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Chapter 1

Introduction to Ion Bombardment

1.1 Ion - Solid Interactions

Ion-solid interactions can produce a wide range of changes to intrinsic ma-

terial properties. Ion bombardment is widely used in semiconductor doping and

tooling fabrication. Doping with ion beams is commonly called ion implantation.

During implantation ions undergo both elastic and inelastic scattering leaving

some of the ions inside the bulk. This causes some of the bulk atoms to be ejected

but a number of them are merely displaced as the ions collide with bulk atoms

through multiple atomic layers before coming to rest. This whole implantation

cascade can thoroughly change the bulk properties near to the surface.

Implantation interactions are largely made of up two processes, nuclear

and electronic stopping. Nuclear/electronic stopping relate scattering phenomenon

between a crystal atom and the incident ion. Nuclear stopping is between the nu-

cleii of the bulk atoms and the ion. Electronic stopping occurs after impact when

the ion’s electrons interact with electrons from bulk atoms, causing the ion to slow

down. The electronic drag mostly contributes to heating of the surface. Stopping
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of both kinds can lead to hole and path formation as the ion literally pushes itself

into the bulk lattice as seen in Fig 1.1. As the ion penetrates it can displace atoms

in the crystal. This displacement can cause an amorphization in the crystal struc-

ture, which is when the crystal lattice is broken down forming an amorphous

layer. [1].

Figure 1.1: Drawing of an incoming ion impacting the surface and possible stop-
ping processes: i. incoming ion, ii. ejected atom(s), iii. collisions, iv. implantation,
v. heating

Major changes occur due to the ions ending up inside the substrate. Some

of the implanted atoms end up inside the lattice as interstitials. These interstitials

can produce a local stress concentration in the lattice as the ions, non-uniformly,

change the lattice constant with respect to a pure crystal [2]. The strain produced
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by this stress concentration can induce swelling at the implantation depth. If the

dose is large enough, an additional phase may appear in the implanted region.

These changes will lead to modifications in the overall bandgap of the sample in

this region. Chemical modifications may also take place producing changes in the

chemical potential as used in semiconductor doping.

Other major structural changes often occur in the crystal. As seen in past

studies, ions tend to break up the crystal to the point it can become entirely

amorphous in the regions above and inside where the ions came to rest [3]. This

leads to a change in volume. The change in volume at the surface can incite

curvature in the bulk if the sample is thin enough and it can cause a stress field

to form near the amorphous crystal boundary if the sample is thicker [4]. This

implanted ion stress can be used to make the surface of a material harder for

tooling [5]. This new amorphous structure can cause large changes in the allowed

states of the bulk leading to changes in optical and mechanical bandgaps. This

is already used in industry for modifying optical sensors and photovoltaics [6].

However the long term stability may be changed because of the unstable nature

of this new phase and its effect on the crystal phase beneath it.

After irradiation, relaxation can occur in the sample. Some of the lattice

will recrystallize to minimize energy and diffusion of defects can occur. Diffusion

of the ion species, the bulk matter, and defects at room temperature will generally

take place over several hours unless the energy of the system is raised. Typically

after ion implantation into semiconductor devices annealing is carried out to try

to recrystalize the surface and freeze in the dopant atoms. This annealing is

designed to increase the diffusion rate of the defects and the bulk such that they

consume each other to reform the crystal. Without this increase in energy there

is normally an increase in surface stress due to larger amorphous regions inside
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the bulk and some of the foreign species will diffuse out through the damaged

region and evaporate.

Current experiments for studying mechanical changes caused by ion irra-

diation are somewhat limited in their accuracy and few can be carried out in real

time. Some studies have been performed using oscillating cantilevers but due to

low quality factors their resonant frequencies have large bandwidths increasing

their error. Sensing is also performed optically which can introduce noise [7]. In

other cases cases a thin strip of material is irradiated in a vacuum chamber and a

minute change in curvature can be measured optically [8, 9]. If the curvature is

to be read in real time, the optical setups are often complicated because of their

remoteness to the sample because most of the optical apparatus must be located

outside of the vacuum chamber and must read the sample through windows.

This technique only probes changes in the relative volume of the irradiated sur-

face, leading to bending, which must be related to mechanical properties. Change

in the shape may not directly correlate to a change in the modulii because heating,

amorphization, and implantation depth all play a role in changing the curvature

of the sample.

1.2 Oscillators

In many scientific fields, mechanical oscillators are used as senesors for

measuring slight changes do to their resonant frequencies being highly depen-

dant on their physical parameters. [10, 11, 12]. This is because the oscillator’s res-

onance frequencies are dependent on the shear modulus, the moment of inertia,

and the damping. By slightly altering these parameters, the resonance frequency

can be altered as well. Piezoelectric oscillators, such as quartz, have become com-

4



monplance in most modern electronics for their frequency stability [13]. Quartz

crystal microbalances (QCMs) use the surface wave effect to probe mass change

on its surface and have the resolution to measure the formation of single atomic

layers [14]. Certain oscillator designs have been used to measure small mechani-

cal changes induced by low temperature noble gas sublimated and adsorbed on

them. These devices are double paddle oscillators (DPOs) and have demonstrated

precision to parts per billion when measuring shear modulii of these noble gas

films. A typical DPO is shown in Fig. 1.2. This work was carried out by Tom Met-

calf in the Department of Physics at Cornell University and later at the US Naval

Research Laboratory [15]. Tom collaborated with my group and I by offering his

expertise in DPOs. He also supplied the DPOs that were used in the experiments

described in chapters 2 and 3.

Double paddle oscillators are a specially designed silicon oscillator that

produces very large quality factors in certain resonance modes. The quality factor

is defined as

Q ' energy stored
energy dissipated per cycle

(1.1)

Observing the frequency response of a real mechanical oscillator reveals a peak at

expected resonance positions (in frequency) that have finite width. The width of

the peak at full width half max (FWHM) divided by the resonant frequency is the

inverse quality factor as seen in Fig. 1.3. The quality factor of a real mechanical

oscillator is dependent on the resonant frequency and drag coefficient. The drag

coefficient of an oscillator in a vacuum comes entirely from the internal friction

of the oscillator. Because DPOs have a very high quality factor their peaks are

very narrow, typically under 100 mHz. This reduces the noise in the resonant

frequencies leading to more precise probing of their material properties. The
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Figure 1.2: Back side of a DPO showing the gold contacts. The DPO is approxi-
mately 2 cm wide by 3 cm tall. It is around 300 µm thick. (Printed with permission
from Tom Metcalf)

name ”double paddle" comes from the shape of the oscillator which resembles a

large and small paddle connected via a small ”neck". This layout isolates the DPO

from the clamping mechanisms because the two paddles oscillate with respect to

each other not with the base. The shape of these oscillators was designed to focus

all of the stress in certain resonance modes into the neck region between the two

paddles and the head. Because of these design considerations, certain modes of

the DPO have quality factors on the order of 106. This could be compared to the

average acoustic tuning fork with a quality factor around 1000 [16].

This thesis will focus on irradiating DPOs for measuring mechanical changes

in real time so that ion implantations and the resulting damage can be better un-
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Figure 1.3: Determination of the quality factor in a damped driven harmonic
oscillator. The resonant frequency divided by the full width at half maximum
(FWHM) is the quality factor. DPOs resonanting in a certain mode in vacuum
with a quality factor around 106 will have a width under 100 mHz.

derstood. Low energy ion implantation was used (≤ 3keV) for measuring the

limits of the DPO as a sensor. In this energy regime the ions penetrate a small

distance (<300 Å). In a SRIM simulation of 3 keV Ar ion implantation on Si, the

implantation profile of Fig. 1.4 shows that the majority of the ions end up im-

planted near 100 Åbeneath the surface. This was the maximum energy used in

this work and hence the maximum depth of implantion. This causes a film-like

region with different mechanical properties to form. This region and its effect on

the resonant frequency will be the focus of much of this work. The reason for this

is that the change in resonant frequency is proportionall to the modification in the
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”spring conastant" of the DPO which is related to the shear modulus. This is simi-

lar to modifying a simple damped driven harmonic oscillator. By utilizing certain

resonance modes, changes in mass can be neglected because of the minute effect

on the system. This is due to the moment of a torsional oscillator is porportional

to the distance from the its axis.

Figure 1.4: Implantaion depth profile from SRIM at 3keV for Ar in Si. At this
incident energy most of the ions end up implanted beneath the surface.
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Chapter 2

Excitation and Bombardment of

DPOs

2.1 Overview of Experimental Setup

To properly measure shear modulus of a surface under ion bombardment

with high precision a mechanical oscillator was used. As the principles behind

oscillators are very well understood the DPO was applied for our experiment.

The mechanical oscillator is a double paddle oscillator (DPO) that was originally

used to measure low temperature thin films. We then repurposed this device for

our work. A double paddle oscillator has a very large quality factor that is in the

106 range, where an average tuning fork only has a Q of approximately 1000.

The process of taking data requires a custom-built set of electronics and

vacuum equipment that are used together to bombard and excite the DPO. Within

the chamber the DPO is clamped on a manipulator that also holds a Faraday-cup,

excitation electrodes, and a thermocouple. The vacuum chamber in which the

DPO is placed is an OMICRON-STM analysis chamber, as seen in Fig 2.1. An

9



OMICRON-ISE10 ion gun was used to bombard the DPO with Ar+ ions. The

electronics were connected by feed-throughs to the electrodes mounted in situ.

The custom electronics consist of an amplifier, a lock-in, a biasing box, a frequency

counter, and a phase shifter. Most of the systems are monitored and controlled

through IEEE-488 GPIB.

Figure 2.1: Image of UHV Bombardment Chamber located in Kinard Laboratory
of Physics, Room 13. The Ion gun can be seen at a 45 degree angle on the right
side of the chamber with a grey wire protruding from its end. The manipulator
is the dark colored arm extending out from the sphere in the center of the image.
One of my peers is in the foreground for scale.

In the following sections I will lay out the basics of the setup that we use to

excite the DPO, bombard it, and measure the changes in the resonant frequency

and quality factor. First, I will cover the DPO and the theory behind its excitation.

Next, I will talk about the manipulator holding the DPO and its considerations.

Then, I will explain the electronics behind taking data, and I will discuss how

bombardment runs are performed, presenting some basic data that verifies that

the system works as intended.

10



2.2 Double Paddle Oscillators

The double paddle oscillator is a device that is typically cut from a silicon

wafer and is designed to have a very high quality factor in certain of its resonance

modes. This device was invented at Bell Laboratories with the goal of finding

devices with high quality factors [17]. It was also used at Cornell University to

measure shear modulii of the DPO and thin films applied to it [18]. The DPOs I

used were etched with KOH from a <100> silicon wafer, taking full advatage of

anisotropic KOH etch rates in silicon. Tom Metcalf, who works out of the Naval

Research Laboratory in Washington DC prepared the DPOs used here. Detailed

steps concerning the fabrication of DPOs can be found in Ref. [18].

Figure 2.2: Diagram of simple double paddle oscillator with its parts labeled. The
lines on the right side represent where the gold film is located. The dashed circles
represent the electrode size with respect to the DPO. The actuall electrodes are
positioned underneath the paddles slightly forward of this position towards the
head.
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The double paddle oscillator is approximately 2 cm by 3 cm. One side of

the DPO is given a thin (∼ 100nm) gold coating to assist in electrode coupling.

A DPO drawing with its parts labeled can be seen in Fig 2.2. The shaded re-

gion on and around the neck in Fig 2.2 is where the bombardment of Ar+ takes

place in this study. The second antisymetric mode (AS2) is the primary resonance

mode that was used to take measurements and exists near 5.5kHz. An image of

displacement in the AS2 mode from FEA analysis, using COMSOL, can be seen

in Fig 2.3. FEA analysis of stress in a DPO resonating in the AS2 mode was

also performed and is illustrated Fig 2.4. This shows that the energy stored dur-

ing a cycle is concentrated in the neck, making small changes to the neck more

easily observable. Also, much of the previous work concerning DPOs was fo-

cused on this mode, allowing us to compare our initial work with data already

taken [18, 17, 15, 16, 19, 20]. The AS2 mode was used for our experiments and

previous studies because the neck, where bombardment takes place, affects the

resonance frequency by a negligible amount when it loses mass. This helps to

reduce the effect of ion sputtering. The moment of inertia of the neck changes

the resonance little, while the modulii of the neck has a much larger effect on the

resonance of the system.

The AS2 mode of the DPO is excited electrostatically by a time dependant

voltage. If an oscillating electric signal was used then the DPO would oscillate at

twice the resonance frequency. To prevent this a DC bias is added. The bias also

linearizes the signal. To see this we note that the force on the DPO is proportional

to the square of the voltage applied to it:

F ∝ V2 (2.1)

12



Figure 2.3: Displacement of a DPO resonanting in the AS2 mode as observed in a
COMSOL finite element simulation.

If a sinusoidal signal is applied to the DPO,

V = Vdrive cos(tω) (2.2)

then the force felt by the DPO is

F ∝ V2
drive(1 + cos(2tω)). (2.3)

This means that the DPO will actually be driven at the second harmonic of the

driving signal. This result would require a much more complicated system to self

resonate. To fix this the signal is biased with a DC voltage much larger than the

driving voltage

Vbias � Vdrive. (2.4)

13



Figure 2.4: Maximum stress in a DPO modeled using COMSOL. This shows that
the majority of the energy stored during oscillations in the AS2 mode, is stored in
the neck of the DPO.

This modifies the force in equation 2.3 into

F ∝ (Vbias + Vdrive cos(ωt))2 (2.5)

which can be approximated to

Force = V2
bias + VbiasVdrivecos(ωt) (2.6)

by dropping the smaller second harmonic term cos(2tω). This both improves the

effect of the driving signal on the DPO and linearizes the signal. The actual device

used to carry this out is the "battery box" and will be explained in the next section

[15].

In the second antisymetric mode, the DPO is basically a torsional harmonic

oscillator. Similar to a simple theoretical harmonic torsional oscillator, factors that
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control the resonance frequency are the "spring constant" and the moment of in-

ertia. This "spring constant" is dependent on the modulii which is also dependent

on the temperature. To determine the effect of ion bombardment on the modulii

of the DPO we try to hold the temperature constant and observe the change in

resonance frequency to determine how much we have affected the material. The

resonance frequency is proportional to the shear modulus (G) and the shape (j).

fr ∝ jG/4π (2.7)

. Because the DPO is dependent on G, this was how I determined the effect of

the ion bombardment on actual material changes [21]. The actual "spring" of the

DPO is a sum of all the modulii throughout the entire neck. Because the neck

is around 300 um thick and we are only bombarding the first few monolayers

of silicon, 10-20 nm, then the small changes in the resonance demonstrate the

precision of this instrument.

There are several additional modes under 10 kHz that can be excited with

this method. We were able to "ring up" most of the modes as seen in Fig. 2.5 by

scanning from 1 to 9 kHz except for the windshield wiper modes where the DPO

oscillations are perpendicular to the driving forces. With alternative electrodes all

modes might have be able to be seen; however, since we were focusing on only

the AS2 mode this was not our goal [?].

2.3 Electronics

For the shear modulii to be measured in real time, the DPO is driven in a

self resonating loop while it is bombarded with ions. The core of the system is
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Figure 2.5: The predicted and measured frequencies of the first 10 modes of a
DPO as seen in previous work [16].

a SRS-830 lock-in amplifier and a custom phase shifter. The DPO’s frequency is

monitored by a frequency counter, SRS-620, and the temperature is monitored by

an electrometer. The quality factor of the DPO can be measured by turning off

the driving frequency and measuring the ring down with the lock-in.

As seen in Fig 2.6 the first connection to the DPO is the "battery box".

The "battery box" we built does not actually have batteries in it, like the one

built by Tom Metcalf, but is powered from a DC supply. The schematic of the

"battery box" is seen in Fig2.7. The coupling capacitors are 0.1 uF and the large

resistors are to prevent deadly discharges if a short occurs. The coupling of the

electrodes to the DPO is on the order of pF. The equalization in the DC coupling

capacitors that occurs when the power supply is turned on is well less than a

second even with the large resistors. The resistors have also prevented the author
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Figure 2.7: Schematic of the battery box internals. One circuits is used to decouple
the bias voltage on both of the lines to the electrodes as seen in Fig. 2.6.

from electrocuting himself countless times as well. The other 0.1uF capacitors,

connecting the DC input to ground, reduce outside electrical noise from reaching

the DPO or its associated electronics. The DPO is driven at resonance, in short,

by its own signal. Basically, the return from the "battery box" is amplified, phase

shifted, and fed back into the DPO. This makes the DPO self resonating and it has

been observed to hold its resonance frequency to around 0.003 Hz. The DPO is

mounted inside of the vacuum chamber and connected to the electronics by feed-

throughs. The signal is first fed into a custom built current to voltage converter

(see Appendix B). It amplifies the signal close to 109V/A before being fed into

the lock-in amplifier. The current to voltage converter was custom built to operate

between ±12 V from an ATX power supply. Originally the lock-in was used for
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amplification of the signal. However as its amplification was only 108 V/A the

signal was very faint. During a disconnect, however, the amplifier was destroyed

and a new one had to be constructed. With the new current to voltage converter

a fully excited DPO will produce almost a ±170 mV signal as seen at its output.

A lock-in, Stanford Research Systems SRS-830, is used to determine the

amplitude for the ring down and can be seen, along with all the other electronics

in Fig. 2.6. The reserve is set to low noise and the time constant to around 3µs.

It is set to run in R θ mode to convert the oscillations into phase space. This just

converts the real and imaginary parts of the signal to an amplitude and phase.

The phase is with respect to the reference and has no real use in the majority of

the data. The R output can be seen as the amplitude of the return signal and

being relative has no real units. Determination of the actual displacement of the

DPO was not done as the error in the measurements would have been large.

To find the actual displacment, highly accurate measurments of the electrode

dimensions and their separation would be required. Also the exact frequency

response of the current to voltage converter would be required as well as its exact

amplification. The displacment of the DPO could be determined by observing the

actual voltage change with these variables known. These measurements would

have been beyond the scope of this thesis and was not needed for ion irradiation

measurements.

A signal is then fed from the Signal monitor side of the SRS-830 to the oscil-

loscope to observe it. Technically the lock-in is not needed for normal resonation

of the DPO but it is generally always in the loop for ease of use when switching

from resonance to quality factor measurements. Also the line filter on the lock-in

helps reduce low frequency signals from appearing. Because the amplitude of

CL1 and ST are very large the signal has a tendency to try to push into those
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low modes during the self resonating loop. The line filters on the lock in tend

to prevent the DPO from switching modes during long periods of resonation.

The internal oscillator on the lock-in uses the return from the DPO to follow.

When performing quality factor runs, as the signal drops in amplitude, the inter-

nal oscillator has a tendency to lose the signal and jump to high frequencies. To

counteract this, the internal oscillator on the lock-in is manually tuned to ± 1Hz

of the resonance to properly determine the amplitude. As long as the internal os-

cillator is set to around ±1-5Hz of the actual frequency the measured amplitude

is fairly close to the actual amplitude. This is mostly because the lock-in is set to

R theta mode and not measuring the real and imaginary components.

The signal is split as it leaves the SRS-830. One of these goes to the os-

cilloscope to observing ringing and the other is fed into the phase shifter. The

phase shifter, as we call it, is actually an all-pass filter built using a operational-

amplifier [22]. The circuit is discussed more in Appendix B. The phase shifter

has its frequency limits set to 1kHz to 10Khz and all signals in the range can be

shifted by ± 90 degrees at varying resolution. If the signal needs to be set beyond

this, the input of the lock-in can be changed to -B thus shifting the signal 180 de-

grees allowing any phase angle to be in range. By adjusting the gain of the phase

shifter the output is always near ±12V. All of this equipment is used to record

the data for analysis. The procedure for carrying out the experiment is described

below. The lock-in amplifier can be used to find the resonances of a new DPO

and can determine the quality factor. To measure the frequency the DPO during

bombardment a SR620 frequency counter is used. To measure the thermocouple a

electrometer is used. All of these modules are controlled over a GPIB connection.

Several programs written in Pascal perform these measurments. These programs

can be seen in Appendix B.
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2.4 Manipulator

The manipulator was re-designed for the purpose of holding the DPO se-

curely, bombarding it with controlled ions, and monitoring it while resonating.

The manipulator arm that was used came off of the original OMICRON chamber.

The OMICRON platen holder that was originally on the arm was removed from

the end. A new mount that fit on the end on the arm was designed to hold the

bombardment side of the DPO in the center of its axis of rotation as seen if Fig. 2.8

The DPO itself was originally clamped by set screws but it was easy to over-stress

a DPO breaking them. The clamp was re-designed to use a plunger set-screw

that allows us to clamp via the screw’s internal spring. This also holds the DPO

firmly yet allows for easy loading and removal. A stainless steel mask is placed

over the DPO with a small hole positioned over the neck. This mask prevents ions

from implanting in any area other than the neck. Mounted 0.25 inches from DPO

on the base is a thermocouple that monitors the temperature. While it may be

separated from the DPO it gives an indication of the temperature of the DPO. In

the future it will be used to calibrate the DPO’s resonant frequency as a function

of temperature.

As described in the previous section the DPO is excited using electrostatic

forces. This is done using two electrodes that are made of copper as seen in

Fig. 2.8. Each electrode is positioned to line up with the paddles. The electrodes

are epoxied inside of copper tubes making them coaxial electrodes. As crosstalk

became a large factor in the analysis of the data, shielding the electrodes in this

manner was a step taken to reduce it. The electrodes also are held in place on

the holder by set screws allowing them to be adjusted along their axis for varying

separation from the DPO. Beyond 2-3 mm they will no longer excite the DPO in
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Figure 2.8: DPO holder and electrodes. This is an early picture of the manipulator
head and does not include the mask or the thermocouple

any measurable amount, thus must be kept quite close (generally around 0.5-1

mm). Ideas for the improvement of the electrodes will be discussed in Section 4.4,

Future Work.

The back side of the DPO manipulator has a Faraday Cup mounted on it.

The cup is used to facilitate beam tuning. Because of its small opening, 0.4 mm,

the spatial resolution of the beam can be measured. This information is then used

to find the proper placement of the DPO and mask for accurate bombardment.

The cup is made of copper and has a front collamination plate on it for improved

spatial resolution. The front plate is grounded to prevent charge build-up and

a Keithely electrometer is used to measure the current. The typical current is

under 1-2 µA. The top plate is insulated from the cup by ceramic washers and

the ground wire to the top plate is clamped under one of them. A closeup of the

current manipulator head can be seen in Fig. 2.9 showing the electrodes, the DPO

clamp, and the Faraday cup.
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Figure 2.9: Side view of manipulator showing the Faraday cup and the DPO
clamp.

2.5 Experimental Procedure

The experimental procedure can be broken into three parts. The first is

the initial determination of the resonance frequency and ringing up of the DPO

to the desired mode. The next is tuning up a beam and recording data during

a bombardment run. The final procedure is measuring the quality factor. These

different experiments are described below.

To get an enlarged signal and driving force as described in the previous

section a floating 200VDC bias is used. The driving signal can be from either the

frequency generator (SR650) or the phase shifter. As seen in Fig 2.6 the frequency

generator (Standford Research Systems DS335) is used to initially ring up the

DPO. Because the resonances vary between DPOs new ones must be scanned
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with the DPO.data program. This can be performed by hand but can sometimes be

very time consuming. This program scans the frequency generator between two

frequencies at variable step size and records the R from the lock-in amplifier. After

a scan, the resonances become very clear as seen in Fig. 2.10 where a range of 1-9

kHz was scanned. The signals appear non-Lorentzian because of the coupling. As

higher vacuum is reached the peaks can become very narrow and make scanning

very slow due to the necessarily smaller step size. To facilitate this process gas can

be introduced through the ion gun to widen the peaks by increasing the drag. Two

high resolution scans of the AS2 mode taken at 10−2Torr are shown Fig. 2.11. The

gas induced drag reduces the quality factor of the DPO, significantly widening

the peak.

Figure 2.10: An example of a set of data from a new DPO scaned from 1-9 kHz
indicating the resonance peaks.

Once resonance locations have been observed the frequency is tuned very
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Figure 2.11: A pressure induced widening of the frequency response of a AS2
resonance mode. Two Scans are superimposed both taken at around 10−2torr.

close to the desired resonance using the frequency counter and the oscilloscope

by hand. When an amplitude maximum has been achieved, indicating the DPO

is sitting close to its resonance frequency, the phase shifter is fed into the oscillo-

scope. The frequency generator output is also split and observed simultaneously

in the oscilloscope. The phase shifter is then adjusted to match the phase of the

generator. The oscilloscope must have its trigger set to the frequency generator in-

put throughout or the signal will be phase shifted by it. Once proper alignment is

achieved, the input is switched over to the phase shifter and the DPO will ring up

in amplitude. The signal monitor of the lock-in is also sent over to the frequency

counter. When the DPO is resonating properly the frequency counter indicates

high short term frequency stability (for several hours; some thermal drift occurs

over a whole day).

Once the DPO is in the proper mode and the system is prepared for data
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recording, the DPO’s manipulator is rotated to point the Faraday cup at the ion

gun, also shielding the DPO from stray ions. The OMICRON-ISE10 is tuned up

and gas is introduced into the system. Once the gun is brought up to the desired

energy and pressure then the manipulator and lenses can be adjusted to achieve

maximum current. The manipulator has been used to measure the beam profile.

A tuned beam has been measured to be around 1cm in diameter which is large

enough to cover the whole neck through the mask. Then the gas can be adjusted

to achieve proper beam current. Next the gun’s accelerating voltage is switched

off and the manipulator is adjusted, placing the DPO in position to be irradiated.

The frequency counter is then read by GPIB at 1Hz intervals using the program

DPO.freq for data measurements during bombardment and relaxation. Normally

the program is left running for a few minutes before the bombardment to show

the frequency is stable. After bombardment DPO.freq was often run for days as

relaxation can take 20+ hours. The accelerating voltage can then be switched on

and off as the particular experiment proceeds.

To measure the quality factor of the DPO the lock-in is used. A program,

DPO.Q, measures the relative amplitude on the lock-in at 1 Hz intervals. The

amplitude in this case is R from the R theta mode. The DPO must be first rung

up by the method just described. Once the whole setup is ready and the program

is running the signal going to the DPO is turned off. Initially the signal will

suddenly drop as the coupling disappears. Then the amplitude will drop off in

an exponential manner. If the natural log of the amplitude is calculated, the signal

can be fit by linear regression to find the quality factor using the transient part

of the following equation of a damped harmonic oscillator f (t) = e−λ∗t cos(ωt).

Our quality factor exhibited noise on the same order as the signal. Therefore data

taken from it will not be considered until the precision can be improved.
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During very long frequency scans some oscillations appeared. The oscil-

lations had a period of between 10-12 hours. The thermocouple confirmed that

heat flowing through the manipulator from the room was slightly affecting the

frequency. FEA analysis was performed on the DPO and shows that thermal

equilibrium between the manipulator and the DPO took place in just a few min-

utes. Some heating also occurs in the DPO’s neck during bombardment and will

be addressed further in the next chapter.
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Chapter 3

Results

3.1 Introduction

DPOs were irradiated with Ar+ ions inside an OMICRON-STM chamber

and their resonant frequencies were recorded before, during, and after bombard-

ment. When the DPO is under irradiation, the frequency of the resonant mode

changes. This change may be related back to physical changes occuring inside

the DPO’s neck. Because we were unsure what we would see, we began at low

energies and currents. Below 1 keV no effect was observed above the noise. How-

ever, this may have been caused by the low fluences produced by the ion gun at

these energies(≤ 1014ions/cm2). Because of this lack of observable change, all of

the data from the energies below 1 keV were not considered in any analysis. The

rest of the data consists of nine runs on two DPOs and is used as the basis for

the majority of the following conclusions. Above 1 keV all the DPO resonance

frequency plots took on a specific shape when graphed with respect to time. An

example of this shape taken from one of the runs can be seen in Fig. 3.1.

We decided to divide the graph of the resonant frequency of the DPO
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Figure 3.1: Five regions of interest in a data set showing the resonant frequency
throughout a bombardment run.

during bombardment into several regions. The first region is simply the DPO

resonating with no influence and is used for a reference. The second and fourth

regions depicted on Fig. 3.1 can be related to a compressive stress caused by

incident ions implanting into the crystal (Sec 3.2). The third region exists after

region two goes linear and may be related to heating of the neck (Sec 3.3). The

final region, region five, is after the beam has been turned off and region four has

saturated. The resonant frequency in this final region relaxes over many hours

eventually approaching the initial frequency. This reversable relaxation may be

caused by heat or material diffusion (Sec 3.4).
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Figure 3.2: Comparison of the slopes of regions two and four of beam runs. The
line is a linear fit of the data; the slope of this line is shown.

3.2 Compressive Stress

As ions bombard the DPO there is a compressive stress applied locally to

implanted region inside the DPO neck. A slight pressure is applied to the neck

of the DPO. I have estimated this to around µN, based on the ion beam fluence

and energies. The torque on the leg can be ignored in our case because of our

choice of modes. The second antisymetric mode relies on all energy being stored

in the neck, separated from the leg by the paddles. Looking at the data we see

that it takes around 20-40 seconds for the ions to saturate the implanted region.

This saturation has been observed in other work using different ion species and

substrate [1]. The incident ions can cause a swelling of the surface as they are
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implanted into the substrate. This results in a reduction in the shear modulus

because of swelling in the implanted zone. The resonant frequency of the an

oscillator ,taken from the the equation of motion,

f ∝
√

K/I (3.1)

where K is directly related to the modulii of the system and I is the moment.

Loosening of the implanted zone in the lattice caused by the impacting atoms

should reduce the frequency because it reduces k. Regions two and four of the

bombardment runs were analyzed by taking the first 20 seconds of the drop before

the DPO saturates. A comparison of the slopes of regions two and four is seen

in Fig. 3.2. A linear fit applied to this data gives a magnitude of nearly one. This

verifies regions two and four are not a heating event as the rates of heating and

cooling would be drastically different because the sample is in vacuum. If regions

2 and 4 were caused by heating then we would see a slow rise in frequency when

the beam was turned off instead of the sharp rise that we do see [8, 23].

The magnitude of the downward offset in the frequency caused by the

beam should have a relationship with both beam energy and current. All of the

runs were conducted over 1keV, well above the minimum implantation energy.

We used SRIM to approximate this minimum energy, and found it to be around

300 eV. Because all of the ions are implanted into the bulk the energy should have

to effect on the magnitude of the offset. The beam flux however is tied to the offset

as seen in Fig. 3.3. A linear fit produces a slope of 2x10−14Hz/ion/cm2/s which

seems small until one thinks in terms of 1015ions/cm2/s, a typical fluence. This

offset was taken by comparing the height of the end of region one with the end

of region two. I defined the end of region two and the start of region three as the
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Figure 3.3: Offset caused by compressive forces

point where both regions change from nonlinear to linear, as indicated by the fits

in Fig. 3.4. This method could be used to find the flux of an incoming beam with

relative independence to the implantation energy. Small mechanical oscillators

could be placed inside a ion implantation system and be used to find the number

total implanted ions similar to how a QCM determines deposited film thickness.

3.3 Heating

In almost all bombardment runs there is a linear section during the actual

ion bombardment as seen in Fig. 3.5. We believe that the linear frequency drop

is caused by ion bombardment induced heating. This frequency change always a
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Figure 3.4: Change from region two to region three with the linear fits shown.

trend downward and we belive be tied to the relationship between the shear mod-

ulus and temperature. Young’s modulus (E) is converted to the shear modulus

(G) modulus with a material constant, Poisson’s ratio, v.

G =
E

2(1 + v)
(3.2)
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Figure 3.5: An example of a 3keV ion bombardment run. We think the heating is
the linear region first 55 minutes.

. To explain the relationship between shear modulus and temperature we use the

following equation.

E(T) = E0 − BTe(T0/T) (3.3)

E0 is the initial Young’s modulus. B and T0 are material constants that define a

relationship between youngs modulus and temperature in silicon. For silicon, B

is equal to 0.158 1/K and T0 is equal to 317 K [21]. Equation 3.3 can be expanded
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into the following equation.

E(T) = E0 − B +
BT0

T
(3.4)

This equation shows that a linear increase in temperature reduces Young’s mod-

ulus as T0/T. This function can be approximated as linear when T is less than T0

as was the case for our expermient. To observe how the frequency changes in an

oscillator undergoing a temperature change, we need to know how Young’s mod-

ulus effects the frequency of an oscillator. The frequency of a torsional damped

driven harmonic oscillator, which we think is a good simplification of a DPO os-

cillating in the AS2 mode, can be expressed as an equation that shows frequency

is proportional to the spring constant, k and the moment, I.

fr =
1

2π

√
k
I

(3.5)

An expansion of this equation shows us that frequency changes linearly with k.

fr =
1

4π

k
I
. (3.6)

As the ”spring constant" k is reduced, so is the frequency linearly reduced. The

"spring constant”, k, is related to the shear modulus, G, by the following equation,

k =
jG
L

(3.7)

where j is based on the shape/cross-section of the torsional spring and L is its

length [24]. Combining equations 3.4, 3.6, and 3.7 gives an approximation of how
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temperature changes the resonant frequency of the DPO.

fr = C1 + C2
T0

T
(3.8)

C1 and C2 are new constants produced through the combination of constants in

equations 3.4, 3.6, and 3.7. Looking at a first order approximation of equation 3.8

it is evident that if the temperature of the oscillator linearly increases by small

ammounts and remains less than T0 the frequency will drop linearly [25, 26].

The temperature increase due to ion heating of the DPO neck can also be

seen to be linear if the ion beam is constant, based on the definition of specific

heat.

C =
Q

m∆T
(3.9)

In this equation C is the heat capacity, m is the mass, ∆ T| is the change in

temperature, and Q is the heat. Assuming the ion beam is constant, the heat

flow is directly related to the ion flux, then the temperature will increase linearly.

Using the same method described in the previous section to define where section

2 began and ended, we found where section 3 began and ended and then dropped

15% of the data on either end to reduce error. Then linear regression was used to

find the rate of change of resonant frequency for the AS2 mode. Using this data

to find frequency change as a function of beam current led to the plot on Fig. 3.6.

To find actual heat transfered one could simply convert the beam’s kinetic energy

(in eV) to joules; however to do this a measure of loss would need to me known.

This loss would be tied to backscattered ions, sputtered atoms, or electromagnetic

radiation. As the loss methods were unclear and were never measured the flux

of the beam is expressed as current. SRIM can give an estimate of how much
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this loss is. In a SRIM simulation of a 3 keV ion beam, 2.5 keV per ion was

deposited into the substrate as heat. More SRIM runs at other energies predict

that 85±2% of the energy per ion is deposited into the substrate through our

entire energy range. Negating any heat loss other than conduction, a simulation

using COMSOL was performed on a DPO under virtual bombardment using the

energy loss ratio SRIM predicted. This simulation produced a plot showing the

temperature in the neck of DPO under bombardment seen in Fig. 3.7.

Figure 3.6: Beam current and its effect on the rate of frequency change. The line
represents a linear fit of the data with the slope shown.
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Figure 3.7: FEA analysis using COMSOL of heating of the neck under a 3 keV
beam at 10+15ions/cm2/s.

Figure 3.8: Bombardment run showing post bombardment relaxation. Inset box
is a short run taken 72 hours after run began.
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Figure 3.9: Bombardment run along with several hours of relaxation. Periodicity
is slightly evident.
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Figure 3.10: Bombardment run along with several hours of relaxation. Some
periodicity with some type of initial drop in frequency
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Figure 3.11: Change in resonant frequency by dose.

3.4 Relaxation and Non-Reversible Damage

After the beam is turned off the compressive stress relaxes very rapidly

and the resonant frequency rises back to near the frequency observed in section

one. This relaxation effect is likely tied to the DPO cooling and to diffusion

processes inside the lattice [27]. Depending on the magnitude of the dose the

DPO can take from hours to days for the frequency to equilibrate as observed

through our bombardment runs. An example of this relaxation can be seen in

Fig. 3.8, Fig. 3.9, and Fig. 3.10. There is some periodicity that can be seen from

these data runs. This may be due to heat conduction down the manipulator

from outside of the vacuum chamber. For example, additional bombardment
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runs along with careful temperature control could identify or even control for

this effect. While the resonant frequency of the DPO does relax back to near the

initial frequency, as seen in Fig. 3.8, there is a slight overall change. This slight

change could be attributed to damage near the surface of the neck from crystal

amorphization. Ions that have cascaded through the lattice break up the crystal

and the silicon can become amorphous. Amorphous silicon is less dense than the

crystalline phase and also has a lower Young’s modulus which in turn lowers the

frequency of the resonance. Sputtered ions may also reduce the cross-sectional

area of the neck thus reducing the total spring constant of the oscillator (see

equation 3.7). A SRIM calculation of the sputter yield of Ar at 3 KeV is 1.04 atoms

removed per ion. This obviously will reduce the size of the neck and lower the

DPO’s moment by a small ammount. However a lowering of the moment of the

DPO would increase the frequency, an outcome not clearly observed. Therefore

this final shifted frequency appears to be dominated by damage to the surface

lattice while perhaps being slightly reduced by sputtered surface atoms. Overall

the number of incident ions seems to lower the resonant frequency at a rate of

−7.86x1020Hz/ions/cm2 with a standard error of ±6.6x1019Hz/ions/cm2 as seen

in Fig. 3.11. The final frequency seemed more dependant on dose than on energy

which may either correlate to lattice damage or sputtered atoms reducing the size

of the neck thereby reducing the "spring constant" of the DPO. More runs would

be required to sperate these two different processes.

3.5 Estimate of Shear Modulus Change

While the exact effect of Ar implantation on the shear modulus is near

impossible, it is possible to approximate it. This approximation is based off of
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a technique used by Tom Metcalf to find the shear modulus of noble gas thin

films and more information about its origins can be found in his thesis [18]. This

approximation is constructed around a ratio of frequencies to modulii,

∆ f
f

=
3G f (t∗s )2t f

2Gst3
s

(3.10)

where the t(s) are thicknesses. These thicknesses are illistrated in Fig. 3.12. The

t(s) are thicknesses of a sputtered region (tr), a damaged region (t f ), and an un-

damaged substrate (t∗s ). The initial thickness is ts. Gs and G f are the shear modulii

of the substrate and damaged region respectively. As we know the frequencies

and not the shear modulii we turn around the equation into

G f

Gs
=

2∆ f (ts)3

3 f (t∗s )2t f
(3.11)

so the modulii are with respect to the known values. I solved for the ratio of

change in shear modulus using data from all my runs used and SRIM calcula-

tions to find the ”approximate" thicknesses. My calcucated change over all of my

runs was G f /Gs = 0.2. Using values from literature for amorphous silicon and

crystalline silicon the calulated change was G f /Gs = 0.6 [28]. There are possibly

several reasons why these values differ by an order of magnitude. One possible

explanation could be due to ion channeling. Studies have shown that ions can

channel down paths in an aligned crystal stucture [29]. It can be seen from equa-

tion 3.11 that if the damaged region (t f ) was thicker, our approximate value might

be much closer to the accepted ratio of amorphous shear modulus to crystalline

shear modulus. Another possiblility might be recrystalization of the lattice dur-

ing relaxation, as described in the previous section, which might produce a shear
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modulus much closer to that of crystaline silicon.

Figure 3.12: Three regions used in a shear modulus approximation. At the top tr,
is the thickness material removed by sputtering. In the middle t f is the thickness
of the region damaged by implantation. At the bottom, t∗s , is the thickness of the
undamaged DPO and in our case is much larger than the other two thicknesses.
The whole substrate was initially ts thick.

3.6 Summary

As DPOs are bombarded we observed five main regions of interest as seen

in Fig. 3.1. Regions two and four, which show abrupt time-dependent resonant

frequency shifts were discussed in terms of a compressive stress that increases the

overall volume in the irradiated neck. However, this implantation related effect

appears to saturate rapidly and a constant flux must be maintained to keep the

reduction in modulii. Beyond the compressive stress, heating of the neck appears

to become the dominant factor affecting the frequency. The heating causes a linear

change in the frequency that can be related to a linear change in the Young’s

modulus. After the beam is turned off the frequency slowly returns to a value

near the pre-irradiation frequency. However non-reversable damage caused by
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the ion beam appears to lead to a final frequency that is consistently lower. This

frequency reduction has a direct relationship with the total ion dose, and is likely

tied to damage in the lattice and sputtering of the surface atoms.
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Chapter 4

Conclusion

4.1 Summary

Because mechanical oscillators have resonant modes that are sensitive to

their physical properties they are effective as both probes and sensors [10, 11, 12].

The main properties that control a mechanical oscillator are its moment and its

Young’s modulus. The moment is defined by the shape of the oscillator and

its mass while the Young’s modulus is based on the atomic binding and crystal

structure. In this thesis I used double paddle oscillators (DPOs) to probe how ion

beams can modify the crystal structure of silicon. I have described the construc-

tion of an apparatus for the excitation and measurement of a DPO’s resonant

frequency in ultra high vacuum for the purpose of measuring changes in their

properties under ion irradiation. Results of ion irradiation runs were then dis-

cussed and some specific conclusions were drawn about the precision of DPOs as

oscillators for mechanical spectroscopy.
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4.2 Experimental Overview

The basic idea of the experiment was to irradiate an oscillating DPO in vac-

uum and monitoring how the resonant frequency changes. The electrical signal

from an oscillating DPO is phase shifted and fed back into it as a driving force

making it self resonating. The resonant frequency was then recorded for analysis.

A mask was placed between the ion gun and the DPO so that only the neck can

be irradiated as illustrated in Fig. 4.1. When the DPO is oscillating in the AS2

mode, the only mode used in this experiment, almost all of the energy during

a cycle is stored in the neck. For this reason, mechanical changes made to the

crystal lattice in the neck have a large impact on the resonant frequency of the

DPO. Changes in internal friction of the bulk material in the neck occur during

irradiation; however, the background electrical noise in our setup prevented us

from deducing the impact ion irradiation has on a DPO’s quality factor.

Figure 4.1: Example of the irradiated region on a DPO. The black rectangle is a
representaion of the aperture on the mask.
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4.3 Results

When the ion beam is turned on the resonant frequency suddenly drops,

but after 20-30 sec the resonant fequency change becomes linear with time. Dur-

ing bombardment of a DPO the resonant frequency drops suddenly when the

ion beam is turned on then changes linearly. When the beam is turned off the

frequency jumps back up then slowly relaxes over several hours. An example

set of data showing the frequency during a bombardment run is shown in Fig.

4.2. Regions two and four may be explained by a volume expansion in the re-

gions where the ions are implanted while the linear region in between them is

probably due to heating. Region five is where the DPO’s resonant frequency re-

laxes to near its pre-bombardment frequency over several hours to days and the

culprit is most likely slow diffusion processes. However, there is a slight shift

downward in the post-bombardment steady state resonant frequency that seems

to be linearly dependent on the total implanted dose and could be caused by non-

reversible crystal lattice amorphization in the implanted region. As a whole, the

DPO seems to work as a fairly precise tool for measuring damage in the crystal

lattice, in real-time, during ion bombardment.

4.4 Future Work

The majority of the future work concerns problems in the experimental

problems that were unsolved. The largest unsolved problem was the large amount

of variation in the quality factor measurements. When measuring the quality

factor, measurements that were taken moments apart would have large variations;

the variations on the order of the values themselves. This led me to discard all of
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Figure 4.2: Regions of interest during an ion bombardment run.

the quality factor measurements. The primary reason for the variations, I believe,

was amplification in the excitation system. The wiring and electrodes that we

used had a large amount of electrical coupling that increased the return signal

significantly. The lock-in amplifier (SRS-830) had to have its internal gain set by

the user. So when then drive signal was cut, the return signal would almost

disappear on the lock-in. This meant that we could only observe the decaying

signal before it hit the lower limit for around 30 seconds. This low sample count, I

believe, reduced the accuracy of the fits. For future experiments some significant

work on decreasing this electrical coupling needs to occur. Special "Microdot”

coaxial cables, the ones Tom Metcalf uses, could help to reduce much of this noise.

Other designs of the electrodes could reduce this problem such as increasing the

number of electrodes to 4. This design would utilize normal and inverted signals
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Figure 4.3: A possible solution to reduce coupling noise.

to front and back electrodes respectively as illustrated in Fig. 4.3. This would

limit the resonant modes that would be excitable but would reduce much of the

crosstalk in the wiring and at the electrodes. Also there are excitation methods

that just use a single port thereby eleminating crosstalk entirely but require a

completely different system [30]. Systems such as the one-port or the four-port

method should be researched before another excitation system is created.

We believe that heating was the driving force in region three of bombard-

ment runs (see section 3.3), however not much data backs this up. More could be

learned about this by taking a broken DPO and mounting a thermocouple on the

back of it then performing bombardments runs on it to observe the actual amount

of heat produced by the impacting ions. Differential scanning calorimetery could

then be performed on another piece of the same DPO to determine the thermal

characteristics and thus allow for a thermal gradient map to be determined. Mea-

sures like these could find heating of the DPO as a function of ion irradiation by

dose and energy.

When the DPO relaxes we think that it is caused by both thermal and
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atomic diffusion. To further our understanding of how ion irradiation impacts

resonating DPOs; runs should be performed both at low and high energies to

determine how much of an effect diffusion has on the DPO during and after

bombardment. If the DPO was cooled then bombarded at a much lower temper-

ature, and the frequency did not climb after the beam was turned off then that

would point toward diffusion as the mechanism for relaxation in the final region.

A bombardment at higher temperatures, when diffusion is greater, would also

prove or disprove this theory.

Once all the parameters controlling DPO oscillations are well understood,

DPOs could become a valuable tool for analyzing material coatings under ion

bombardment. It would most likely have applications for materials testing for

spacecraft which often operate under ion bombardment from solar wind. Material

coatings could be applied to the neck of the DPO which could then be irradiated

to determine their impact on mechanical changes caused by such radiation.
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Appendices
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Appendix A Recording Data with GPIB

All the data was taken by a computer over GPIB. Because we did not have

an available computer with a GPIB card I used a Prologix USB to GPIB converter.

I used a program called EZGPIB to take the data. EZGPIB is essentially a Pas-

cal compiler with a special set of libraries designed to work with the Prologix

converter. The following code was used to take data during the bombardment

runs. The program loops at a rate of one second in which it queries the frequency

counter (SR620) and writes the new data on the next line of the text file. The name

and location of the text file is defined at the beginning of the code. If the name

of the file already exists it will overwrite the old text file. The program will run

untill a key is pressed on the keyboard.

Program dpofreq;

{const counter = 16; //Address of the SR620

filename = ’C:\users\dashiva\desktop\dpo\ion4\Ion4_1_4.Txt’;

var answer1:string;

var freq:string;

procedure writefiledata;

begin;

ezgpib_fileclearbuffer;

ezgpib_fileaddtobuffer(answer1);

ezgpib_filewrite(filename);

end;

begin;

if EZGPIB_FileExists(Filename)

then EZGPIB_FileDelete(Filename);
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freq := ’MEAS?0’; //Command to read the SR620

repeat

EZGPIB_timeWaitformultipleof(1);

EZGPIB_BusWriteData(counter,freq)

EZGPIB_BusWaitForData(counter,answer1,3);

writefiledata;

until EZGPIB_KbdKeypressed;//Run untill keyboard is pressed.

end.

Taking the data to find the quality factor involves recording the amplitude

of the oscillations at one second intervals from the lock-in. The following code is

very similar to the one used above and differs only silightly. The data is recorded

in a similar fashion and the program operates in much the same way. The only

difference is that the SRS-830 lock-in is queried instead of the SR620. The lock-in

needs to be in R θ mode for the program to record the correct information.

Program dpoQ;

const lockin = 8;

filename = ’C:\users\dashiva\desktop\dpo\ion5\Ion5_Q_start3.Txt’;

var answer1:string;

var amp:string;

procedure writefiledata;

begin;

ezgpib_fileclearbuffer;

ezgpib_fileaddtobuffer(answer1);

ezgpib_filewrite(filename);

end;
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begin;

if EZGPIB_FileExists(Filename)

then EZGPIB_FileDelete(Filename);

amp := ’outr?1’;

repeat

EZGPIB_timeWaitformultipleof(1);

EZGPIB_BusWriteData(lockin,amp)

EZGPIB_BusWaitForData(lockin,answer1,1);

writefiledata;

EZGPIB_ScreenWriteln(answer1);

until EZGPIB_KbdKeypressed;

end.

When a new DPO is inserted into the chamber it must be scanned to find

the relative locations of the resonance frequency of choice. The following code is

used. It was also written to work with EZGPIB. The program scans the frequency

source (DS335) between the variables xstart and xstop at a rate of 0.25 seconds

stepping by the variable xstep. Within each step the amplitude and the phase are

read from the SRS-830 lock-in. The SRS-830 needs to be in R θ mode for proper

data to be read. The program stops of its own accord when the frequency reaches

xstop. I would suggest maunally setting the DS335 to the start frequency to avoid

a discontinuity at the onset of the program. The data is recorded in a similar

manner to the previous two programs.

Program dpoacquisition;

const lockin = 8; //srs-830 address
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freqgen = 22; //ds335 address

filename = ’C:\users\dashiva\desktop\dpo_stm_test20.Txt’;

xstart = 5480;

xstop = 5500;

xstep = 0.5;

var answer1:string;

var answer2:string;

var current:double;

var amp:string;

var theta:string;

var freq:string;

procedure writefiledata;

begin;

ezgpib_fileclearbuffer;

ezgpib_fileaddtobuffer(current);

ezgpib_fileaddtobuffer(answer1);

ezgpib_fileaddtobuffer(answer2);

ezgpib_filewrite(filename);

end;

begin;

if EZGPIB_FileExists(Filename) //Comment this out if you

then EZGPIB_FileDelete(Filename);

amp := ’outr?1’;

theta := ’outr?2’;

current := xstart;

repeat
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freq:= ’freq’;

//EZGPIB_timeWaitformultipleof(3);

EZGPIB_ConvertAddToString(freq,current)

EZGPIB_BusWriteData(freqgen,freq);

EZGPIB_BusWriteData(lockin,amp)

EZGPIB_BusWaitForData(lockin,answer1,1);

EZGPIB_BusWriteData(lockin, theta)

EZGPIB_BusWaitForData(lockin,answer2,1)

Answer1:=EZGPIB_ConvertStriptoNumber(Answer1);

EZGPIB_ScreenWriteln(current);

EZGPIB_ScreenWriteln(Answer1);

EZGPIB_ScreenWriteln(Answer2);

writefiledata;

current := current + xstep;

until current >= xstop;

end.
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Appendix B Current to Voltage Converter

The current to voltage converter was used as the first amplification per-

formed on the signal from one of the manipulator electrodes. One of the paddles

of the DPO is situated above the sense electrode and the two form a capacitor that

is utilized to detect paddle movement. The capacitor equation

C =
Q
V

(1)

is well known and describes the relationship between capacitance (C), charge (Q),

and voltage (V). A parallel plate capacitor behaves according to

C =
εA
r

(2)

where ε is the dielectric constant, A is the area, and r is the separation between

the plates. Because the voltage across this ”capacitor" is constant (see section 2.2)

the charge (Q) must change in time as the plate separation (r) changes in time.

Combining equations B.1 and B.2 while using a time dependant r, gives us

−
(

1
r2

)
dr
dt

=
1

εAV
dQ
dt

(3)

where dQ/dt is by definition the current. From this it becomes clear that as the

DPO oscillates it produces a time varying current change. Because the lock-in

amplifier input has a high input impedance the signal must be converted from a

current to a voltage before it can be utilized. Fig. 4-a. shows a schematic of the

current to voltage amplifier that we used. It was designed for an amplification

of 109 Volts per Amp. We did not have access to ultra-low tolerance resistors,
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Figure 4: Schematic of the Current Amplifier (a) on top and of the Phase Shifter
(b) below.

when constructing the amplifier, so the gain is probably slightly different. For

this reason the exact displacement of the DPO is unknown as the amplifier was

never fully characterized. This circuit design is based on one from a well known

circuit design book [22].
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Appendix C Phase Shifter

It can be observed from equation B.3 that the current produced by DPO

oscillations does not correspond directly to the actual position of the DPO. Also,

as the signal goes goes through the electronics it becomes shifted slightly by signal

filters. For these reasons the drive signal must be phase shifted so that the DPO

excites itself properly. To perform the phase shifting several techniques were

initially deployed with varying levels of success. The technique that was finally

settled upon utilized an all-pass filter to phase shift the signal. The all-pass filter

design was taken from an electronics handbook and incorporated potentiometers

to allow manual adjustment of both gain and phase [22]. The final design can

be seen in Fig. 4-b. A simple high-pass filter was later added to the output to try

to prevent the DPO from occasionally switching to the low frequency CL1 mode

and can be seen on the left side of Fig 4-b next to the output.
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