It may be very sound to perform an nxn
experiment with voltage and set point. The experiment can also be performed under
different environments and different substrates with the same equipment to quantify the one
with the most influence. The model mentioned above can be given a more accurate picture
of the electric potential and field distribution around the tip. The model can also be
significantly improved to overcome its shortcomings. Also more improvements can be
given to the model to predict the material removal rate for different materials by expanding
it to include the nature of the material. More models can be proposed to establish the
relationship between the material removal mechanism and the transmission coefficients. In
a broader perspective, Silicon can be doped and electro-machined for the first time. Further,
with the knowledge from this work, other work and any future work can be utilized to use
this process in a non-SPM context. Imprints, for example, may be utilized to fabricate the

anti-dot array, like the one made here, in a much quicker way. This facilitates much faster
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fabrication of the plasmonic devices. The first device fabricated using this process would

establish this process as an important fabrication technique in the semiconductor industry.
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A. Additional Results from HOPG Experiments

The following plots are results from various experiments in addition to those shown in
Sections 4.1 through 4.6 in Chapter 4. The following plot in Figure 16 corresponds to the
average width of resulting holes from the 3x3 factorial experiment (number of pulses 1,4,8

and voltage 7 V, 6 V, 5V) which was repeated four times as described in Section 4.2.
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Figure 16 The average width dependence for an experiment done with 7 V, 6V and 5 V
and 1,4,8 pulses on (a) pulse for each voltage and (b) voltage for each pulse.
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The plot in Figure 17 depicts average width of resulting holes from a 3x3 factorial
experiment (number of pulses 1,4,8 and voltage 7 V, 6 V, 5V) which was repeated four

times as described in Section 4.3).

160
140 ¢ ¢
O—

120
100

:rﬂ-g__.s

60 =l=6V

40 ——
20

3 S

pulses

(a)

160
140 -

120 \\

100 \

80 \ 9—4 pulse

60 == 38 pulse
40 ==12 pulse

> ~+ Q - g

7 6 5
voltage

(b)

Figure 17 The average width dependence for an experiment done with 7 V, 6V and 5 V and
4,8,12 pulses on (a) pulse for each voltage and (b) voltage for each pulse.
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The plot in Figure 18 depicts width of resulting holes from a 12x3 factorial experiment
(number of pulses 1,2,4 and voltage 4V to 9.5 V) which was repeated four times as

described in Section 4.3).
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Figure 18 The width dependence for an 12x3 experiment done with 1,2,4 pulses and
voltage decrease from 9.5 to 4 V in steps of 0.5 V on (a) pulse for each voltage, x-axis is
number of pulses and (b) voltage for each pulse x-axis is voltage.
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The spread of the depth and width of the 7 V, 6 V and 5 V and the 4,8,12 pulses factorial
experiment for each of the four trials is shown in Figure 19. The following Table VII
depicts the ANOVA using a non-linear model for the 7 V, 6 V, 5 V and 4,8,12 pulses
experiment that was repeated four times as described in 4.3. The output variable was
depth. Table VIII shows a non-linear model for the for the 7V, 6V, 5 V and 1, 4, 8, pulses
experiment. The experiment with 4,8,12 pulses showed an overall greater consistency than

1, 4, 8 pulses because of number of pulses are more spaced out.
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Figure 19 (a) Depth dependence on pulse for each voltage for all four times repeated and
(b) width dependence on pulse for each voltage for all four times repeated for a 3x3
experiment with 7V,6V and 5V and 4,8,12 pulses.
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Table VII: A statistical model for the 7V,6V and 5 V and 4,8,12 experiment ,repeated
four times, with depth as the output variable ‘Y. (‘X variable 1’ is In(PV) and ‘X variable
2’ is In(P))

3x3 experiment (repeated four times)

Variables: Voltage 'V’ {7,6,5}, Number of pulses ‘P’ {1,4,8}
Output: depth Y’

Model : Y = In(PV) + In(P)

SUMMARY QUTPUT

Regression Statistics

Multiple R 0.747865531
R Square 0.559302853
Adjusted R
Square 0.532593935
Standard Error  8.649211531
Observations 36
ANOVA
Significance
df SS MS F F
Regression 2 3133.097 1566.548 20.940678 1.34374E-06
Residual 33 2468.692 74.80886
Total 35 5601.789
Standard
Coefficients Error t Stat P-value Lower 95%  Upper 95%
Intercept -105.000854 18.83711 -5.57415 3.386E-06 143.3252421 66.6764658
X Variable 1 -66.2427648 10.61382 -6.24118 4.752E-07 -87.8367395 44.6487902
X Variable 2 67.42611827 10.48202 6.432552 2.716E-07 46.10029393 88.7519426
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Table VIII: A statistical model for the 7V,6V and 5 V and 1,4,8 experiment ,repeated
four times, with depth as the output variable “Y’. (‘X variable 1’ is In(PV) and ‘X variable
2’ is In(P)).

3x3 experiment (repeated four times)

Variables: Voltage 'V’ {7,6,5} , Number of pulses ‘P’ {4,8,12}
Output: depth ¥’

Model : Y = In(PV) + In(P)

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.7552952
R Square 0.5704709
Adjusted R
Square 0.5436253
Standard Error 13.252678
Observations 35
ANOVA
Significance
df S MS F F
Regression 2 746445545 3732.2277 21.25009 1.3424E-06
Residual 32 5620.2714 175.63348
Total 34 13084.7269
Standard Upper
Coefficients Error t Stat P-value  Lower 95% 95%
Intercept -153.33679 30.4812037 -5.030536 1.82E-05 -215.42497 -91.24861
X Variahle 1 106.40888 16.413593 6.4829731  2.7E-07 72.9754868 139.84228
X Variahle 2 -104.50033  17.3812101 -6.012259 1.05E-06  -139.9047 -69.09597
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Figure 20 shows the material removal rate which was the volume removed (assuming the
holes were modeled by cones) against the duration of nano electro machining or number of
pulses. It is a fairly linear increase. Shown below in the Figure 21 is the depth dependence
of holes made by the nanowire tip on the voltage (5V, 4.5V and 4V) for various pulses (2, 4
and 8) in a 3x3 factorial experiment. Figure 22 shows the width dependence of the slots
made by the standard tip on voltage (7V and 6V) and pulses (4,8) in a 2x2 factorial
experiment. In case of the average width of a slot, it is only a rough estimate as measuring

the width accurately throughout the length of the slot was quite challenging.

350
1
& avgvolume removed at
o 300 // 7Vg
r 0 250 B avgvolume removed at
e O . 6V
m 200 u
v m avg volume removed at
o c
o 150 5V
vV ou
| . —— Linear (avg volume
u d 100 removed at 7V)
m N 50 Linear (avg volume
e removed at 6V)
m 0 T T 1
0 5 10 15 —— Linear (avg volume
removed at 5V)
number of pulses

Figure 20 The plot shows the volume of material removal removed (assuming the holes
are cones) against the number of pulses or machined time. Y-axis is in 1000 cu. Nm. The x-
axis is in seconds. The slope of the curve would give the material removal rate for each
voltage.
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Figure 21 (a) Depth in nm and (b) width in nm of the holes made by the nanowire in a
3x3 experiment that depends on voltage for each pulse. The decrease in dimension towards
the end may attribute to the gradual wearing of the nanowire which stopped working just

after this experiment.
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Figure 22 Width dependence of the slot on the parameters in a 2x2 experiment on (a) pulse
for each voltage and (b) voltage for each pulse.
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B. Additional Images from the HOPG Experiments

The experiment shown below was done the voltage was varied by 5, 6, 7 V and the
number of pulses by 1,4,8. This experiment was performed four times to examine the
repeatability as described in Section 4.2. The only difference is the sequence of performing
the each experiment, two of which were performed from left to right and the other two

from right to left (depicted clearly in Figure 23).

Figure 23 shows the experiment key and corresponding AFM image. The four boxes
represent identical factorial experiments. The only difference between four experiments is
the difference in the order in which the individual holes are machined within an
experiment. Each of the four boxes in Figure 23 (a) corresponds to the each of the colored
boxes in the Figure 23(b) which represent each of the four factorial experiments. If the
high voltage (7 V) was performed first and then the smaller ones (6V and 5 V), the
dimensions (diameter/width and depth) of the holes from lower voltages seem to be much
larger than those resulting from the opposite sequence. If the lowest voltage was performed
first (5 V) then 6 V and 7 V, the 6 V and 5 V holes seem to be much smaller in dimension
than that of the former sequence. The high voltage (7 V in this case) seems to be consistent
regardless sequence. This may be some sort of hysteresis. As a general trend, it can be
inferred that the consistency is higher when the voltage is higher (above 7 V). The

hypotheses behind this phenomenon can be found in Section 4.2.1.

The Figure 24 below shows the 3D image of the above mentioned experiment while

Figure 25 shows the inverted 3D image for illustration of the relative depths of the holes.
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Experiment key

1st performed 1st (1)
Sequence is left to right
i,e 7V first then 6V and
then finally 5V
1 pulse 7W BV 5V

4 pulses 7V 6Y 5V
8 pulses 7W &Y 5V

Performed 2nd (2)
Sequence is right to left

i,e 5V first then 6V and |

finally 7V 1 pulse ¥ 6Y 5V
4 pulses 7V 6V 5V

3rd performed 3rd (3)
Sequence is right to left
i,e 5V first then 6V and

finally 7v
v 1 pulse 7¥ BV 5V

4 pulses 7V 6V 3V

Ath performed 4th (4)

8 pulses 7V gY 5V
Sequence is left to right
i,e 7v first then 6V and

then finalleVl

1 pulse 7¥ 6V 5V
4 pulses 7W 6V 5V

8 pulses 7V gV 5V

8 pulses 7V 6V 5V

(a)
nm 1 8pSUUF.S_COared_Nopg_Ib-,..£_POSISCan_D_1111£7 1 0POgrapnyuust
40 -
20 -

Figure 23 (a) Key for a factorial experiment (7,V,6V& 5V and 1,4,8 pulses) repeated
four times. Each of the four colored boxes in the figure represent the same factorial
experiment. The order of nano electro machining within a factorial experiment varies as
described in the Figure (a). (b) AFM image of the same experiment. Each of the colored
boxes corresponds to the box in Figure 23 (a) which gives the sequencing of machining of
each hole within an experiment.
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Figure 24 (a) 3D image of the 3x3 experiment. There are 3x3 four matrices each made by
combinations of 5V, 6 VV and 7 V and 1,4 and 8 pulses. (b) Inverted image of the 3x3
factorial experiment shown in Figure 24 (a) to show clearly the dimensions of holes.
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Figures 25, 26 below show some images from the holes made by the nanowire tip as well
as the slots (string of inter-connected holes) made by the standard tip respectively.

1030

96

hsle—I| /

1iym

Figure 25 Four holes fabricated using the nanowire with 4 V. There is one hole at each
corner of the box. As depicted in Section 4.5 and Section 4.6 the holes made by the
nanowire are shallow (slightly higher in depth and much larger in diameter/width) than
those made by standard tip.

Figure 27 (a) below shows the experiment performed using the same parameters listed in
Section 4.1. The voltage was decreased from 9 V to 4 V in steps of 0.5 V and it was
repeated in the next rows with 2 and 4 pulse. The last column was done with 7 V to
demonstrate the size decrease was not due to time wear or some other chronological
phenomenon. Figure 27 (b) shows the inverted 3D image for illustrative purposes. The

sample below lithographically resembles a quantum anti-dot array [4].
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Figure 26 A successfully fabricated slot using 6 V which has the ‘best’ step-over
distance between each hole. The top holes show a failed attempt as the step-over distance
between the holes was too large.
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(b)

Figure 27 (a) A 12x3 factorial experiment. Holes are fabricated with varying voltage
from9.5Vto4Vinstepsof 0.5V and 1, 2 & 4 pulses. This structure resembles a quantum
anti-dot array. (b) The inverted image of the same 12x3 experiment shown to illustrate the

variation hole depth and diameter with voltage.
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C. Images from the Experiments on Aluminum

To test whether nano electro machining is feasible or not, it was first attempted on
aluminum. The aluminum sample of around 100 nm in depth was thermally evaporated on
a silicon <100> substrate. Because of the rough surface of the sample and its high
susceptibility to oxidation, HOPG was selected for further experiments. The Figure 28
shows the first trench made by nano electro machining performed on aluminum. The set
point was 5nN and the voltage was negative DC -9.8 V and the tip was moved along a 500
nm line repeatedly for about 6 minutes with a speed of 15 um/second. The voltage eroded

the material and made a trench 6 nm deep.
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Figure 28 (a) A slot fabricated on aluminum by nano electro machining using -9.8 V (b)
3D image of the same trench or slot.

The same experiment was performed several trials later using the same parameters. The
slot is not as conspicuous as the very first one as the tip broke down over time, which is

depicted in Figure 29.
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Figure 29 (a) AFM image of another slot on aluminum made by -9 V. (b) 3D image of
the aluminum trench made by -9 V. It is not as conspicuous as the one in Figure 28 because
the tip was on the verge of completely wearing out and the roughness of the sample.
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D. SEM Images of AFM tips

Nano electro machining performed on HOPG caused wear on the tip. After several
experiments of nano electro machining the tip completely breaks down and material
removal ceases to occur. Figure 30 shows a typical before and after nano electro machining
the HOPG. The melting or evaporation of the tip material may be an integral part of the
nano electro machining process in air. A detailed discussion of the alteration of the tip
material after nano electro machining can be found in [32]. In order to measure small
features such as holes less than 30 nm in diameter or width and less than 5 nm in depth, the

profile of the AFM tip must also be of a similar order of dimension.

(b)

Figure 30 (a) SEM image of a typical brand new silicon tip coated with gold. (tip was
pre-coated by the manufacturer; tip was a Ktek tetra-16 Au) (b) And SEM image of the
same tip after nano electro machining with around 90 cumulative pulses and with voltages
upto 8 V.

77



Figure 31 below shows the SEM image of a nanowire tip which was used for nano electro
machining as described in Section 4.5. The image shows the very tip of the nanowire is
curved with a radius of 100 nm. The hemispherical curvature implies that the area which
actually comes in contact with the surface should span a few square nanometers. So it must
be possible to measure features that are less than 30 nm in dimension as the contact force or
set point is always under 5nN. Figure 32 shows an SEM image of the nanowire after some
imaging but before nano electro machining. The curvature (radius of which is 100 nm) of
the tip ensures that the probe has a very small surface contact area that may facilitate
imaging of features that are significantly smaller than 100 nm in dimension. Figure 33
shows the SEM image of a standard tip before attaching the nanowire. The SEM image in
Figure 33 represents the typical profile of a standard tip which was used for nano electro

machining.
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Figure 31 (a) SEM image of a polycrystalline Ag nanowire tip around 3 to 4 um in length
attached to a standard tip (b) Magnification of the mentioned tip shows that the very tip is
curved (c) The red circle profiles the tip as a hemisphere with 200 nm diameter.
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(b) [

Figure 32 (a) SEM image of a polycrystalline another Ag nanowire tip around 3 to 4 um in
length after imaging and just before nano electro machining. Attached to a standard tip (b)
Magnification of the mentioned tip shows that the very tip is curved (c) The red circle
profiles the tip as a hemisphere with 200 nm diameter.

The bluntness of the tip is due to its prior, extensive use as a mechanical ploughing tool on
polymer films in an unrelated project. There are no SEM images of nanowire that depict the
profile after nano electro machining like the one in Figure 30, because the nanowire had
completely eroded away after completion of the experiment and the SEM image of which

closely resembled that in Figure 32.
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Figure 33 (a) SEM image of a standard tip before attaching a nanowire. This tip represents
the profile of a typical standard tip before nano electro machining. (b) Magnification of the
mentioned tip shows that the very tip is curved (c) The red circle profiles the tip as a
hemisphere with 200 nm diameter. The standard tips that were used for nano electro
machining were used previously used extensively as a mechanical ploughing tool on
polymer films for an unrelated project.
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E. Derivation of the Transmission Coefficient for F.N. Tunneling

The process by which the electron leave the AFM tip is Fowler-Nordheim tunneling as
described in Section 4.3. Figure shows the difference in schemes of the Fowler-Nordheim
and direct tunneling. The y-axis is energy and the x-axis is distance. A fraction of the
electrons jump or tunnel through the potential, applied between the AFM tip and the
sample, even though they don’t possess enough kinetic energy to do so. Material 1 is the
AFM tip and material 2 is the sample in the Figure 34. The F.N. tunneling is associated
with a much steeper voltage. Hence the solution is inherently more complex as the
electrons leave in the middle of the ramp rather than go directly underneath it as in case of

direct tunneling.

{a) Fowler- Nordheim tunneling - steep potentail (b} Direct potential - shallow potential

w = workfunction
B Ef = Fermi level
Ec = conduction band
W W
Ex h—- Ex h..
Ef Ef ]
Ec Ec
material 1 space material 2 material 1 space material 2
(battery (battery
potential) potential)

Figure 34 Schematic representation of the two types of tunneling
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When a constant electric field is applied between two objects, its profile can be plotted
and the potential profile would be a slopped line. When two parallel plates are charged the
electric field is a constant. But here the electric field in question is between an AFM tip and
the sample. Although the sample is flat, the AFM tip is not flat. Hence the electric field
between them is not uniform. Appendix F gives details about the potential distribution
and/or electric field distribution around the AFM tip when the AFM tip is treated as a cone.
Now we solve the tunneling problem assuming it is between two parallel plates (although it
is not the case) and then later modify the result in context of the AFM tips (standard and
nanowire) of different aspect ratios.

Let the Schrodinger equation be

H|V>=F |V > (1)

Assuming one dimension (1-D)

The H in the above equation refers to the single-particle Hamiltonian of the electron. The
Hamiltonian here is the sum of kinetic energy and the potential experienced by the electron
from electric field applied to the tip. The Psi refers to the single-particle wavefunction of

the electron leaving the tip and E is the energy Eigen value.

Figure 35 shows the potential profile between two charged parallel plate capacitors.
Region 0 is material 1 and region | is material 2. The region P is the space in between.
For region P the equation is

] f.}:
—ih— — U 2) = Ed(p) ==
=3 () )W () () -
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An exact solution to this differential equation does not exist. So we make an
approximation for the potential. Figure 36 shows the approximation used. The slope or
region ‘P’ in Figure 35 is divided into N segments, each with a piece-wise decrease in

potential.

U(x)

X

Figure 35 Potential between two materials (region 0 and I) with uniform electric field.

Now let the region P be divided into N Sections each with a piece-wise decrease in the
potential. Now an exact solution for this does exist. Each Section ‘i’ is associated with a
wavefunction and all the N wavefunctions can now be connected to form continuous
wavefunction in the region of the potential. Then the ends of these wavefunctions can be
connected with those in region 0 and region I. Figure 37 shows the piece-wise decrease in

potential rather than a smooth one. Each step is associated with a separate wavefunction..
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Approximation

Ulx) —_— Ux)

X X

Figure 36 Approximation of the potential from smooth line to piece-wise potential.

Now equation (2) is solved for region P.
Figure 37 shows that potential region P is divided into finite N segments of constant

value of potential. Each region ‘i’ is associated with a wavefunction.

U(x)

Figure 37 The approximated potential. The stepwise region has N segments.
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The schrodinger equation for region 1 is

it vy, = Ew,

(a? 3)

The general solution or wavefunction for the above equation is

Wy = Ay explhyre) + Brexpl(—Fkz) @

Where

om(Ulz) — B)

k= 1’/ h

(®)
For the requirement of continuity for some region i

W, (at intersection between regioni and i+1) = W (at inter section between region 1 andi+ 1) (6)

lI—';[m‘. ;{f}.tt!j‘.ﬂt!r:”rlf}.]l = lI";-H (et ir}.i‘.t!f‘m!r:a‘.iru;.-] 0
Thus
== W (L/N)="Ts(L/N) (8)

Hence for region 1 and 2

== Ayerplky (L/N))+Bexp(— K (L/N)) = Asexp(ba(L/N))+Bieap(—K3(LIN)) (9)
Similarly as
U, (L/N) = W,(L/N) (10)

Then for region 1 and 2

;rl lr.ffllt!:i‘_'p”q_fL;'IJV ) ) —BUH?';J( —.Kl ITL;-"{J"V) ” = ;.'_-'_:lr.ffl:t!:?'plr;rg lrL;"fJ‘V) ) —BU!:i'plr —.K: lrL;"fJ\" ] ]] (11)
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The above equations 9 and 11 can be solved for A2 and B2

ky + ko AT ) by — ks . AT ]

Az = | o Jeap((L/N)(ka—k1)) Ar+( o, Jerp((L{N)(—ka—Fk1)) B (12)
'!'-1 S '!"1 + fo

By = ( T eap((LIN)(kathy ) A+ 2 =Jeap((L/N)(—katki)) B,y (13)

|A;} B |f“"‘_31'_.’:2]t!;r'pffLa.-ﬂ'V]Hrg— 0)) (A hi‘ Jexp((L/N)(—ho — & ”} |41}
By| (B )exp((L/N) (k2 + k1)) (BE=)eap((L/N)(—ks + k1))| | B (14)

s

lJ

=

Thus for any sub-regions of P, m and m+1, the matrix can be written as

km+km+1 {tmL N km+1=km)) Em+1—FKm (LN =km+1=km))
[-’1m+1] _ [i o TP (F5m, erp! [-’%]

b 1=k i Nk - K +Em i N)km1—km
Bm.-}—l ngkr:.-Hrr :]E.:i"i')"'l”L'lr"'P'Mh-rl-H‘”'” iu'_:]“;i.-f).."”!-'f"'P.'l‘n.+l km)) B,”

Ekﬂi +1

(15)

This can be further generalized to any region m>n.

A A _ mi—1 . T X
-4.'[.& _ EAF:_’I::-” )[ PPHLINPM” E HI” lr'l”é!‘”'l‘ :I[ ?[J”LI'\H E ””” "4'.”
B, | (Km—ke ]It..rp“-"*f‘"‘"'z: Bl ) ) (Rutham )t et (LN = +2 7 bhy))

W 2Uerr (16)

So if ‘n’ in the above equation is taken as 1, and putting in the form of simultaneous

equations yields:

h.'r.'-_’{l.'r.'- — ].I,-"fZ[ff”"' + f,:”]-'fll + fﬂ.'r.'- _ .'U:”']Bl] (17)
_'f-”'lB”'l — Iz[f}rm _f:r.tj!,_dll + fﬂ.lr.t 4 _‘fi”]lBl]

(18)
Where for equations (17) and (18), the quantities are defined as
f.lr.t _ tILI."J"\"I:km_ll:m-—lb+...+311’:;;+If3+.!fli

- (19)

f::” = ii".lr.tfm

(20)
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-'rj”.' — 1 .I.'II f.'r.' (21)

gy = Emy (22)
L = ;'- "II.'JI'-.Ir.l
' ! (23)
| AL ek | L..";"-."-P
! ( (24)
W — ]_."I.||r I
N = number of Sections or divisions in region P.
Now coming back to the entire problem i.e. regions 0, P, and |
Let the functions in region 0,1,N,I be
Wy = Age'™” + Byt (26)
l]'}l — _-"'ht"lkl'r + Blt,—fh.r (27)
Uy = Ane™ 7" 4 Bye hve 28)
'lIFlu — ;qftl.’k,-.r + Blltl—.'k,-.r (29)

The wavefunction of the first segment 1 and last segment N of the aggregate region P are
designated in equations 27 and 28. The wavefunction for the region 0 and | are designated
in equations 0 and I. Here we attempt to find the relationship between the various constants
A and B for all the four regions.

Let

Ay=1.By=R.B; =0 (30)
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What equation 30 tells us that no electron gets reflected in region I. If the electron enters
that region it does not return. Also all the electrons move towards region P in region 1 and
is denoted by Ao. The aim of this is to find the fraction of electrons that propagate away
from the region P in region 1 in terms on the electrons that enter the potential P from region
1. These electrons are the fraction that tunnel through the potential P. We use the equations

17 through 25 in equations 26 through 30 to find the value of Al. This is the aim in the next

few steps.
And also let
r = kifko.re = kn floon = ki fkw (31)
And
dy = (1 +ar1). da(1 — ira) (32)

Using the same procedure described before for region 0 and region 1 we obtain,

].+.I-I::_-"'11+Bl (33)
l—fl:f.r'l[_-'-h—Bl] (34)
Combining the above two equations 33 and 34 we obtain
2= Avdy + Bids
1411 10 (35)
Following a similar procedure for regions N and I, we find
Ay = 1/2[(1+i/ry) Ajeite v L] (36)
By =1/2[(1—ifrs JAjetttheka L] (37)

Rewriting equations 17 and 18 for m = N we get
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Ay = i+ g1 By
Brn = faA1+ 9251
Where

o= (Y + 15207

fo= (FY = )25

Combining equations 35, 38, 39 and 44 we get

9 — f C14z — Cah ffl_f “lfi — |':lfl ]I:f.-;

fig2 — fam fige — fagn ™
Let

LN (Nky +(N=2)ky 1+ +K1) — K

f 1+ l'-ll-"ff‘g]

¥
I'.l

¢ = (1 —ifrs)

And rewriting equations 24 and 25 for m = N we get

—knL _ N
- =1

t

“h'_\ L — h;"'-.'
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(38)

(39)

(40)

(41)
(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)



Using equations 17 through 25 and 35 through 50 it can be found that

5 Ay(etfil) R P S0 A e oo v kL K wg ky Lo Kogq o g kyL
2= = [ e {1—anjogdie™ +e 7 (14+xy )eydie e (1—apy )eljdee™ " 4e™ (14my Jogdse ]
£y
(51)
Also let
R
(52)
Using equations 47, 48 and 52; 51 reduces to
_«‘fl !.lk,-L o ,
1 = %[t! ! ffl f:i"p.'."l— 4’-“-"{1"2] + t!*r rfg[r;i"p.': — 4'-.;""!‘3]]
N (53)
Using equation 32; equation 53 can be reduced to
_'qllffff'k'-L]l P ; 3 .
1 = f[“ f (1 I,r2+1'.flfr‘1 —7r1))) _|_“; (w2 —1( lfr‘l —11)) ]I]
A N (54)
And then with more manipulation using equation 32, equation 54 yields
A? =T2= lcosh(P)+i/2(1/r —r) :-iillll”’jjl]_2 (55)
Defining the transmission coefficient
) L+rm)?
T2 = [1-|—|'r_—;lif:«11111‘fp]l]]_l
! (56)
Let
(14+7)?
L = T
=4
: (57)

be some constant.
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Thus the transmission coefficient squared or the fraction of electrons tunnel is given as
T2 = 1+ ::[.-4111113[P]I]I]_l (58)

Using equation 52
N
P = ((L/N)Y (m)k,] — byl
L (59)
This can be approximated to
N N U=Yg—E)
P=((LIN)Y (m)k)—ky L=y (m)k, =~ [ VU(z) — Edx
<)
LI LI (60)

Where

If'lﬂm.[f.-"[;r]l — F)
b=/
! h (61)

Now equation 58 becomes
U Yp—E)
T [1+II[H-11111;[ / V'ff_-"[:r']l — Erf:r']l]l]_l
o () (62)
The transmission coefficient can also be obtained by the WKB approximation as in [36]:

3

a

U top=E)
TC = erpl— [ V'IZZH}.[I.-F[:F] + ¢ — E)dr)
o ()

.ll'.I (63)

The equation obtained by the piece-wise approximation in equation (62) and the one by
the WKB (equation 63) method do not differ very much. In fact, if we substitute the
formula for sinhP in equation (58) in the limit that exp(P) >> exp(-P) for a positive P then

we would obtain the expression very similar to (63). But the piece-wise approximation
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seems a logical extension to the expression for transmission coefficient obtained in [40],
Chapter 3, for the varying potential as in Figure 39.

Having obtained the transmission coefficient (TC), as shown above, we can plug in the
different potentials and investigate the transmission coefficient distribution around each
type of tip. But before doing this one can guess the result. The transmission coefficient
varies as an inverse exponent, so it decreases as the parameter inside the exponent
increases. The parameter in the exponent is given by equation (60). This parameter is the
area under the curve which is characterized by the difference between the potential around
the tip and energy at which the electrons incident the potential. The limits of the integration
are between the point of incidence (tip-air interface) and the point at which the potential
would equal the incidence energy as shown in Figure 34. The area of the curve is small if
the fall of the potential is fast. The gradient of the potential is the electric field. Hence a
larger electric field would warrant a smaller area under the curve given by equation (60)
which in turn increases the transmission coefficient. Hence by the argument above,
transmission coefficient increases as the electric field increases. Consider an AFM tip
modeled by a cone (or any geometry that’s not spherically symmetric) as shown in Figure
38. If the electric field decreases as the angle theta increases (Figure 38), so must the
transmission coefficient. But if the tip were modeled as a sphere the transmission
coefficient would be same in all directions. Note that transmission coefficient for Fowler-
Nordheim tunneling does not depend on the distance but only on the Electric Field.

Now we attempt to plug in the specific potential distribution for an AFM tip (modeled by

a cone) given in Appendix F into equation 63 or 62. As mentioned earlier, the expression
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for transmission coefficient is for a potential between two parallel plates (constant electric
field). By looking at equation 62, it can be noted that some arbitrary potential (between
parallel plates or not) can be substituted in equation 62 to obtain the transmission
coefficient.

Further, this is a one-dimensional problem. Thus changing the variable to the one in a

radial direction in radial coordinate system would give:

Ulx) = Ulr) = Ulr.f) = Ar" P (cosb) (64)

As mentioned earlier this solution is for a potential between two parallel plates (constant
electric field). By looking at equation 62 it may be stated that the exact shape of the
potential may be some arbitrary potential (between parallel plates or not) that can be
substituted in equation 62 to obtain the transmission coefficient. Here we attempt to
substitute the potential in equation (64) described in Appendix F. .

This is a one-dimensional solution with r as variable. Hence the angle in the above
equation can be treated as some arbitrary number and not a variable.

Thus equation can be written as

= Ya—E)) U-Ya—E)
[ V'ff.-"[r] + ¢ — Edr = [ 1,“.-“'[_.LIPFr[r-rmH]Ir’f + ¢ — E)idr
o) <)

(65)
Now from Figure 38 we can define
D =rsinf
(66)
= Dtant (67)
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D
.-;ill[ztl‘ri‘-ztll;r}.-’IDII (68)

=

# = arctanx/D (69)

Now using the equations we can find the transmission coefficient in terms of the
horizontal distance x (refer Figure 38 for clarity). This simple calculation is not shown to
reduce the length of the document. The value for gamma in equation 64 depends directly on
the characteristic cone angle of the cone. For the standard tip the characteristic angle is
assumed to around 50 degrees and for the nanowire it is assumed to be <2 degrees as
explained in Section 4.6. The values for gamma for these characteristic angles can be
obtained from Appendix F. Thus we have two different integrals in equation 64 for
standard tip and nanowire. These can be substituted in equation 62 to obtain two different
transmission coefficient distributions for nanowire and standard tip. And these distributions
are the functions of the horizontal distance x. When equation 62 is plotted against x for
each case for some arbitrary constant A we obtain the Figure 14 or Figure 15 in Section

4.6.
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F. Distribution of Electric Field and Potential for Standard and Nanowire Tips

As described in Section 4.6, the standard tip and nanowire can be treated as cones with
different characteristic angles. Let the characteristic angle for standard tip and the nanowire

be 50 degrees and 2 degrees respectively. Figure 38 shows this scheme.

When a potential is applied between the AFM tip and sample, electrons flow between
them as described in Section 4.6 and Appendix E. When a constant potential is applied
between the AFM tip and the sample, the tip becomes charged (because in this case,
negative pulses are sent to the AFM tip). Although the applied battery potential remains
constant, its distribution around the AFM tip may vary because the AFM tip is not flat

surface. A non-flat surface does not produce a uniform electric field.

AFM tip/cone =
1“\
0
r i b
— .
sample
Hx—b_

Figure 38 The representation of an AFM tip by a cone.
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The electric potential distribution is also non-uniform because the electric potential is the
derivative of the electric field [39]. The potential may be stronger in some regions than the
others. This might because the surface charge distribution on the tip is not uniform. The
surface charge distribution accumulates around a sharp edge [38]. From Jackson [39], the
expression for the electric field, potential and surface charge distribution can be obtained

for a cone and is given in equations 1, 2, 3.

V= Z[P“ﬂ' [r'rJ.we[I‘?';I[_--'-L.ﬁ_r'J""'-|—Bukr'_“""_l )
(70)

One of the boundary conditions for (70) is given by (71)

[Pua_[r'u.ﬂ[_:'f:l:l =1 (71)

Because of the absence of other boundary conditions such as surface potentials, a general
solution is taken from [37] for region just outside the tip in (equation 72). More boundary
conditions are required to calculate fields at large distances. Only the region near tip is

required in this case as tunneling does not occur at large distances.

V (v r'e Py, (cos(#)) (72)

The gamma in the equations 70 through 73 is directly related to the characteristic angle
of the cone. When the angle is 50 degrees gamma is approximately 0.333 and when the
characteristic angle is 2 degrees, gamma is around 0.2 [37]. Thus we have two different

expressions of the above quantities for the standard tip and the nanowire tip. The U(x)
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described in equation 62 of Appendix E points to equation 1 here. Thus by equation 62 we
have two expressions for transmission coefficient for the standard and the nanowire tip

which can be plotted as in Figure 15 in Section 4.6.
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